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Figure 1.1. (a) Panamá Coast, with Bah́ıa Almirante in black box. (b) Bah́ıa Almi-
rante region, with terrestrial elevation (grayscale) and bathymetery
(color). Rivers in blue. Adapted from Collin et al., in review. . . . . . . 4
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Figure 3.1. (a) Panamá Coast, with Bah́ıa Almirante inset in box. (b) Site
locations identified by color, used in subsequent figures. . . . . . . . . . . . 53

Figure 3.2. Subtidal time series of (a) wind components; (b) barotropic velocity;
(c) baroclinic velocity magnitude; (d) baroclinic velocity at BdD; (e)
baroclinic velocity at CdB; (f) temperature; (g) salinity; (h) density;
(i) DO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Figure 3.3. Barotropic velocity vs. channel pressure difference . . . . . . . . . . . . . . . . . 61

Figure 3.4. Baroclinic velocity vs. scaling estimate for estuarine circulation,
(∆xρ/ρ0)

1/2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Figure 3.5. Barotropic flow metric (BFM = |uin| − |uout|/|uin|+ |uout|) vs. the
internal Froude number with the barotropic velocity (m s−1) in color,
measured in the two main channels (BdD and CdB). Critical Fr = .544
shown in black line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 3.7. Time series of measured depth-mean velocity (m s−1) in a channel
(BdD; blue) and offshore, alongshore current (m s−1) from HYCOM
(gray); R2 = 0.40. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Figure 3.8. Ensemble mean profiles in temperature-salinity space for high flow
conditions (large circles) and low flow conditions (small circles) for
the sampling sites (color in Figure 3.1). Data sub-sampled evenly
throughout the year. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
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Tropical regions are understudied relative to their temperate counterparts, and there

is inadequate data to elucidate the dynamics and function of tropical estuarine systems.

Reducing the scientific bias in the understanding of estuarine dynamics is important

because coastal processes in the tropics can differ from higher latitudes. Dissolved oxygen

(DO) is a critically important ecological variable, and the prevalence of hypoxia is expected

to increase due to the combined effects of ocean warming and eutrophication; however, there

are still fundamental knowledge gaps in the role that low-DO levels and multiple stressors

play in ecosystem health, and dead zones in the tropics are likely severely under-reported.
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This dissertation examines the physical processes that are important in regulating

hypoxia and temperature inversions in Bah́ıa Almirante, a multi-inlet tropical estuary

on Panamá’s Caribbean coast, which has experienced documented hypoxia and warming

events resulting in coral bleaching and die offs. We use a 10-year record of observations

at seven locations in Bah́ıa Almirante to identify seasonal temperature inversions and

hypoxia at depth that often co-occur. DO reductions correspond to periods with high

freshwater input, resulting in strong salinity stratification that isolates bottom waters,

allowing biological oxygen demand to draw down DO.

We conducted a two-year intensive study from September 2019-2021 and find

that an alongshore pressure gradient drives net flow through Bah́ıa Almirante, and the

depth-mean velocity measured in the channel correlates to an along-coast current on

the shelf. Water properties indicate hydrographically distinct sub-basins, with a largely

isolated inner bay, even during periods of high net flow conditions. In the inner bay, DO

at depth drops to hypoxic levels seasonally. Reoxygenation occurs with inflow at depth

and inflow density that exceeds the inner bay bottom layer density, sharing a mechanistic

similarity to deep water renewal commonly observed in fjords. In Bah́ıa Almirante, we

show that warming of the isolated bottom water mass via radiative heating significantly

contributes to density reduction, a novel mechanism for density reduction in deep water

renewal dynamics. Hypoxia seasonality is attributed to variability in offshore density and

stratification that is associated with annual variations in precipitation.
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Chapter 1

Introduction

1.1 Background

The tropics host much of the earth’s biodiversity, yet scientific research has pre-

dominantly focused on temperate systems (Kurien, 1996; Spalding et al., 2023; Vieillard

et al., 2020). Furthermore, a disproportionate share of the global population lives along

coastlines, and urban tropical estuaries are of particular significance due to the combination

of environmental and societal factors (Oczkowski et al., 2020). Therefore, addressing the

scientific investment bias is particularly important when it comes to tropical estuarine

dynamics because coastal processes in the tropics can exhibit fundamental differences

from higher latitudes. For example, there are important differences in nutrient cycling

(Vieillard et al., 2020). Furthermore, solar radiation and precipitation are high and weakly

vary over the annual cycle, as compared to temperate areas (Nittrouer et al., 1995). This

can have important implications for vertical stratification and vertical mixing and thus a

multitude of cascading physical and biogeochemical processes.

Efforts to understand the dynamics of tropical estuaries have been made in systems

including the Upper Gulf of Thailand (Saramul and Ezer, 2014), and in Brazil, including

the Amazon estuary (Menezes et al., 2009), the Caravelas estuarine system (Schettini

et al., 2013), Itamaracá (Medeiros and Kjerfve, 2005), São Vicente, Santos and Bertioga

estuarine channels (Moser et al., 2005), and Báıa de Todos os Santos (Fonseca et al., 2024),
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and the Magdalena River in Colombia (Restrepo et al., 2018), among other systems, but

there remains considerable need and opportunity for identifying processes that are critical

to tropical estuarine function.

Tropical coastal systems, including coral reefs, are at increasing risk of hypoxia and

other potential concurrent stressors, including ocean acidification and warming. Hypoxia is

commonly defined as dissolved oxygen (DO) < 2 mg L−1, but there are adverse implications

for many species above this threshold (Vaquer-Sunyer and Duarte, 2008). Low DO events

are expected to become more prevalent due to the combined effects of ocean warming and

eutrophication (Altieri and Gedan, 2015; Breitburg et al., 2018; Stramma et al., 2010).

While deoxygenation is well studied in the open ocean and temperate regions (Diaz and

Rosenberg, 2008; Howarth, 2008), there have been fewer studies in tropical areas (e.g.,

Altieri et al., 2017; Johnson et al., 2021; Hughes et al., 2020; Nelson and Altieri, 2019;

Pezner et al., 2023). A meta-analysis by Altieri et al. (2017) suggests that dead zones in

the tropics have been under-reported, perhaps by an order of magnitude, due to a lack of

DO measurements.

In order to understand the potential implications of hypoxia and other ecosystem

threats for tropical estuaries in a changing climate, we must understand the physical

dynamics of these systems; however, this objective faces challenges associated with data

scarcity. Collin and colleagues (in review) advocate for integrating the physics of tropical

coastal areas with biological interactions and social dynamics to comprehensively study

and address local and global drivers of change. The biogeochemical processes that modify

water properties including DO and pH are modulated by physics, such as residence times

and stratification, and are also modulated by water properties, including temperature and

salinity. (Nelson and Altieri, 2019). Therefore, it is critical to understand the interplay of

physical dynamics and DO concentrations in order to predict, and if possible, mitigate

hypoxia.
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1.2 Research objectives

Though progress has been made, there is considerable opportunity for better

understanding tropical estuaries. The primary goals of this research are to:

1. identify mechanisms that govern water properties within a shallow tropical estuary,

2. determine the processes that contribute to initiation of hypoxic conditions, and

3. resolve the processes that lead to reoxygenation along with the associated timescales.

In the three main chapters, we seek to provide new insight into the dynamics of

tropical estuaries and address how physical mechanisms influence hypoxia. We analyze

unprecedented field observations collected in Bah́ıa Almirante, long-term monitoring data,

and global model outputs to shed light on this system specifically and further the scientific

community’s understanding of tropical estuaries generally.

1.3 Study site: Bah́ıa Almirante, Panamá

Bah́ıa Almirante is a multi-inlet estuary in the Bocas del Toro province of Panamá

(Figure 1.1). The embayment is surrounded by Isla Colon, Isla Carenero, and Isla

Bastimentos, with interior islands Isla Pastores and Isla San Cristobal. There are two

primary channels that connect Bah́ıa Almirante to the Caribbean Sea, Boca del Drago and

Canal de Bastimentos, and a smaller channel, Cayo Coral, that connects to the Laguna de

Chiriqúı.

The watershed of Bah́ıa Almirante is approximately equal in area to the surface

area of the embayment (Kaufmann and Thompson, 2005). One boundary is the Cordillera

de Talamanca, mountains approximately 60 km to the west which reach altitudes greater

than 3400 m. The primary landcover includes secondary forests and agricultural land

types (e.g., cacao farms and cattle pastures) and swamps, including the peat swamp
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Figure 1.1. (a) Panamá Coast, with Bah́ıa Almirante in black box. (b) Bah́ıa Almirante
region, with terrestrial elevation (grayscale) and bathymetery (color). Rivers in blue.
Adapted from Collin et al., in review.

forest San San Pond Sak, in the low-lying coastal areas (Clark et al., 2022, Collin et al.,

in review). Urban developments in the Bah́ıa Almirante catchment include Bocas del

Toro (Isla Colon; population 10,042), Old Bank (Isla Bastimentos; population 2,679), and

Almirante (mainland; population 19,646). (Estad́ıstico, 2021; Clark et al., 2022, Collin et

al., in review). There are many diffuse and flashy rivers along the mainland that drain

into Bah́ıa Almirante (Clark et al., 2022). The Changuinola River discharges into the

Caribbean Sea, approximately 12 km north of the Boca del Drago inlet, and there is an

man-made canal through the swamp forest connecting the Changuinola River to Bah́ıa

Almirante (Collin et al., in review).
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Bah́ıa Almirante’s climate is classified as a tropical rainforest (Af Koppen-Geiger

climate classification; Beck et al., 2018). The precipitation patterns in this region differ

from other parts of the tropics (including other regions of Panamá), with two rainy seasons

(April-August, November-December) and two dry seasons (January-April, September-

October; Kaufmann and Thompson, 2005; Patton, 2023). Bah́ıa Almirante has average

annual precipitation of 3629 ± 549 mm yr−1, and there is significant rainfall through the

dry season, with a minimum monthly average of 172 mm (October) (Patton, 2023, Collin

et al., in review). The seasonality in solar radiation, rainfall, wind speed, air temperature,

and relative humidity are all generally weak (Kaufmann and Thompson, 2005).

The Caribbean Sea is strongly stratified, with a well-mixed surface layer extending

to 50 m (Gallegos, 1996). Intertropical Convergence Zone (ITCZ) migration, propagation of

atmospheric tropical waves through the Atlantic basin, and variations in weather patterns

drive changes in offshore water temperature and salinity (Kaufmann and Thompson,

2005). There is a southeastward surface flow associated with the Panamá-Colombia Gyre

(Andrade and Barton, 2000; Mooers and Maul, 1998), however this coastal circulation is

modified by westward-propagating Caribbean Current eddies (Kastner et al., submitted).

Similar to other tropical estuaries, there has been little research focused on the

hydrography and circulation of Bah́ıa Almirante. The estuary has strong vertical strat-

ification, driven by a pronounced halocline that results from the significant regional

precipitation. The top layer is typically cooler as well, with a layer of warm, salty water

below (Kaufmann and Thompson, 2005). Water temperatures range from 27-32 ◦C, with

the highest temperatures observed in shallow regions of the bay (Li and Reidenbach, 2014;

Collin and Chan, 2016; Lucey et al., 2020a, Collin et al., in review). A depth-uniform

modeling study showed spatially-variable residence times that drove changes in sea surface

temperatures (Li and Reidenbach, 2014). This spatial gradient, with higher values for

both residence times and sea surface temperatures in the inner bay, is observed in other

parameters, including chlorophyll and dissolved organic matter (Weinstock et al., 2022)
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and biogeochemical parameters including DO, pH, and water temperature tend to covary

within Bah́ıa Almirante (Lucey et al., 2020a, Collin et al., in review).

Regional nutrient dynamics are poorly understood, but low nitrogen and phosphorus

levels suggest that primary productivity in Bah́ıa Almirante is nutrient-limited (D’Croz

et al., 2005). A more recent study found that nutrient levels in rivers generally fall within

government standards, although it is suggested that urban point source contributions are

a more important nutrient source for Bah́ıa Almirante than riverine discharge (Clark et al.,

2022).

Bah́ıa Almirante’s ecosystems include mangroves, seagrass beds, and patch reefs

(Collin, 2005; Guzman et al., 2005) Coral communities have most Caribbean species

(Guzman and Guevara, 2001) and are relatively shallow (Collin et al., in review). There

have been documented die-offs due to persistent temperature inversions (Neal et al., 2014)

and hypoxia (Altieri et al., 2017; Johnson et al., 2021), as well as measurable sublethal

effects in sea urchins that experience hypoxic conditions that are observed in the bay

(Lucey et al., 2020b). Spatial patterns in hypoxia are reflected in the localized biodiversity

(Lucey et al., 2021; Weinstock et al., 2022).

1.4 Outline of dissertation

As described above, there is substantial scientific research on the biology of Bah́ıa

Almirante and the effects of hypoxia. However, observations of the physical dynamics of

the system are scarce. This thesis aims to provide a deeper understanding of the circulation

and dominant physical mechanisms in Bah́ıa Almirante and to identify how they regulate

DO dynamics, thus addressing gaps in our knowledge of Bah́ıa Almirante specifically and

shedding light on how tropical estuaries may function.

This dissertation is divided into five chapters. Chapter 1 outlines the motivation

for the research, the relevant background, and the key questions that will be answered in
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the dissertation. A description of the work completed is included here.

In Chapter 2, we use a ten-year time series of weekly profiles of water properties at

seven sites within in Bah́ıa Almirante to examine the physical processes that are important

in regulating hypoxia and temperature inversions. We show that seasonal hypoxia develops

at depth and temperature inversions occur within Bah́ıa Almirante. We demonstrate that

these features are concurrent with seasonal increases in precipitation, which drives strong

salinity stratification of the water column. A case study suggests that reoxygenation can

occur due to lateral advection of oxygenated water. We show that hypoxia and temperature

inversions are more severe and persistent in inner bay and that physical dynamics tend to

lead to coincident stressors.

In Chapter 3, we investigate the relative influences of barotropic and baroclinic

flow on Bah́ıa Almirante. We use data from a two-year intensive field campaign to show

that there is a residual barotropic flow between inlets in Bah́ıa Almirante associated with

alongshore pressure gradients that are modulated by larger scale processes. We find that

baroclinic exchange is generally weaker than barotropic transport and is damped during

periods of strong mean flow. Spatial variations in water property data (e.g., salinity, water

temperature, DO) build on results from Chapter 2 and suggest hydrographically-distinct

regions of the estuary, and we demonstrate that the inner bay is often isolated, particularly

at depth, due to limited exchange, while the outer bay water properties approach offshore

conditions for periods of strong net flow.

In Chapter 4, we attribute reoxygenation in Bah́ıa Almirante to physical forcing,

specifically lateral advection. We show that deep water renewal is the primary mechanism

for hypoxia breakdown, and consequently that Bah́ıa Almirante, a shallow tropical estuary,

shares some dynamical similarities with fjords, which are typically deep and glacially-carved

systems. We identify mechanisms for density reduction of the stagnant, hypoxic water

mass. We demonstrate that diapycnal mixing, typical in fjords, cannot account for the

change in bottom temperature during isolation events, and thus that radiative heating
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plays an important role in density reduction of the bottom layer. We show that the DO

drawdown timescale is shorter than the renewal timescale, and therefore this system tends

towards hypoxia. The renewal timescale is linked to the offshore density, and consequently

the seasonal hypoxia, described in Chapter 2, is driven by offshore influences.

These three main chapters combine long-term monitoring datasets, focused obser-

vational datasets, and a global reanalysis product to investigate the dynamics of tropical

estuaries on different timescales. We consider the seasonal timescale via climatological

means (Chapters 2 and 4), as well as through time series analysis (Chapters 2, 3, and 4),

and the event timescale (Chapters 2 and 4). Chapter 5 summarizes the research presented

in this dissertation and outlines areas of opportunity for future research. Ultimately, these

chapters contribute to an improved understanding of tropical estuary physical dynamics

and drivers of hypoxia in the tropics. Given the bias towards higher latitudes in oceano-

graphic research, investigating these systems is crucial to equitably and effectively address

ocean sustainability challenges.
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Chapter 2

Seasonal hypoxia and temperature
inversions in a tropical bay

2.1 Abstract

Dissolved oxygen (DO) is a critically important ecological variable, and the preva-

lence of marine hypoxia is expected to increase due to the combined effects of ocean

warming and eutrophication. Thermal stress can co-occur with hypoxia, especially in

tropical systems, and can exacerbate its effects. We examine the physical processes that

are important in regulating hypoxia and temperature inversions in Bah́ıa Almirante, a

semi-enclosed tropical embayment on the Caribbean coast of Panamá. A 10-year record of

observations at 7 locations within Bah́ıa Almirante reveals seasonal temperature inversions

and hypoxia at depth that often co-occur. These features are more severe and persistent in

the back bay, though they occur throughout Bah́ıa Almirante. DO reductions correspond

to periods with high freshwater input, including direct precipitation, resulting in strong

salinity stratification that isolates bottom waters, allowing biological oxygen demand to

draw down DO. Evidence indicates that lateral advection can contribute to reoxygenation

events, and the relationship between near bottom DO and bottom salinities in the mid

bay and back bay is consistent with deep water renewal as the mechanism for bottom

water ventilation. These hypoxia and temperature inversion events impact the biological

communities of Bah́ıa Almirante, and the physical dynamics that regulate these coincident
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and persistent stressors for marine organisms are likely present in other shallow, tropical

estuaries.

2.2 Introduction

Ocean deoxygenation is a prevalent phenomenon in many regions of the ocean (Diaz

and Rosenberg, 2008). Dissolved oxygen (DO) affects ecosystem function, biodiversity,

and biogeochemistry in the ocean (Breitburg et al., 2018), and the number, intensity,

and duration of hypoxic episodes is expected to increase due to the combined effects of

ocean warming and eutrophication (Levin and Breitburg, 2015). Hypoxia is commonly

defined as DO <2 mg/L, but adverse effects for many species occur above this threshold

(Vaquer-Sunyer and Duarte, 2008).

Hypoxia is particularly common in estuarine and coastal waters (Gilbert et al.,

2010) where both biogeochemical processes including primary production and oxygen

consumption (e.g. respiration and sediment uptake) and physical mechanisms (e.g. strati-

fication, mixing, and advective transport) impact hypoxia development and breakdown.

Eutrophication contributes to deoxygenation of coastal waters through organic material

decomposition and associated microbial respiration and can lead to hypoxia (Breitburg

et al., 2018). In estuaries and coastal waters, eutrophication is often linked to rivers laden

with anthropogenic nutrients (Howarth, 2008), but there are also natural mechanisms that

deliver nutrient-rich and/or oxygen-poor waters to continental shelves (Diaz and Rosenberg,

2008), including upwelling (Chan et al., 2008) and watersheds with naturally high nutrient

and organic matter (Wetz et al., 2006). Furthermore, conducive physical conditions can

lead to hypoxia with or without excess nutrient inputs, such as water column stratification,

water retention, or a combination thereof. Estuaries are often highly stratified such that

a pycnocline isolates incoming, oceanic water from the outgoing, surface layer (Fennel

and Testa, 2019). When water column stratification inhibits bottom water ventilation
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and there is no other mechanism for oxygen replenishment, hypoxia can develop, without

nutrient additions.

Common mixing mechanisms that can contribute to coastal and estuarine bottom

water ventilation, thus providing brief DO replenishment or full reoxygenation, include

cooling convection (e.g., Boesch and Rabalais, 1991), wind-driven mixing (e.g., Stanley

and Nixon, 1992), and tide-driven mixing (Kemp et al., 2009). Advection due to baroclinic

longitudinal estuarine exchange and lateral circulation can also enhance vertical mixing

and break down stratification (MacDonald and Geyer, 2004; Smith, 1976), thus impacting

DO. Additional advective processes including variations in river inflows (Scully, 2013)

and deep water renewal, commonly observed in fjords (Gade and Edwards, 1980), also

contribute to DO dynamics.

Hypoxia has been primarily documented in temperate coastal waters and estuaries

(Diaz and Rosenberg, 2008; Breitburg et al., 2018). Tropical estuaries are poorly studied

relative to their temperate counterparts, and consequently there is inadequate data to

elucidate the dynamics and function of tropical estuarine systems (Vieillard et al., 2020).

While low DO in deep tropical waters has been given some attention (e.g., Scranton et al.

(2014); Avendaño-Alvarez et al. (2017); Bates (2017); Kealoha et al. (2020)), few studies

have focused on hypoxia in shallow tropical embayments. Ocean warming and acidification

are frequently cited as threats to coral reefs, but there are still fundamental knowledge

gaps in the role that low-DO levels and multiple stressors play in ecosystem health (Hughes

et al., 2020), and a review of global literature by Altieri et al. (2017) suggests that dead

zones in the tropics are likely severely under-reported, perhaps by an order of magnitude.

While similarities to temperate regions exist, fundamental differences in tropical

climate, oceans, and ecology suggests that alternate mechanisms may affect hypoxic

events. For example, there are salient differences in nutrient cycling (Vieillard et al., 2020).

Additionally, solar radiation and rainfall are high and exhibit weak seasonal patterns relative

to temperate regions (Nittrouer et al., 1995). These factors can contribute to stratification
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patterns, and can thus affect mixing and DO dynamics. Additionally, warm temperatures

increase microbial respiration associated with organic material decomposition (Pomeroy

and Wiebe, 2001). Thus, while the mechanisms that regulate tropical DO dynamics are

similar to temperate systems, there are tropics-specific contributors that can modify these

factors.

Tropical coral reef environments typically have high water clarity, and consequently,

incident shortwave radiation can penetrate deep into the water column. Wells et al. (2012)

observe bottom waters that warm quickly, leading to temperature inversions that are

maintained by salinity stratification. Thermal stress at depth has been observed in tropical

systems (Neal et al., 2014) and can co-occur with, and exacerbate the effects of, hypoxia

(Vaquer-Sunyer and Duarte, 2011). Tropical ecosystems are generally oligotrophic and

may be more vulnerable to the detrimental effects of eutrophication (Corredor et al., 1999),

in part due to ecological feedbacks and thresholds in ecosystem state (Altieri et al., 2021).

The paucity of comprehensive DO observations in the tropics demonstrates a critical need

for understanding hypoxic events dynamics in order to predict and, if possible, mitigate

the effects on corals and other foundation species. This study aims to examine physical

mechanisms that impact the evolution of hypoxia in a tropical estuary that differ from

temperate systems, including precipitation patterns and a surface heat budget, and the

role they play in the hypoxia evolution and breakdown.

In this paper, we examine over ten consecutive years of hydrographic data docu-

menting recurring seasonal hypoxic events in a semi-enclosed tropical embayment in the

Bocas del Toro Archipelago on the Caribbean coast of Panamá. This analysis highlights

the physical processes that are important in regulating hypoxia and temperature inversions

in Bah́ıa Almirante (Figure 2.1). We aim to (1) document the patterns of seasonal variation

in physical parameters, including temperature, salinity, and DO and (2) use these patterns

to shed light on the likely physical mechanisms impacting the development and breakdown

of hypoxia.
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Figure 2.1. (a) Panamá Coast, with Bah́ıa Almirante in black box. Triangle indicates
location of ECMWF winds. (b) Weekly monitoring sites, colored by distance from offshore
(blues) to the back bay (reds), used in subsequent figures. Diamonds indicate sites used to
represent the bay regions in Figure 2.3. ST is also the location of the local meteorological
station. Bathymetry in color (GEBCO 2014). Sampling sites not used in this analysis are
shown in white.
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2.3 Methods

2.3.1 Site description

Bah́ıa Almirante’s area is approximately 500 km2, and the watershed is comprised

of an equivalent area, although approximately half of it is coastal wetlands (Kaufmann

and Thompson, 2005). The bay’s ecosystems include mangroves, seagrass beds, and patch

reefs (Collin, 2005). Previous work has noted pronounced haloclines in Bah́ıa Almirante

resulting from high rainfall (3 m/year) and river runoff, with a top layer of low-salinity,

typically cooler water transitioning sharply to a bottom layer of warmer water with near

oceanic salinity (Kaufmann and Thompson, 2005). A 2D (depth uniform) modeling

study of Bah́ıa Almirante linked horizontally spatially-variable flow patterns and residence

times to sea surface temperatures within regions of the bay (Li and Reidenbach, 2014).

Regional nutrient dynamics are poorly understood, but low nitrogen and phosphorus levels

indicate that primary productivity in Bah́ıa Almirante is nutrient limited (D’Croz et al.,

2005), suggesting that eutrophication would meaningfully change the biological system. A

recent study of river water quality in the Bah́ıa Almirante watershed suggests that urban

point source contributions are a more important nutrient source for the bay than riverine

discharge (Clark et al., 2022).

Water properties in Bah́ıa Almirante are affected by offshore ocean conditions

through its multiple inlets. The bay has three major channels: Boca del Drago and Canal

de Bastimentos connect Bah́ıa Almirante to the open ocean and Cayo Coral opens into

Laguna de Chiriqui (Figure 2.1). Offshore water temperature and salinity are affected

by the migration of the Intertropical Convergence Zone (ITCZ), the propagation of

atmospheric tropical waves through the Atlantic basin, and variations in weather patterns

(Kaufmann and Thompson, 2005). The key circulation feature offshore is a southeastward

surface flow associated with the cyclonic Panamá-Colombia gyre. There is debate on

the persistence of this feature (Andrade and Barton, 2000), although Centurioni and
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Niiler (2003) observed strong cyclonic flow based on five years of drifter observations. The

Caribbean Sea has a well-mixed surface layer extending to 50 m, overlying a region (50-250

m) with strong stratification (Gallegos, 1996).

Bah́ıa Almirante’s ecosystems face common coastal threats, including thermal,

photic, and physical stresses. Persistent temperature inversions have led to increased

thermal stress at depth (Neal et al., 2014). Bah́ıa Almirante has experienced low-oxygen

events combined with warming, leading to widespread bleaching and mortality of corals

and other marine invertebrates (Neal et al., 2014; Altieri et al., 2017). In addition to the

lethal effects of hypoxia, a recent experiment shows that some organisms, including sea

urchins, exhibit measurable sublethal changes in performance when subjected to oxygen

levels that reflect hypoxic conditions in Bah́ıa Almirante (Lucey et al., 2020a).

2.3.2 Data description

This analysis uses data from the Smithsonian Tropical Research Institute (STRI)’s

Physical Monitoring Program at the Bocas del Toro Research Station in Panamá (Patton,

2023). STRI has collected air temperature, wind speed and direction, solar radiation,

relative humidity, sea surface height, and water temperature data at a meteorological

station (9.35◦N, 82.26◦W; Figure 2.1), from June 17, 2002 to present. Values from June

2002 to April 2005 were recorded hourly. Beginning in June 2005, variables were measured

every 10 seconds with average values recorded every 15 minutes. The European Centre

for Medium Range Weather Forecasts (ECMWF) reanalysis product winds and total

precipitation approximately 90 km offshore in Mosquito Gulf (9.95◦N, 81.85◦W; Figure

2.1) provide regional meteorological context.

STRI has conducted a spatial sampling program from October 2010 to present.

Nominally weekly vertical water column profiles of salinity, temperature, and DO were

collected at sites around Bah́ıa Almirante (Figure 2.1). Seven sites were regularly visited

(Almirante, Cristobal, Hospital Point, Pastores, Punta Caracol, and STRI within the bay;
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and Colon just offshore), and in 2019, a site near the channel at Boca del Drago was

added. Measurements were taken in the same order at approximately the same time of

day for each site, generally between 08:00 and 13:00 local time. Because the survey sites

were sampled from offshore to onshore, there is some potential for diurnal aliasing. As a

point of reference, data collected by a near-surface, moored YSI multiparameter sonde

at STRI, located in shallow water near dense communities of seagrass, indicates that, on

average, over the typical sampling period, water temperature increases by 0.5 ◦C due to

solar heating, and DO increases by 0.7 mg/L due to photosynthesis. This provides an

upper bound for near-surface bias, with smaller changes expected at depth.

Before May 2015, samples were collected at four discrete depths (0.5 m, 5 m, 10

m, 20 m) via bottle samples. Since May 2015, vertical profiles were measured using a

YSI multiparameter sonde, including an optical DO sensor. Salinity accuracy is 1.0%

of reading or 0.1 ppt (whichever is greater), temperature accuracy is 0.01◦C, and DO

accuracy is ± 0.1 mg/L or 1% of reading, (whichever is greater). Because profiles were not

uniformly steady, profile data were averaged into 2 meter bins and weighted by the vertical

distance between measurements. When possible, only the downcast was considered, unless

there was only an upcast (1% of casts). Density was calculated from measured salinity,

temperature, and depth using Gibbs Seawater toolbox of TEOS-10 (McDougall and Barker,

2011). Values with a negative stratification were excluded (1.6% of casts). Annual averages

for all parameters were computed using semimonthly means (24 equally-spaced time bins

per year).

2.3.3 Surface heat flux calculation

To assess bulk contributions due to advective heat fluxes, the net surface heat flux

(QSHF ) was calculated by estimating the shortwave (QSW ), longwave (QLW ), sensible
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(QS), and latent (QL) heat fluxes, where

QSHF = QSW +QLW +QS +QL. (2.1)

Shortwave heat flux was estimated using measured solar radiation, Qmeas, modulated by

the sea surface albedo, α.

QSW = (1− α)Qmeas. (2.2)

Albedo was estimated via atmospheric transmittance and sun altitude, following

Payne (1972). Longwave heat flux was calculated following Talley (2011) and Johnson

et al. (2018) using observed sea surface temperature, air temperature, and water vapor.

The method incorporates fractional cloud cover, estimated from satellite observations of

cloud data from NASA’s Clouds and the Earth’s Radiant Energy System (CERES) project

(NASA/LARC/SD/ASDC, 2015). Latent and sensible heat fluxes were computed using

sea surface temperature, surface air temperature, wind speed, and relative humidity using

the package developed by Pawlowicz et al. (2001) (algorithm from Fairall et al. (1996)).

Shortwave, latent, and sensible heat flux time series were calculated at 15 minute intervals,

while the longwave heat flux was calculated hourly.

2.4 Results

2.4.1 Meteorological conditions

Regional winds in Mosquito Gulf, approximately 90 km offshore, reflect seasonal

nominally-northeasterly trade winds that weaken during the northern phase of the ITCZ

(Andrade and Barton, 2000), with seasonal average magnitudes up to 2.75 m s−1 (Figure

2.2f). The local seasonal average winds are similar in magnitude (Figure 2.2a) and are

steered by the Cordillera de Talamanca, mountains approximately 60 km to the west
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which reach altitudes greater than 3400 m. The regional and local winds are maximum in

January through March, and minimum in August through October, with a second, smaller

wind peak in July.

There is significant freshwater influx to the bay through year-round precipitation,

with moderate seasonality exhibiting precipitation increases in June through August and

November through January (Figure 2.2b). The phasing is similar to the wind peaks (Figure

2.2a). Because Bah́ıa Almirante’s watershed is similar in area to the bay, roughly half of

the freshwater input is expected to occur through direct precipitation, with the relative

amount determined by the size of the bay versus the watershed. Offshore precipitation

(Figure 2.2g) has a dry season from January to April and a rainy season from June to

December.

2.4.2 Hydrography for Bah́ıa Almirante

Similar to most estuarine systems, salinity is the most important parameter setting

density stratification in the bay. The thermal contribution to density is on average approx-

imately 11% of the salinity contribution. All sites exhibit vertical salinity stratification,

including the offshore site (Figure 2.2c,h and Figure 2.3a,b,c). The lowest surface salinities

are typically observed in the back bay, increasing slightly towards the mid bay, with

higher surface salinities offshore (Figure 2.3a-c). Back bay salinities at depth are similar

to, and occasionally exceed, the salinity at the offshore location. At 20 m, on average,

the salinity difference between the bay sites and offshore is within 0.3-0.4 ppt. There

are seasonal cycles in both surface and bottom salinities within the bay and thus in

the water column stratification (Figure 2.2c, 2.2i). Surface salinities reach minimums in

July/August and December/January, corresponding to periods with high precipitation

(Figure 2.2b). The seasonal signal in salinity at 20 m is much weaker, with slight reductions

from October-April, following offshore salinity Figure 2.2c, 2.2i).

Water temperatures in Bah́ıa Almirante have an average of 28.9 ◦C with slightly
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Figure 2.2. Climatologies for meteorological and hydrographical variables averaged in
half month intervals. (a) local winds measured at STRI, and local root-mean-squared
wind speed magnitude (black line); (b) precipitation at STRI (2002-2019); (c-e) show
STRI sampling data for Almirante (a back bay site, Figure 2.1) with (c) salinity; (d)
temperature; (e) DO; (f) offshore (9.95◦N, 81.85◦W) regional wind speed and direction and
(g) total precipitation from ECMWF (ERA5, 2010-2020); (h-j) STRI sampling data for
Colon (offshore site; Figure 2.1) for (h) salinity; (i) temperature; (j) DO. In (c-e) and (h-j),
0.5 m and 20 m are shown by light and heavy lines, respectively. Patches in all panels
indicate ±1 standard deviation. 2 mg/L DO line (dashed) is shown for reference in (e,j).

cooler temperatures offshore (2.2d,i and 2.3d-f). The seasonal cycle dominates variability

with the range and phasing consistent with values reported by Kaufmann and Thompson
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(2005). Two seasonal peaks in the average surface temperatures (back bay; Figure 2.2d

and g) coincide with each solar radiation maximum, while the 20 m temperature peaks lag

the surface by approximately one month within the bay. The temperature maxima phasing

is coincident with the formation of seasonal temperature inversions, with temperature

at depth exceeding surface temperatures in July/August and November/December in

the back bay (Figure 2.2d and Figure 2.3d-f). Seasonal temperature inversions are

generally strongest in the back bay, decreasing in strength in the mid bay, and further

weakened offshore (Figure 2.2d,i). Although increasing inversion strength weakens vertical

stratification, the strongest temperature inversions are typically accompanied by strong

bulk salinity gradients that maintain water column stability.

DO levels throughout Bah́ıa Almirante vary and are typically normoxic. The

critical exceptions are severe DO reductions that occur seasonally at depth ((Figure 2.2e

and Figure 2.3g,h). On average, DO levels at depth begin to decline in May and reach

hypoxic levels (<2 mg/L) in July (Figure 2.2e). Hypoxia can persist until bottom water

ventilation occurs in December/January (Figure 2.2e). The time series at each of the three

sites along the onshore-offshore line (Figure 2.3g-i) depict a pronounced spatial pattern of

hypoxia in Bah́ıa Almirante. Hypoxia occurs with the greatest regularity, intensity, and

persistence in the back bay (Figure 2.3g), where DO reductions also occur at shallower

depths. Corresponding seasonal DO declines are observed in the mid bay (Figure 2.3h),

although these events rarely reach the 2 mg/L threshold and exhibit greater intermittency

than the back bay. Offshore, hypoxia is never observed, and while weak DO declines occur

at depth in June-September, values typically remain greater than 5 mg/L. There is no

significant, long-term DO trend. While there is a strong seasonal pattern (Figure 2.2e),

all sites demonstrate considerable interannual variability in the intensity, spatial extent,

persistence, and depth of hypoxic waters in Bah́ıa Almirante. For further exploration of

the year-to-year variations in hypoxia (Figure S1, Figure S2) and temperature inversions

(Table S1), see the Supporting Information.
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Figure 2.3. Salinity (ppt) (a-c), temperature (◦C) (d-f), and DO (mg/L) (g-i) from
water sample measurements (bi-weekly bins) at four discrete depths (0.5 m, 5 m, 10 m,
and 20 m) at three of the survey sites, indicated with diamonds on Figure 2.1. Almirante
(a,d,g) represents the back bay, Cristobal (b,e,h) represents the mid bay, and Colon (c,f,i)
represents offshore conditions.

The spatial pattern evident in the data may be somewhat muted by the diurnal

aliasing of the measurements, noted earlier. The offshore site is measured at an earlier

point in the diel cycle than the back bay sites such that DO and water temperature will

be relatively lower. This tends to counteract the spatial trend observed in the data. Tidal

aliasing may also impact the measurements, but its effect is expected to be small because
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of the small tidal range and phase shift between the diurnal cycle and the tides.

2.4.3 Seasonal and spatial patterns in hypoxia and tempera-
ture inversions

We examine the measurement period with higher vertical resolution (2015-2020) to

provide a more comprehensive look at the variability and vertical structure of hypoxia and

temperature inversions (Figure 2.4). The timing of the hypoxic season changes from year

to year, with hypoxia onset typically occurring between May and July and bottom water

ventilation between late December and February. Intermittent recoveries are common,

particularly in the mid bay where few hypoxic episodes last more than a few consecutive

weekly measurements (Supporting Information, Figure S1).

At all interior sites, average subsurface DO is reduced during hypoxic periods

(Figure 2.4d); however, DO reductions are most extreme in the back bay (Almirante and

Pastores; Figure 2.3g-i and 2.4a), where individual measurements are lower than 0.1 mg/L

(the instrument accuracy limit) and individual hypoxic measurements reach depths as

shallow as 7m. The average DO profiles for the hypoxic period in the mid bay (Cristobal,

Hospital Point, Punta Caracol, STRI) exhibit minimum average levels as low as 3 mg/L

(Figure 2.4d), a threshold known to have sub-lethal effects (Vaquer-Sunyer and Duarte,

2008). The offshore site remains normoxic and shows little variation between the hypoxic

and normoxic periods. During the normoxic period, the mid bay sites exhibit DO profiles

similar to offshore, while the back bay has reduced DO (Figure 2.4d,e).

Water temperatures tend to be warmer during the hypoxic periods relative to the

normoxic periods (Figure 2.4b,f,g). Temperature inversions greater than 1◦C commonly

occur during the hypoxic period (Figure 2.4b, black dots) but are infrequent during

the normoxic periods. Temperature inversions tend to occur in the mid water column,

where hypoxic-period ensemble average temperatures can exceed 30◦C (Figure 2.4e). The

warmest temperatures occur in the back bay, with the mid-water column 1.1◦C warmer
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Figure 2.4. Profile time series from May 2015 to March 2020, at interior Bah́ıa Almirante
sites (all sites excluding offshore), with depth in color. Gray background indicates periods
when at least one site is hypoxic (DO <2 mg/L), defined as the hypoxic period, whereas a
white background indicates normoxic measurements (DO >2 mg/L) at all sites, defined
as the normoxic period. (a) DO (mg/L), heavy black line: minimum DO; thin gray line:
minimum DO excluding two back bay sites (Pastores and Almirante). (b) Temperature
(◦C), black dots denote profiles with a temperature inversion greater than 1◦C anywhere in
the water column; (c) salinity (ppt); (d-i) show ensemble average vertical profiles at each
site during hypoxic (d, f, h) and normoxic (e, g, i) conditions for DO (d,e), temperature
(f,g), and salinity (h,i). Sites are labeled in color as in Figure 2.1 and as identified in the
legend. 2 mg/L DO line is shown for reference in (a,d,e).

than offshore and 0.8-0.9◦C warmer than the other monitoring sites. While the thermal

spatial gradient is diminished during the normoxic period, the back bay sites continue to

exhibit temperature profiles that are warmer than the rest of the bay and that have near

surface (<8m) temperature inversions.

The lowest surface salinities occur during the hypoxic period (Figure 2.4c,h,i),

indicating stronger stratification. Additionally, there is a spatial gradient in surface
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salinity, especially during the hypoxic period, leading to a horizontal gradient in vertical

stratification, amplified during the hypoxic period, as average salinities at 20 m within the

bay are consistent between the hypoxic and normoxic periods.

Figure 2.5. Spatial patterns of ensemble averages of: (a) DO at 20 m (indicated by
color) during the hypoxic period (left bubble) and normoxic period (right bubble), as
defined in Figure 2.4. Percentages indicate fraction of measurements that are hypoxic. If
there are no incidents of hypoxia (i.e., 0%) the percentage is not included. (b): Vertical
(0.5 m - 20 m) temperature difference (indicated by color) during the hypoxic period
(left bubble) and normoxic period (right bubble). Red indicate temperature inversions.
Percentages indicate percent of measurements that have vertical temperature differences
greater than 1◦C. Bubble size in both panels is scaled by the top-bottom density difference,
with larger bubbles indicating greater stratification. Legend in (a) provides references
of spatial-average, ensemble-averaged top-bottom density difference for the hypoxic and
normoxic periods.

Seasonal hypoxia (Figure 2.5a) and temperature inversions (Figure 2.5b) follow

similar spatial patterns; they are most intense and frequent in the back bay, where

stratification is strongest, and decrease offshore. The offshore site and the site closest to a

channel (Hospital Point) never experience hypoxia, while all sites experience temperature

inversions during both the hypoxic and normoxic periods. The normoxic period typically

has stable temperature stratification, with inversions in less than 5% of measurements

at each site (Figure 2.5b, right bubble). During the hypoxic period, all sites experience
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higher incidences of temperature inversions, and all, except the offshore site, exhibit a

bulk temperature inversion in the ensemble average (Figure 2.5b, left bubble).

2.4.4 Dynamical drivers and co-occurrence of DO and temper-
ature inversions

In order to develop a dynamical framework for hypoxia in Bah́ıa Almirante, we

consider physical environmental factors that influence hypoxia development and breakdown.

This section examines evidence that high vertical stratification corresponds to low DO,

temperature inversions, and high temperatures at depth. Lagged correlations are examined

to explore the temporal relationships between environmental factors and water properties.

The sampling interval prohibits consideration of lags shorter than one week; however, the

time series length enables consideration of the relationships between parameters on weekly

and longer time periods and provides a bulk sense of the dynamics in Bah́ıa Almirante.

Lags of up to five weeks were considered. Unless otherwise noted, the maximum correlation

occurs with no lag. Confidence intervals found via bootstrapping (n = 1000) provide

error bounds on the correlations and linear fits. While binned mean values are shown for

illustrative purposes, all correlations reported correspond to raw data.

The dominant role of salinity on density variations in the bay suggests that pre-

cipitation will be important in determining vertical stratification. There is a statistically

significant, weakly positive correlation (r = 0.24; p < 0.05) between weekly precipitation

and vertical density difference lagged by one week (Supporting Information, Figure S3).

The one week lag indicates that precipitation history is relevant and may also reflect a

temporal delay in riverine freshwater inputs, although this delay may be between one day

and one week. There is no statistical relationship between wind and vertical stratification.

The statistically significant negative correlation (r = -0.51; p < 0.05) between

vertical stratification and DO indicates that low DO is linked to greater stratification

(Figure 2.6a). Conversely, when the vertical density difference is weak, bottom waters are
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more likely to be oxygenated.

raw data

linear fit

binned data

st. dev.

st. err.

Figure 2.6. DO, temperature inversions, and stratification: Relationships between weekly
sampled data including ∆zρ, i.e. the vertical (20 m-0.5 m) density difference (kg/m3), DO
at 20 m (mg/L), and min(δzT )/δz, i.e. the most negative vertical temperature difference
in the water column normalized by the difference in depths (◦C/m), at the six interior
sites. Outliers, absolute deviations greater than three scaled medians, are excluded. Gray
points: raw data; black points: mean in 100 point bins; error bars: one standard deviation;
heavy error bars: standard error.(a): 20 m DO vs. ∆zρ. 35 outliers; 1.7%. For the raw
data: r = -0.51; 95% confidence intervals = [-0.54 -0.47], p < 0.05. Fit slope = -0.88;
confidence intervals = [-0.95 -0.82]. (b): min(δzT )/δz vs. ∆zρ. 122 outliers, 6%. For raw
data with inversions (i.e., min(δzT )/δz < 0; n = 1746), r = -0.38; 95% confidence intervals
= [-0.41 -0.33], p < 0.05. (c): DO vs. min(δzT )/δz. 93 outliers; 4.4%. For raw data with
inversions: r = 0.51; 95% confidence intervals = [0.48 0.54], p < 0.05. Fit slope = 19.0;
confidence intervals = [17.3 20.6].

There is also a statistically significant negative correlation (r = -0.38; p < 0.05)
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between vertical stratification and the magnitude of the most negative vertical temperature

gradient normalized by its depth interval, min(δzT )/δz (Figure 2.6b). This indicates that

temperature inversion strength also increases with increased stratification. Temperature

inversions co-occur with lower DO concentrations, while no clear relationship is evident

between DO and positive min(δzT )/δz (Figure 2.6c). This statistically significant relation-

ship is not interpreted as causal because it is most likely a result of temperature inversions

and hypoxia resulting from related dynamical conditions, in this case increased salinity

stratification (Figure 2.6a,b).

Figure 2.7. Histogram of DO vs. temperature: 2D histogram of weekly sampled DO
at 20 m (mg/L) vs. weekly sampled temperature at 20 m (◦C) at the six interior sites.
Reference lines include: 2 mg/L DO (black), baywide average temperature (gray), and
highest monthly mean temperature (red). Temperature bin widths: 0.5 ◦C, DO bin widths:
0.5 mg/L.

Using a technique developed by Goreau and Hayes (1994) to identify potential

areas of coral bleaching based on satellite data, “hot spots” can be identified by regions

with sea surface temperatures at least 1◦C greater than the highest (i.e. warmest) monthly

mean. The highest monthly baywide-mean temperature in Bah́ıa Almirante is 29.7 ◦C at

both 0.5 m and 20 m depth (Figure 2.7, red line). As conditions approach the lower right

quadrant of Figure 2.7, organisms are more likely to experience metabolic stress. 18%
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of data exceed the highest monthly mean temperature, and 16% are below the 2 mg/L

hypoxia threshold, with 7% of the data occurring when both temperature exceeds the

highest monthly mean and DO falls below the hypoxic threshold (i.e., lower right corner

of Figure 2.7 defined by the red and black lines). At least one of these stressors is present

for 27% of measurements. There are only eight data points (approximately 0.4% of all

data) in the parameter space where thermal stress (exceeding the highest monthly mean

temperature by +1◦C; line not shown) co-occurs with hypoxic stress (<2 mg/L), as these

benchmarks are defined. When considering only the back bay sites (Almirante; Pastores),

17% experience multiple stressors, and 1% of measurements exceed the highest monthly

mean by +1◦C. While this is illustrative for potential implications for organisms, this

analysis considers the bay as a whole and does not account for species-specific thresholds

or spatial distribution, nor tolerance shifts due to the presence of multiple stressors.

2.4.5 Heat budget

High residence times can be conducive to deoxygenation, and lateral advection is a

possible mechanism of bottom water ventilation. Analysis of the bay heat budget allows

assessment of the role of advection, provides residence time estimates, and explores the

spatial and seasonal variations to further understand the patterns previously described.

Shortwave radiation (QSW ) dominates the net surface heat flux (QSHF ), with peaks that

occur during the solar maxima for the tropics (Figure 2.8a ). Notably, there is an input of

heat throughout the year.

A simplified integral heat budget for a control volume can be written as:

⟨ρ⟩CphA
∆
〈
T
〉

∆t
= HS +HA. (2.3)

Here Cp is the specific heat capacity (in units J/K kg), h is the average water depth, and

A is the surface area. <> represents a volume average for the region of interest, and the
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Figure 2.8. Annual pattern for: (a), surface heat flux (QSHF , black line) in Bah́ıa
Almirante, and its components: latent heat flux (QL, red line), long wave heat flux (QLW ,
blue line), sensible heat flux (QS, green line), shortwave heat flux (QSW , purple line). (b)
the measured, normalized weekly change in water temperature (∆

〈
T
〉
, pink line), the

weekly change in temperature due to the surface heat flux, assuming one-dimensional
(∆

〈
T
〉
S
, black line), and the residual change in water temperature, assumed due to

advection (∆
〈
T
〉
A
, orange line), where a positive value indicates heat transport into the

bay and negative indicates heat export.

overbar indicates temporal averaging over a time scale ∆t, such that ⟨ρ⟩ and
〈
T
〉
are

the volume- and time-averaged density and temperature, respectively, HS = QSHFA is

the net surface heat flux integrated across the surface, and HA represents the net heat

contribution due to all advective sources. The latter can include lateral fluxes across

boundaries, input from rivers and heat fluxes due to precipitation.

The integrated heat budget in (2.3) then yields the temporal change in the bulk

temperature which can be decomposed into surface heat flux and advective components:

∆
〈
T
〉
= ∆

〈
T
〉
S
+∆

〈
T
〉
A
. (2.4)
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The weekly temperature change for a particular region, ∆
〈
T
〉
, can be estimated

using the weekly sampling observations, with ∆t = 1 week. The contribution due to the

surface heat flux, ∆
〈
T
〉
S
= QSHF∆t/ (⟨ρ⟩Cph), can be estimated from the weekly averaged

heat flux quantities (as described in the methods section). The change in temperature due

to the advective flux, ∆
〈
T
〉
A
= HA∆t/ (⟨ρ⟩CphA), is then estimated as the residual.

Figure 2.8b shows the annual average variations in the bay-wide (average of interior

bay sites) weekly temperature change along with variations in ∆
〈
T
〉
S
and the residual,

∆
〈
T
〉
A
, using equation (4). ∆

〈
T
〉
S
has two peaks in expected temperature increase and is

positive throughout the annual cycle, reflecting the net surface heat influx. The observed

temperature is consistent with a largely steady state thermal balance with periods of

increasing and decreasing temperatures that are in phase with the surface flux. The

difference, ∆
〈
T
〉
A
, reflects a net outward advective heat flux (Figure 2.8b, orange line).

Bah́ıa Almirante thus acts as a net exporter of heat, consistent with the higher bay

temperatures and as would be necessary to compensate for the net input at the surface,

as is common at the tropics.

Precipitation and river flow contributions to the advective heat flux associated can

be shown to be negligible, using observed rain estimates with reasonable temperature

values. We assume that the advective heat flux is primarily through the three main

channels (Figure 2.1) and can be written in terms of a time-averaged effective exchange

volume flux Γ, as

HA = 2 ⟨ρ⟩Cp∆TXΓ, (2.5)

where ∆TX = TCO −
〈
T
〉
is the temperature difference between the interior bay and the

offshore site, Colon. Using (2.5), we can calculate Γ as

Γ =
∆
〈
T
〉
A

2∆TX

hA

∆t
. (2.6)

30



where ∆
〈
T
〉
A
is estimated using (2.4). This estimate of Γ indirectly incorporates the

turbulent and tidal fluxes.

The seasonal variation in ocean-bay temperature difference, ∆TX , remains negative

over the year (on average, about -0.5◦C; not shown) and is fairly constant, consistent

with heat export. The resulting effective volume exchange Γ (not shown) then follows the

pattern for ∆
〈
T
〉
A
(Figure 2.8b).

We can estimate a bulk residence time (tr) for the bay using Γ as:

tr =
hA

Γ
=

2∆TX∆t

∆
〈
T
〉
A

. (2.7)

There is no discernible seasonal pattern in tr (not shown), but median monthly

values in bulk residence times for the bay vary between 10-40 days. Residence times for

subregions of the bay can similarly be calculated using Equation 2.7 with appropriate

volume averages, with the surface heat flux assumed to be the same in each region. Median

values are given in Supporting Information Table S2 for the mid bay to offshore, back bay

to offshore and the full bay to offshore. Estimates for the mid bay are lower, i.e. shorter,

than for the back bay as expected. The persistence of strong stratification and hypoxic

events, especially at the back bay, reflects the spatial heterogeneity that is suggested by

the residence time estimates, with shorter times near the entrances and much longer values

towards the back bay, consistent with the results in Li and Reidenbach (2014).

2.4.6 Examination of a hypoxia breakdown event

The time series data in Figures 2.3 and 2.4 highlight considerable year-to-year and

event-to-event variability, reflecting more complex dynamics associated with hypoxic event

breakdown than is evident in the climatology. Here, we examine a specific breakdown

event that illustrates potential mechanisms that can affect bottom water ventilation in

Bah́ıa Almirante.
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Figure 2.9. January 2016 hypoxia breakdown. (a) wind speed, 4 January - 4 February
2016 (black line), climatological mean (gray line), range over time series (gray shading),
(b-d) profiles for (b) DO, (c) temperature, (d) salinity for Almirante (back bay, red) and
Colon (offshore, blue). Time increases for lighter colors: 7 January 2016 (dark red and
blue); 19 January (medium red and blue); and 2 February (light red and blue).

At the start of the period considered, a deep hypoxic layer (time t1, 7 January

2016, Figure 2.9b; dark red) is warmer than the rest of the water column and offshore

(Figure 2.9c; dark red) and has a higher salinity than the rest of the water column (Figure

2.9d; dark red). This suggests an isolated bottom layer at t1, approximately 5-7m thick.

The bottom layer in the back bay is oxygenated by the next measurement, (t2, 19 January

2016); however, the mid-water column is hypoxic (Figure 2.9b; medium red), between

8-18 meters. The temperatures and salinities in the mid-water column at t2 are similar

to those of the bottom layer at t1. The temperatures and salinities at depth are cooler

and saltier at t2 than t1. By 2 February 2016 (t3), the water column is normoxic (Figure

2.9b; light red), although there is remnant vertical structure in the DO profile. At t3,
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the water column is colder and saltier relative to t2 in the back bay. Over the same time

window, offshore water properties (2.9c,d; medium blue, light blue) are also cooler and

saltier, while DO remains normoxic. By t3, there is no meaningful temperature inversion

and salinity stratification has weakened. Density profiles (not shown) indicate that the

system is salinity stratified through this time period.

The time series of three-hour averaged wind speeds indicates that between t1 and

t2, wind speeds appear to be typical for this time of year, between 0.2 m/s and 4.1 m/s,

compared to the average range of 1.3 m/s to 3.3 m/s (Figure 2.9a). Between t2 and t3,

there is a significant wind event, with wind speeds reaching 6.4 m/s, approaching the

historical maximum for this time period.

In this example, the changes in deep water properties in the back bay are consistent

with advective processes, suggesting that offshore influences play a role in governing

the system. The hypoxic layer at the back bay site appears to be replaced by a deep

intrusion of water with higher salinity and lower temperature, consistent with properties

from the offshore site. The similarities between the water properties at depth during the

first measurement (t1) and in the mid-water column during the second measurement (t2)

suggests that the hypoxic layer was displaced upwards. It is notable that the deep water

ventilation is coincident with light winds between t1 and t2. Changes near the surface are

evident between t2 and t3, though salinity at depth continues to increase indicating that

wind-driven mixing from the wind event between t2 and t3 does not extend to the bottom

layer.

2.5 Discussion

Analysis of the hydrography of Bah́ıa Almirante reveals an estuarine structure

with regular, seasonal hypoxia at depth, often coincident with temperature inversions,

where both are more prominent towards the back of the bay. Hypoxia occurrence and
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temperature inversion events are correlated with seasonal changes in stratification. The

following discussion examines the potential mechanisms for the onset and breakdown of

hypoxic events.

2.5.1 Onset of hypoxic events

Freshwater inputs influence DO levels in Bah́ıa Almirante via stratification. Con-

ditions offshore remain normoxic indicating that hypoxia develops within the bay. The

precipitation increase that begins in April/May (Figure 2.2b) is correlated with a surface

freshening (Figure 2.2c) leading to increased vertical salinity stratification (Supporting

Information, Figure S3), even while salinity at depth remains high and sometimes ex-

ceeds offshore values. Because Bah́ıa Almirante’s watershed is relatively small, direct

precipitation is a critical freshwater source (Clark et al., 2022). Freshwater inputs into

canonical estuaries are dominated by rivers, leading to a horizontal density gradient that

drives exchange flows. In contrast, Bah́ıa Almirante’s rivers are small and dispersed,

largely along the mainland, and direct rainfall results in a broad freshwater capping layer

that extends offshore, which may lead to reduced baroclinic advection and consequently

increased flushing timescales relative to those for equivalent riverine inputs.

Stratification’s critical role in the onset and evolution of hypoxia is consistent

with observations in temperate estuarine and coastal systems (Stanley and Nixon, 1992;

Wiseman et al., 1997; Scully, 2013). In Bah́ıa Almirante, the drawdown of DO at 20 m

typically begins around April and continues through August, coincident with the surface

freshening (Figure 2.2). This seasonal view further supports the idea that hypoxia develops

after a period of elevated freshwater input which results in a strong, salinity-induced

vertical stratification with an isolated deep layer. Continued biological oxygen demand

from the respiration of organic matter within this isolated layer leads to hypoxic conditions.

It is possible that a seasonal cycle in respiration may contribute to the observed patterns in

hypoxia; however previous work indicates that there is not a seasonal signal in chlorophyll
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concentrations (Collin et al., 2009). The lack of seasonality in primary productivity in

Bah́ıa Almirante may be similar to other tropical, oligotrophic systems, as solar radiation

weakly varies throughout the year.

This analysis has demonstrated that stratification in Bah́ıa Almirante is adequately

strong for the formation and maintenance of hypoxic events. Nutrient dynamics were

not considered in this analysis, but they may play a role in seasonal hypoxia in the bay.

Regional coastal land use changes include banana cultivation and development (Cramer,

2013), and thus possible avenues for nutrient fluxes into Bah́ıa Almirante include untreated

sewage outfalls, river inputs, marine sources, groundwater, and atmospheric deposition. It

can be inferred that nutrient loading would exacerbate the effects of the physical conditions

that favor hypoxia (Rabalais et al., 2010), although the contribution of excess nutrients to

hypoxia development in Bah́ıa Almirante remains an open question. The precipitation

patterns in Bah́ıa Almirante that impact stratification, particularly the lack of a dry

season, differ from other tropical regions; however, the seasonality in precipitation may

also play a role in stratification, and thus DO dynamics, in other tropical estuaries.

2.5.2 Breakdown of hypoxic events

Despite interannual variability in the onset, duration, and termination of the

hypoxic period, annual deoxygenation indicates that the driving forces of hypoxia also

occur on a seasonal timescale. Seasonal averages (Figure 2.2) and the time series data

(Figure 2.3) indicate that despite stratification weakening in September, hypoxia persists,

occasionally for several months, suggesting that breakdown mechanisms, such as turbulent

mixing or advection of oxygen-rich waters, are not present or strong enough in that period

to ventilate deep waters. Seasonal hypoxia breakdown coincides with increased local and

regional winds (Figure 2.2), suggesting that wind-driven mixing may be an important

factor, although analysis (not shown) indicated no statistical relationship between wind

and DO time series. Additionally, a strong wind event that followed one breakdown event
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resulted in surface mixing but did not affect bottom water (Figure 2.9).

The high, near-bottom salinities observed in the back bay at the start of the event

examined in Figure 2.9 are consistent with the salinity climatology (Figure 2.2c) and

point toward a deep water renewal hypothesis for hypoxia breakdown. This model is

commonly associated with ventilation in fjords where dense, salty water is isolated in

deep regions and can only be refreshed by sufficiently dense water in adequate supply at

the sill (Gade and Edwards, 1980). Deep water renewal occurs intermittently, typically

when mixing of inflowing ocean water is weak and often varies on a spring-neap tidal cycle

(e.g., Farmer and Freeland, 1983; Silva and Vargas, 2014). Deep water renewal, governed

by the monsoon and the spring-neap phase of the internal tide, has been observed in

Ambon Bay, Indonesia, a shallow-silled, tropical fjord (Salamena et al., 2021). Analysis of

event persistence in Bah́ıa Almirante based on hypoxia thresholds yields timescales that

are potentially consistent with fortnightly processes (Supporting Information, Figure S1),

though the weekly sampling scheme precludes resolution of spring-neap processes.

Exchange fluxes and residence times inferred from the heat budget analysis indicate

that advection in Bah́ıa Almirante is significant and persistent. It is important to note

that this analysis considers the bay (or its subregions) in a volume-averaged sense and

thus variations in circulation within the bay remains unresolved. Significant portions of

the mid and back bay are deeper than the entrance channels (Figure 2.1). Ventilation of

these deep regions requires advection of high density water (relative to the back bay), thus

a salty, deep layer in the back bay will remain isolated despite strong advection through

the channels if the necessary inflow density condition is not met. Advection at the bay

entrances alone is thus unlikely to be sufficient to ventilate the back bay.

The salinity climatology (Figure 2.2c), which drives variations in density, provides

an explanation for the seasonality in advection-driven hypoxia breakdown. Offshore salinity

remains high throughout the year at depth, while surface salinity varies approximately

coincident with the hypoxia cycle (and roughly following seasonal precipitation). If we
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postulate a persistent mechanism for vertical mixing of incoming offshore water, associated

with energetic flow through the channel entrances, tidal or otherwise, then the density of

the inflowing layer will be reduced in proportion to the vertical stratification. Following

this hypothesis, the climatologies in Figure 2.2 suggest that incoming water will thus

have highest density, and therefore the highest potential for deep water renewal, between

January and June and again in September-November. These periods coincide with the

normoxic period and the period of intermittent ventilation, respectively.

While the lack of flow measurements prevents a comprehensive assessment of this

ventilation model, a comparison of near-bottom salinity at Punta Caracol relative to

Almirante shows a statistically significant relationship with the hypoxic state (Figure 2.10).

Although there is considerable scatter, there is evidence that when Almirante near-bottom

water is saltier than Punta Caracol (to the right in Figure 2.10), hypoxia tends to occur.

In the context of the deep water renewal model, Punta Caracol serves as a proxy for the

water that will resupply the stagnant, near-bottom water mass in the back bay. Ventilation

in the back bay occurs only when the salinity difference, which follows the seasonal cycle

(as shown in color), is weak.

While deep water renewal as a mechanism for ventilation is typically observed in

fjords, it is a process that can also apply to shallow tropical systems, like Bah́ıa Almirante.

Further work is needed to examine this model, including potential mixing mechanisms and

locations. These mechanisms would be likely to be modulated by tidal and subtidal flows,

variations in inflow layer thickness and by effects of stratification on mixing mechanics.

The potential for bottom water ventilation is also likely to be affected by vertical mixing

within the back bay and by radiative heating, both of which will reduce the barrier for

deep water renewal.
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Figure 2.10. Almirante bottom DO vs. bottom salinity difference (Almirante - Punta
Caracol). Data plotted are the near-bottom measurements for each high resolution profile
(May 2015 - March 2020). Color indicates time of year. For raw data: r = -0.42; p < 0.05.

2.5.3 Co-occurrence of multiple stressors

Temperature inversions co-occur with low DO in bottom waters (Figure 2.6c),

suggesting that when stratification is high, conditions are favorable for development of

both temperature inversions and low DO. While increased temperature also reduces DO

solubility, the observed temperature increases do not account for the magnitude of the

DO reduction. The relationship between low DO and warmer bottom temperatures

(Figure 2.7) implies that the temperature inversions are, at least in part, a consequence

of accumulated radiative heating of the bottom layer over time. Figure 2.2d shows that

temperature inversions on the annual timescale are coincident with near-surface water

cooling; however, solar warming at depth, which has previously been shown to drive

accelerated warming relative to the rest of a salinity stratified water column (Wells et al.,

2012), likely contributes to formation of the observed temperature inversion in the bay (e.g.,

Harrison and Phizacklea, 1987) because seasonal bottom temperatures increase (Figure

2.2d). As such, temperature inversions and low-DO are consistent with long residence
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times, which allow for heat accumulation and DO depletion. The co-occurrence between

temperature inversions and hypoxia indicates that benthic organisms may face multiple

stressors simultaneously, which can have exacerbating effects. Temperatures exceeding

an organism’s thermal tolerance increase oxygen demand, and deoxygenated waters may

reduce the optimal thermal range (Vaquer-Sunyer and Duarte, 2011).

2.6 Summary

This study presents analysis of variability and seasonality of the hydrography and

hypoxia for a tropical estuary system, Bah́ıa Almirante, which experiences seasonal hypoxia

at depth and frequent temperature inversions. The strongest, most persistent hypoxic

events occur in the back bay, while the mid bay experiences intermittent hypoxia, and DO

reductions at depth are common throughout the bay during the hypoxic period. Offshore

DO values remain high, indicating that the sources of hypoxic waters do not originate from

the open ocean. Temperature inversions exhibit a similar spatial pattern, with warmer

temperatures at depth and stronger temperature inversions occurring in the back bay.

They occur more frequently than hypoxia throughout the bay, including at the offshore site.

Infrequent, relatively weak temperature inversions are also observed during the normoxic

period. The common patterns in hypoxia and temperature inversions indicate that they

are both related to the formation of an isolated deep layer in the bay. Seasonal averages

suggest that strong vertical salinity stratification, that results from increased freshwater

input, is a major contributing factor to the initiation of hypoxia. Hydrography indicates

that the mechanisms that favor hypoxia are amplified in the back bay, where the strongest

vertical stratification occurs.

The heat budget shows that there is net advective heat export from Bah́ıa Almirante.

The average residence time of 10-40 days likely does not represent the bay overall. For

example, retention time is estimated to be longer in the back bay, consistent with the
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persistence of significant stratification and hypoxia in the back bay. We present evidence

through a case study that lateral advection can play a critical role in hypoxia breakdown.

The relationship between near bottom DO and bottom salinities in the mid bay and back

bay is consistent with deep water renewal as the mechanism for bottom water ventilation,

as commonly observed in fjords. Our data shows no statistical relationship between wind

and stratification or wind and DO, however, the relative contribution of advection and

wind-driven mixing as well as the contribution of other mechanisms for vertical mixing

(including convective cooling and interfacial shear) remains an open question.

Bah́ıa Almirante shares characteristics with other tropical estuaries, including

seasonal patterns in surface heat flux and freshwater flux. The net heat export and

prevalent temperature inversions are expected in other tropical coastal embayments. The

high, weakly seasonal, precipitation impacts seasonal stratification and is expected to

play a similarly important role in other shallow tropical systems. The posited mechanism

for hypoxia breakdown, deep water renewal, is not tropics-specific, however it poses an

interesting potential mechanism for intermittent oxygen renewal in other tropical estuaries,

and the governing processes require further study to be resolved.

The hypoxia and temperature inversions described above are of critical importance

to the biological communities of Bah́ıa Almirante. While this study does not address

organismal responses, it suggests that physical dynamics in Bah́ıa Almirante contribute to

conditions that are known to be stressors for marine organisms. Identifying mechanisms

that govern hypoxia and temperature inversions provides the context needed to evaluate

whether similar processes occur in other shallow, tropical estuaries, as well as how they

compare to temperate coastal systems.
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2.A Supporting information

The following is the supporting information for Chapter 2.

2.A.1 Interannual variability

A linear fit to the bay-averaged weekly sampled temperature at 20 meters yields

a slope of 0.06 ◦C/year, with an overall increase of 0.57 ◦C between 2010 and 2019. A

linear fit to the bay-averaged weekly sampled salinity at 20 meters data yields a slope of

0.07 ppt/year, with an overall increase of 0.62 ppt between 2010 and 2019, and there is no

significant trend in surface salinity.

There is significant interannual variability evident in the time series data in Figures

3 and 4. We define metrics to compare the relative intensity and persistence of hypoxic
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events and temperature inversions.

Interannual variability in hypoxia

Figure 2.A.1. Indices of hypoxia, calculated for each hypoxia year (i.e. hypoxia year
2018: March 2018-February 2019). (a): the overall proportion of measurements that are
anoxic (DO < 1 mg/L), hypoxic (DO < 2 mg/L), and low DO (DO < 3 mg/L) within a
hypoxic year (throughout the water column); within clusters, left bar represents back bay
sites (Almirante; Pastores), right bar represents mid bay sites (Cristobal; STRI; Hospital
Point; Punta Caracol). (b): the persistence of individual hypoxic events at the back bay
sites (Almirante; Pastores) for the anoxic (DO < 1 mg/L), hypoxic (DO < 2 mg/L), and
low DO (DO < 3 mg/L) thresholds. Target denotes the median, bar denotes the 25th and
75th percentile, and whiskers denote range.

Over the time series, the baywide-average DO at 20m shows no significant trend,

although there is interannual-variability in the severity, spatial extent, and persistence of

hypoxic events. In order to elucidate year-to-year differences, we define a hypoxia year for

Bah́ıa Almirante as extending from March 1 to the end of February of the following year,

to span a full hypoxic season, from the initial development (typically in April) through the

full breakdown (typically in December/January). The percentage of DO measurements
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(throughout the water column) below a selected threshold relative to the total number

of measurements in a given hypoxia year, is used to provide a coarse view of the overall

hypoxic volume (Figure 2.A.1a, Figure 2.A.2) . The average persistence of a hypoxic event

is also considered at a nominally weekly resolution, determined by consecutive minimum

DO measurements below a given threshold at each site (Figure 2.A.1b). These metrics

have been subdivided by back bay (Almirante; Pastores) and mid bay (Cristobal; Hospital

Point; Punta Caracol; STRI) sites and averaged in order to capture spatial differences.

DO thresholds of 1 mg/L, 2 mg/L, and 3 mg/L are used in order to estimate the anoxic,

hypoxic, and low-DO periods that have lethal and sub-lethal implications for marine

organisms (Vaquer-Sunyer and Duarte, 2008).

Figure 2.A.2. Proportion of hypoxic measurements at each depth bin for each hypoxia
year (i.e. hypoxia year 2018: March 2018-February 2019) for two sites. (a): Almirante
(representing the back bay);(b): Cristobal (representing the mid bay); 2016 lies behind
2018. Solid lines represent a threshold of 2mg/L, dashed lines are 3mg/L.

The metrics suggest that the hypoxia year 2017 was anomalously strong and

widespread. The mid bay experienced a high percentage of low-DO (<3 mg/L) occurrences,

with 10.9% of all measurements (Figure 2.A.1a) and 45% of measurements at Cristobal

at 23m (Figure 2.A.2b). While the occurrence of low-DO measurements was high in the

back bay in 2017 (32.6%), it was comparable with other hypoxia years, although a low-DO
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episode persisted for 27 consecutive measurements in the back bay (spanning 33 weeks),

the longest captured in the time series (Figure 2.A.1b). The persistent, widespread low-DO

event was accompanied by the severest anoxia observed within a single hypoxia year, with

13.0% of all DO measurements below 1 mg/L in the back bay and an event in which

anoxic conditions persisted for six weeks at both back bay sites. The depth to which the

hypoxic layer shoals varied from year to year, with hypoxic measurements rare above 13

m, but in hypoxia year 2017, it was observed as shallow as 7 m (Figure 2.A.2). Recent

studies in Bah́ıa Almirante show that this shoaling can lead to sharp gradients of coral

bleaching, where coral communities below a critical depth experience bleaching in the back

bay (Altieri et al., 2017; Johnson et al., 2018).

Hypoxia year 2016, in contrast, was a relatively mild year. There were minimums

in occurrence percentage for the anoxic and hypoxic DO thresholds in the back bay (0%

DO <1mg/L and 22.5% DO <2mg/L), with no observed hypoxia and less than 1% of

low-DO measurements in the mid bay (Figure 2.A.1). Hypoxia year 2016 had an average

persistence at the 2 mg/L threshold of less than 2 consecutive weekly measurements,

and the longest observed event was 3 consecutive weekly measurements. This minimum

in hypoxic volume was further reflected in the depth view of the hypoxia occurrences

(Figure 2.A.2a), where the hypoxic layer was less thick than other years and with a lower

occurrence at all depths below 15m, where hypoxia is typically observed.

While hypoxia years 2016 and 2017 stand out as particularly mild and strong,

respectively, other hypoxia years experience long low-DO events (hypoxia year 2013 had the

longest persistent event with 20 consecutive measurements, spanning 22 weeks), persistent

hypoxic events (hypoxia year 2014 with 22 consecutive measurements, spanning 24 weeks),

and large low-DO volumes (44.3% of all measurements in hypoxia year 2011 were below 3

mg/L).

Analysis of interannual differences did not identify any clear correlations with

variations in forcing mechanisms, including precipitation and wind stress, as resolution of
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the intensity and longevity of low-DO events (and forcing) is limited by weekly sampling.

Interannual changes in regional climate, larger scale offshore ocean conditions, and nutrient

fluxes, not considered here, are other possible drivers for interannual variability in DO.

These regional mechanisms may be affected by climatic teleconnections, including El Niño

(Chen and Taylor, 2002). The most important drivers dictating the interannual variation

in relative strength, persistence, and duration of hypoxic events remain undetermined.

Interannual variability in temperature inversions

The time series indicates a slight warming trend, suggesting that thermal stresses

are increasing over the time frame of the observations considered here, consistent with

regional (Glenn et al., 2015) and broader global patterns (Durack et al., 2018). Interannual

variability in temperature is notably larger than the observed trend, with notable variations

in the strength of temperature inversions. Statistics and indices for temperature inversions

are considered for hypoxia years with profile data (2016-2019) in order to compare

interannual strength and persistence (Table 2.A.1). Temperature inversions are defined as

the largest continuous increase in temperature with depth (this definition for temperature

inversions also seen in Figure 4b). For this analysis, temperature inversions are considered

anywhere in the water column and must be at least -0.5◦C in strength.

Table 2.A.1. Temperature inversion indices, including: strength (average and maximum),
persistence (average and maximum), and frequency for hypoxia years 2016-2019. Tem-
perature inversions are defined as the largest continuous increase in temperature with
depth. They are considered anywhere in the water column and must be at least -0.5◦C in
strength.

Hypoxia Average Maximum Average Maximum Inversion
Year strength strength persistence persistence frequency

(◦C) (◦C) (weeks) (weeks) (%)
2016 -0.89 -3.10 2.03 6 29.7
2017 -0.95 -3.38 2.77 15 30.1
2018 -0.92 -2.48 2.33 13 29.5
2019 -0.93 -2.32 2.32 12 33.8
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For hypoxia years 2016-2019, the average strength, persistence, and frequency of

temperature inversions is consistent, approximately -0.9◦C and between 2 and 3 consecutive

weekly measurements, respectively (Table 2.A.1); however, hypoxia year 2017, the year

with the strong, widespread, and persistent hypoxic event, had the maximum inversion

strength (-3.38◦C) and longest inversion persistence (15 consecutive weekly measurements).

While hypoxia year 2016, mild when considering the hypoxia indices, had a high inversion

strength (-3.10◦C), its longest temperature inversion event was only 6 consecutive weekly

measurements, much shorter than the other years considered. The consistency between

interannual hypoxia and temperature inversion metrics support the mechanistic link

between these features, particularly the persistence and the link between hypoxia and

temperature inversions both being related to long residence times in isolated bottom

waters.

2.A.2 Precipitation and stratification

The dominant role for salinity in density variations for the bay suggests that

precipitation will be important in determining vertical stratification. This relationship is

evident in Figure 2.A.3 which shows a statistically significant, weakly positive correlation

(r = 0.24; p < 0.05) between weekly precipitation (P7d)) and vertical density difference

(δzρ) lagged by one week, for the six interior sites. The one week lag, which yields the

maximum correlation, indicates that precipitation history is relevant and may also reflect a

temporal delay in riverine freshwater inputs, although this delay may be between one day

and one week. Similar analysis (not shown) indicates that the variations in stratification

are largely associated with surface freshening that, in turn, correlates with precipitation.

The relatively large scatter and weak correlation in Figure 2.A.3 is potentially due to high

spatial variability in both surface salinity and in precipitation and/or freshwater discharge.

This weak relationship may also be due to the fact that there is almost always a fresher

surface layer and the addition of freshwater via precipitation may not contribute to a
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Figure 2.A.3. Stratification vs. precipitation: One week lagged ∆zρ, the weekly sampled
vertical (20m-0.5m) density difference (kg/m3) vs. P7d, the sum of the precipitation over
the seven days prior to the corresponding density measurement, at the six interior sites
(excluding offshore site Colon). Lag denotes that the vertical density difference is compared
to the previous week’s precipitation. Outliers, absolute deviations greater than three
scaled medians, are excluded (161 outliers; 8%); additionally, data with unstable water
columns are excluded (n = 29). Gray points: raw data; black points: mean in 100 point
bins; error bars: one standard deviation; heavy error bars: standard error. For the raw
data: r = 0.24 ; 95% confidence intervals = [0.20 0.29], p < 0.05. Linear fit slope = 0.021;
confidence intervals = [0.017 0.025].

vertical salinity difference.

2.A.3 Spatially-variable residence time estimates

These bulk residence times provide context for how long water is in the bay.

This analysis does not capture the spatial variability of residence time, beyond the bulk

subregions shown in the table below. These results are consistent with the spatial patterns

observed in hypoxia and temperature inversions - residence times are longer for the back

bay than for the mid bay.
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Table 2.A.2. Median residence times (days) for selected regions, with upper and lower
quartile values and number of samples (N).

Region tr 25% 75% N
(days)

Mid-bay to Offshore 10.4 4.8 19.2 280
Back bay to Offshore 26.4 16.8 45.4 265
Full bay to Offshore 16.2 8.6 26.0 266
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Chapter 3

Barotropic and baroclinic influences
on a multi-inlet tropical estuary

3.1 Abstract

Bah́ıa Almirante is a shallow, salt-stratified multi-inlet estuary on the Caribbean

coast of Panamá. We conducted a two year intensive study, collecting time series of

velocities and water properties, including temperature, salinity, and dissolved oxygen.

There are time periods of strong subtidal net flow through the bay, where barotropic flow

dominates the baroclinic component. This net flow through Bah́ıa Almirante is driven by

an alongshore pressure gradient. The subtidal barotropic velocity measured in Boca del

Drago, an inlet that connects the estuary to the Caribbean Sea, correlates to an along-coast

shelf current, with low frequency variations in velocity occurring on weekly timescales.

Water properties indicate hydrographically distinct sub-basins, with a largely isolated

inner bay. The inner bay site is commonly saltier and denser than the channels, and

hypoxia can persist during periods of strong net flow. The outer bay exhibits properties

more similar to conditions outside the bay during high flow events.
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3.2 Introduction

Estuaries are fundamentally transitional bodies of water, with complex physics

and biogeochemical processes producing highly variable conditions. Because estuaries

are vulnerable to human activity, effective management plans are critical, particularly in

developing regions (Le Moal et al., 2019; Vieillard et al., 2020), and understanding the

hydrodynamics is an essential aspect of this endeavor. One commonality in estuaries is

that buoyancy forces modify density within a system, creating horizontal density gradients

(Geyer and MacCready, 2014). Typically this is in the form of a salinity gradient, and

commonly estuaries have decreasing density from the ocean boundary towards the head,

with barotropic forcing towards the ocean and a baroclinic forcing towards the head (Geyer,

2010).

While most of our understanding of estuaries comes from a canonical system with

a single ocean inlet, and a predominant upstream freshwater inflow, coastal embayments

with multiple inlets can have important hydrodynamic differences. Multiple-inlet estuaries

have been studied on many coastlines, including the Wadden Sea in the Netherlands

(Duran-Matute et al., 2016), the Ria Formosa in Portugal (Fabião et al., 2016), and the

Intracoastal Waterway along the East coast of the United States (Waterhouse et al.,

2011). Net residual circulation in these systems are often driven by tides, winds, or waves.

Tides are modulated by the particular geometry of the multiple-inlet system and can lead

to a net flow through the system (Waterhouse et al., 2011; Duran-Matute et al., 2016;

Sheng et al., 1996). Local and/or remote winds can drive pressure gradients that can

dictate net flow in multiple inlet systems (Fabião et al., 2016; Kang et al., 2017; Li, 2013).

Finally, wave-driven setup can influence residual circulation (Orescanin et al., 2014) and

wave-current interactions can impact net circulation within multiple-inlet systems (Mao

and Xia, 2018). The net barotropic flow that can be established with multiple ocean

connections can modify the typical baroclinic processes and influence water properties
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within an estuary.

Moreover, the canonical estuarine system typically has a predominant freshwater

inflow source (i.e., river) at the upstream estuarine head and most scientific efforts have

been conducted along temperate coastlines. Thus tropical estuarine systems (where the

climate leads to different precipitation, runoff, and heating patterns potentially departing

from canonical temperate estuaries) are data-poor and underrepresented in the scientific

literature (Vieillard et al., 2020). Because coastlines serve as home to a disproportionate

share of the world’s population and the tropics host much of the earth’s biodiversity

(Spalding et al., 2023), tropical estuaries are particularly important due to the confluence

of environmental and societal factors (Oczkowski et al., 2020) and heavy reliance of tropical

communities on coastal resources (Sale et al., 2014).

Reducing scientific bias in our understanding of estuarine dynamics is also important

because coastal processes in the tropics can fundamentally differ from higher latitudes and

can exhibit consider variability within this latitudinal band (Nittrouer et al., 1995). A

recent study notes the value of considering the physics of tropical coastal areas in concert

with biological interactions and social dynamics in order to best understand local and

global drivers of change (Collin et al., in review), and therefore it is critically important to

understand the circulation and physical dynamics of such a system. Efforts to understand

the dynamics of tropical estuaries have been made in systems including the Upper Gulf of

Thailand (Saramul and Ezer, 2014), and in Brazil, including the Amazon estuary (Menezes

et al., 2009), the Caravelas estuarine system (Schettini et al., 2013), Itamaracá (Medeiros

and Kjerfve, 2005), São Vicente, Santos and Bertioga estuarine channels (Moser et al.,

2005), and Báıa de Todos os Santos (Fonseca et al., 2024), and the Magdalena River in

Colombia (Restrepo et al., 2018), among others, but there remains considerable need and

opportunity for identifying critical processes to tropical estuarine function.

Estuaries are dynamic ecosystems, and a mechanistic understanding of the processes

that govern these systems is critical to understanding residence times and the resulting
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biogeochemical effects. Previous efforts have used dimensionless numbers to characterize the

subtidal hydrodynamics of a tropical estuary (Tenorio-Fernandez et al., 2018). Residence

times are critical to ecosystem function, and long retention times have been shown to

correlate with regions of high sea surface temperature and thermal stress to marine life

including corals (Li and Reidenbach, 2014). While local timescales will dictate the effects

on benthic organisms and communities, bulk residence times can be considered to evaluate

the relative influences of various mechanisms, including river discharge, tidal flushing,

and estuarine circulation (Wang et al., 2004). Understanding these physical dynamics

can characterize an estuary and provide the foundation for understanding how it may be

affected by changes to global and local stressors.

We use extensive observations to describe the important physical processes in a

tropical estuary. In this analysis, we examine velocity and water property observations

from September 2019 to September 2021 in Bah́ıa Almirante, a shallow, microtidal, multi-

inlet tropical estuary on the Caribbean coast of Panamá (Figure 3.1) and leverage data

from a long-term monitoring program (from late 2010 to present) and a global reanalysis

product. After we describe the site, observations, and methods in Section 3.3, we describe

water properties, resolve the relative influences of barotropic and baroclinic flows, and

calculate residence a volume flux and residence times in Section 3.4. In Section 3.5, we

discuss the hydrographically-distinct sub-basins of Bah́ıa Almirante and the biological

implications of residence times, describe the drivers of the barotropic flow through the

estuary, and elucidate the resulting effects on water properties. This effort aims to shed

light on the important mechanisms that dictate how Bah́ıa Almirante functions in addition

to elucidating some of the hydrodynamics that can influence other tropical estuaries and

multi-inlet systems.
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Figure 3.1. (a) Panamá Coast, with Bah́ıa Almirante inset in box. (b) Site locations
identified by color, used in subsequent figures. Mooring locations are shown in circles,
bottom-mounted ADCP locations in triangles, and pressure sensor locations are shown in
squares. Details on the moorings are included in the supporting information. Bathymetry
in color.
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3.3 Methods

3.3.1 Field site description: Bah́ıa Almirante

Bah́ıa Almirante is a shallow multi-inlet estuary on the Caribbean coast of Panamá,

with a maximum depth of approximately 30 m (Figure 3.1). It has inlets to the north

and northeast, Boca del Drago (BdD) and Canal de Bastimentos (CdB) respectively, that

lead to the Caribbean Sea and two inlets that open into the Laguna de Chiriqui, Cayo

Coral (CC) and another very small and shallow (<1 m) inlet to the southeast. While

there are small, dispersed rivers into the bay along the mainland, the major river in the

watershed is the Changuinola River, which outlets into the Caribbean Sea approximately

12 km northwest of the BdD inlet into Bah́ıa Almirante.

Offshore conditions influence Bah́ıa Almirante. There is a southeastward surface

flow due to the Panamá-Colombia Gyre, that is modulated by westward-propagating

Caribbean Current eddies (Kastner et al., in review). The Caribbean Sea has a well-

mixed 50 m deep surface layer (Gallegos, 1996) and is influenced by the Intertropical

Convergence Zone and other weather patterns (Kaufmann and Thompson, 2005). These

offshore conditions are linked to seasonal trends in water temperature and salinity just

outside of the bay (Adelson et al., 2022).

Seasonal meteorological and oceanographic patterns are evident within the estuary

(Adelson et al., 2022). Bah́ıa Almirante is salinity stratified throughout the year (Kaufmann

and Thompson, 2005), such that temperature plays a largely passive role in stratification

(Adelson et al., 2022). The vertical stratification strength is driven by the seasonal cycle in

near-surface salinity, which is in turn dictated by freshwater inputs. Annual peaks in water

temperature occur during the solar radiation maxima. The strongest vertical stratification

is observed in the interior of the bay, where the lowest dissolved oxygen (DO) levels and

the warmest temperatures are observed at depth and there are persistent temperature

inversions (Adelson et al., 2022).
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Bah́ıa Almirante supports mangroves, seagrass beds, and coral reef ecosystems.

There are documented mortality events associated with thermal stress (Neal et al., 2014)

and hypoxia (Altieri et al., 2017; Johnson et al., 2021), and the threat from deoxygenation

is expected increase with ocean warming (Altieri and Gedan, 2015; Breitburg et al., 2018;

Stramma et al., 2010; Pezner et al., 2023). The system experiences seasonal hypoxia at

depth and temperature inversions that have been linked to vertical salinity stratification

driven by annual patterns in freshwater inputs, with spatial heterogeneity in the strength

in these resultant biological stressors (Adelson et al., 2022).

3.3.2 Observations

An intensive instrument array was deployed from September 2019 to September

2021. Time series observations include current velocity, temperature, salinity, pressure,

and DO data at strategic sites around Bah́ıa Almirante (Figure 3.1). In this analysis, we

consider data from a site outside of the estuary, Outer Colon (OC); the three major inlets

into the bay, including Boca del Drago (BdD), Canal de Bastimentos (CdB), and Cayo

Coral (CC); and three sites within the system: the outer bay (OB), the inner bay pass

(IBP), and the inner bay (IB). These sites are listed from offshore to inshore, along the

estuary.

The data presented here are from three deployments, from September 2019 -

January 2020, January 2020 - October 2020, and November 2020 - September 2021, with

instruments recovered and redeployed between each deployment. Due to field logistics,

the exact location and depth of each deployment varied slightly. Subsurface moorings

were deployed nearby at five of these sites: OC, BdD, CdB, IBP, and IB (all but the

inlet CC), with conductivity, temperature, and depth sensors (CTD, SBE-37 SMP and

SBE-37 SMP-ODO), temperature sensors (SBE-56), and optical DO measurements (PME

MiniDOT or a CTD-integrated SBE-63), with depths ranging from 1 m above the bed

(mab) to approximately 5.2 m below the surface. An additional subsurface mooring was
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deployed at OB, with temperature and optical DO sensors. Some CTDs experienced

significant sediment entrainment and/or biofouling, resulting in unrealistic conductivity

and salinity measurements and those time periods were excluded from analyses.

Bottom-mounted, upward-looking acoustic Doppler current profilers (ADCP) were

deployed in the three inlets, BdD, CdB and CC and are considered in this analysis, although

additional ADCPs were deployed near the other mooring locations and another site in the

arm of the bay between CdB and CC. All ADCP data were collected in beam coordinates.

ADCP data were ensemble-averaged in 10-minute bins. Velocities were interpolated to 1

m vertical resolution and extrapolated to the bed (by assuming no flow at the bed and

interpolating linearly) and the surface (by assuming constant velocity from the upper-most

bin). Principal component analysis for each deployment was used to define along-channel

and across-channel velocities.

Bottom-mounted pressure sensors (RBR Duets) were deployed near the major

entrances, BdD and CdB. Details on the mooring layout, instrument sampling schemes,

and deployment dates are included in the supporting information.

3.3.3 Long term monitoring

The Smithsonian Tropical Research Institute (STRI) conducts a physical monitoring

program consisting of vertical profiles of salinity, temperature, along with other quantities

not considered here. The intensive field campaign sites were selected to be adjacent to the

monitoring sites to provide greater temporal resolution to the long-term context. This

analysis includes measurements from a YSI multiparameter sonde, collected approximately

weekly from May 2015 to present, at five sites in Bah́ıa Almirante (Figure 3.1), which

are approximately co-located with the OC, CdB, OB, IBP, and IB sites. Profile data

were averaged into 2 m vertical bins as in Adelson et al. (2022). Density was calculated

from measured salinity, temperature, and depth using Gibbs Seawater toolbox TEOS-10

(McDougall and Barker, 2011).
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3.3.4 Meteorological and river data

STRI collects precipitation and wind speed and direction at a meteorological station

(9.35◦N, 82.26◦W; WS on Figure 3.1). Variables are measured every 10 seconds with

average values recorded every 15 minutes (Patton, 2023). Wind speed and direction are

used to define the east and north components. STRI has gauged rivers flowing into Bah́ıa

Almirante and provides a daily flow (m3 d−1; Clark et al, in prep.). Further details about

the gauged rivers can be found in Clark et al. (2022).

3.3.5 Analysis

All data were averaged into 10-minute intervals. Subtidal signals of time series

were obtained by employing a Godin filter (Godin, 1973). Velocity data were decomposed

into barotropic and baroclinic components. Barotropic velocities were estimated as the

depth-mean velocity, and positive values indicate flow into Bah́ıa Almirante. Baroclinic

velocities were estimated as the residual. The baroclinic velocity magnitude is defined as

uBC = −
(

ubott

|ubott|

)
1

h

∫ 0

−h

|u(z)− uBT |dz, (3.1)

where u is the along channel velocity, ubott, is the depth-mean velocity of the bottom five

meters, h is the water depth, and uBT is the barotropic component of the velocity. The

sign of the baroclinic flow magnitude is determined by the direction of the near bottom

water; positive baroclinic flow represents inflow at depth, and outflow near the surface.

3.4 Results

Regional tides are mixed semidiurnal with microtidal amplitudes varying over a

spring-neap cycle between 0.1 and 0.3 m. Harmonic analysis of pressure at BdD shows that

principal lunar diurnal constituent (K1) and principal lunar semi-diurnal constituent (M2)

are the dominant tidal components, followed by the O1 tide, a lunar diurnal constituent
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(not shown). Tidal velocities in the inlets are typically within ± 0.22 m s−1 at BdD and ±

0.29 m s−1 at CdB (i.e. 2 standard deviations; not shown). Additionally, tidal velocities

diminish towards the interior of the bay, with OB tidal velocity range of ±0.04 m/s.

Subtidal time series vary over a range of timescales (Figure 3.2), and spectra of

10-minute averaged velocities and pressure (not shown) indicate that there is no clear

energy peak at the inertial frequency range corresponding to the latitudes of the Caribbean

Sea. For reference, the inertial period is approximately 74 hours. There remains some

structure that is subtidal but has higher periods (on the order of 2-5 days). Lagged

correlations calculated between the barotropic velocity and north wind, east wind, wind

speed, and wind direction yielded no significant correlations.

Comparisons between the weekly profiling data and the subsurface CTD time series

show that the freshwater lens varies in thickness and is inconsistently captured by the

near-surface CTDs. Additionally, previous work has established hypoxia originating at

depth within Bah́ıa Almirante (Adelson et al., 2022; Lucey et al., 2021), and thus we

present water properties from approximately 1 mab to better understand the hydrography

of the estuary (Figure 3.2 f-i). Density at 1 mab (25.7 m) at the inner bay site (IB) is

relatively constant (mean and standard deviation: 1022.40 ± 0.26 kg m−3; Figure 3.2

h). Outside the bay (OC) values at 2 mab (38.3 m) are higher but also 12.6 m deeper

(1023.19 ± 0.31 kg m−3). Near bottom densities in the channels (BdD and CdB) have

more variation and are generally lower than IB and OC values (1022.15 ± 0.68 kg m−3at

BdD and 1022.33 ± 0.41 kg m−3). This pattern is mirrored in salinity (Figure 3.2 g),

which has the dominant contribution to density variability, with IB bottom salinity (35.54

± 0.24 psu) near oceanic values (OC: 36.00 ± 0.34 psu) and relatively constant. Bottom

salinity in the channels are lower, on average, and more variable (35.28 ± 0.48 psu at CdB

and 34.94 ± 0.87 psu at BdD).

A seasonal signal in water temperature is exhibited at all sites; near-bottom water

temperatures vary by more than 2◦C in the bay over the time series (Figure 3.2 f), again

58



Figure 3.2. Subtidal time series of (a) wind components (east in black; north in gray;
m s−1); (b) barotropic velocity (m s−1); (c) baroclinic velocity magnitude (m s−1); (d)
baroclinic velocity at BdD (m s−1); (e) baroclinic velocity at CdB (m s−1); (f) temperature
(◦C); (g) salinity (psu); (h) density (kg m−3); (i) DO (mg L−1); at sites (indicated by
color) around Bah́ıa Almirante (Figure 3.1). Water properties show near bottom data,
with near surface (light gray line) shown for OC only. Time series at IB and IBP overlap
considerably in panels (f), (g), and (h).
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with more variation in the channels (28.89 ± 0.82 ◦C at BdD and 28.96 ± 0.75 ◦C at CdB)

than at IB (29.23 ± 0.73 ◦C), while the warmest near-bottom water temperatures are

typically observed at IB and IBP. The seasonality in water temperature is consistent with

long-term annual patterns (Adelson et al., 2022).

Near-bottom waters at IB are anoxic (DO < 0.1 mg L−1) and hypoxic (DO < 2

mg L−1) 49.4% and 76.4% of the time series, respectively, with mean DO of 1.11 mg L−1

(Figure 3.2 i). The near bed layer at IB and IBP is fully anoxic over nearly the full time

span between mid May to mid October 2020, and the hypoxia is interrupted by sporadic

reoxygenation events. There is no observed hypoxia outside the bay (7.14 ± 0.29 mg L−1),

and near bottom channel DO values (5.78 ± 0.73 mg L−1 at BdD and 6.20 ± 1.24 mg

L−1 at CdB) are slightly reduced, as compared to outside the bay, and exhibit hypoxia

0.2% and less than 0.1% of the time respectively, indicating that oxygen drawdown occurs

within the bay. OB average near bottom DO (4.16 ± 1.40 mg L−1) is typically between IB

and the channels. Over the course of its more limited time series, 5.2% of measurements

are hypoxic.

3.4.1 Barotropic and baroclinic subtidal flows

Subtidal velocity measurements in the inlets show the presence of a barotropic net

flow through the bay (Figure 3.2 b). The direction changes over the course of the time

series, with periods of inflow at BdD and outflow at CdB, limited periods of outflow at

BdD and inflow at CdB, and periods with weak net flow. The barotropic flow at CC is

generally correlated with flow at CdB. The most common barotropic flow regime is inflow

(positive velocity) at BdD and outflow (negative velocity) at CdB, with magnitudes up to

0.275 m s−1.

While tidal velocities in the channels are similar in magnitude to the subtidal

barotropic velocity during the time periods of weak net flow, over the course of the full

time period, the direction of the 10-minute averaged depth-averaged flow is reversed from
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Figure 3.3. Barotropic velocity vs. channel pressure difference. Subtidal alongshore
pressure difference, as measured between the two channels, and subtidal barotropic
velocities for BdD (blue) and CdB (green), with linear fits. R2 values reported in the
figure, with Neff = 46 and p < 0.0001 at each channel, where Neff is the effective degrees
of freedom accounting for the subtidal filter. Flow into the bay is positive.

the subtidal depth-averaged flow 23% of the time at BdD, 29% of the time at CdB, and

30% of the time at CC, indicating that the tides are not reversing the direction of the

flow for a substantial portion of this time series. ADCP site selection was constrained by

appropriate bottom type, and there may be localized flow effects due to bottom topography

that result in steering of the flow at BdD in particular as well as indicators of hydraulic

control, leading to complications in accurately estimating the along-channel flow.

The net pressure difference, ∆xp, measured between BdD and CdB correlates to

the subtidal, barotropic flow through the bay described above (Figure 3.3). The measured

pressure difference reflects anomalies in time but does not account for any constant pressure

gradient between the channels. Correlations are strong at both the entrances, with a

relationship that indicates the typical pattern of inflow at BdD and outflow at CdB.

The vertical structure of the along channel baroclinic flow at CdB largely reflects

the typical estuarine circulation (i.e., positive/towards the bay near the bottom), with
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occasional reversals. The baroclinic velocity at BdD is much weaker and variable in

direction for the first two deployments (Oct 2019 - Aug 2020) but exhibits a stronger,

canonical, estuarine exchange during the last deployment (Dec 2020 - Mar 2021) (Figure

3.2 c,d,e).

Baroclinic flow magnitudes are compared to scaling estimates for estuarine exchange

that are based on a tidally averaged momentum balance between baroclinic pressure

gradient and friction (Hansen and Rattray Jr, 1966). The resulting scaling differs slightly

for bottom-driven friction versus interfacial baroclinic shear, which scales with the square

root of the along-estuary density difference (∆xρ/ρ0)
1/2. A stronger correlation was evident

with the latter and is shown in Figure 3.4, which compares the baroclinic velocities in the

two main inlets (i.e. BdD and CdB) with (∆xρ/ρ0)
1/2 the square root of the depth-averaged

(i.e. mean of near-surface and near-bottom densities) along-estuary density difference,

defined as ρinlet − ρIB, normalized by reference density ρ0 = 1023 kg m−3. We maintain

the sign of the density difference in the square root, such that when the inlet is denser

than IB, the quantity is positive.

At BdD, baroclinic velocities are most strongly correlated with the scaling estimate

during time periods of weak barotropic flow (Figure 3.4). This includes periods with a

negative along-estuary gradient where the resulting baroclinic exchange is reversed (i.e. out

at the bottom). The correlation weakens with increased barotropic flow indicating that the

baroclinic component is disconnected with the up-estuary density gradient, especially for

strong positive barotropic flow (i.e. inflow). At CdB, correlation improves somewhat for

lower velocities, but correlations were generally higher for the full time series. This channel

also exhibits more typical estuarine exchange (Figure 3.2 e). The correlation between the

observed subtidal baroclinic flow and frictional estuarine scaling indicates that the exchange

is generally determined by the larger scale along-estuary density differences, as expected

for an estuarine system damped by interfacial friction; however, the estuarine function of

the bay is significantly modulated by the net barotropic flow strength, particularly at the
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Figure 3.4. Baroclinic velocity (m s−1) vs. scaling estimate for estuarine circulation,
(∆xρ/ρ0)

1/2, the square root of the along-estuary depth-averaged density difference between
each of the two major inlets and IB (maintaining sign such that this quantity is positive
when BdD/CdB > IB). Circles indicate BdD, and squares indicate CdB. Points are colored
by the magnitude of the barotropic velocity. Linear fits are shown and correlations are
calculated for all data (BdD: R2 = 0.11, Neff = 124, p < 0.001; CdB: R2 = 0.64, Neff =
224, p < 0.0001) and for the subset with uBT < 0.03 m s−1 (BdD: R2 = 0.48, Neff = 38, p
< 0.0001; CdB: R2 = 0.69, Neff = 60, p < 0.0001). Neff is the effective degrees of freedom
accounting for the subtidal filter.

BdD channel, where inflow tends to occur (Figure 3.2 b).

We can determine when the subtidal barotropic flow dominates the baroclinic

exchange by considering their relative contributions in terms of the local hydraulic state in

the channels. Observations in the channels indicate that the baroclinic flow component can

often be characterized by a two-layer flow, generally typical estuarine exchange (out near

the surface, in near the bottom) at CdB, and often in the opposite sense at BdD (Figure

3.2 c,d,e). If we approximate flow in the channels as comprising two layers, an internal

barotropic Froude number can be defined as Fr = u/
√
g′h, where u is the barotropic
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velocity at the narrowest point, g′ = g(ρ2 − ρ1)/ρ0, is reduced gravity, with ρ1 as the

density measured in the channel near the surface (≈ 5.2 m at BdD, 7.3 m at CdB), ρ2

as the near bottom density in the channel (≈ 21.7 m at BdD, 20.2 m at CdB), and ρ0

is a reference density (1023 kg m−3). This definition of the Froude number represents

the strength of the barotropic flow relative to a locally defined baroclinic exchange (Armi

and Farmer, 1986; Pawlak and Armi, 1997). A strong barotropic flow can lead to an

arrested wedge either upstream or downstream of a channel constriction, at which point

the flow in the channel will be unidirectional and the internal Froude number exceeds

a critical value (Fr ≈ 0.544, (Pawlak and Armi, 1997)). In this case, hydraulic theory

yields dynamics that are similar to those for a single layer hydraulically controlled flow but

based on the reduced gravity, g′. For weaker barotropic flow ( |Fr| < 0.544) the wedge

extends upstream (relative to the barotropic flow) and an interface can be observed at the

control point, with flow in both directions (Pawlak and Armi, 1997). The bathymetry in

the two primary channels in Bah́ıa Almirante (BdD and CdB) is complex and the ADCP

locations are not precisely in the narrowest section, but if we proceed using measurements

as representative velocities we can calculate the associated Fr at both channels.

The directionality and strength of the barotropic flow relative to that of the

baroclinic exchange can be quantified using a Barotropic Flow Metric (BFM) defined as

BFM =
|uin| − |uout|
|uin|+ |uout|

, (3.2)

where uin is the integral of the inward velocities and uout is the integral of the outward

velocities, such that when BFM = 1, there is unidirectional flow into the estuary, when

BFM = −1, there is unidirectional flow out of the estuary, and when BFM = 0, there

is pure exchange flow. At other values, there is bi-directional flow in the along-channel

direction. The BFM is calculated using subtidal velocity profiles in each channel and

compared with the internal barotropic Froude number, Fr, in Figure 3.5.
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Figure 3.5. Barotropic flow metric (BFM = |uin| − |uout|/|uin|+ |uout|) vs. the internal
Froude number with the barotropic velocity (m s−1) in color, measured in the two main
channels (BdD and CdB). Critical Fr = .544 shown in black line.
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During time periods of strong net flow (high |Fr|), the water column tends to be

unidirectional (i.e. |BFM | = 1), consistent with hydraulic theory, where the barotropic

flow through the system overwhelms the baroclinic exchange. During these periods, Bah́ıa

Almirante does not exhibit the exchange flow associated with canonical estuaries due to

the strength of the barotropic flow. For very strong barotropic flow (|Fr| > 1), two layer

theory indicates that an arrested wedge will be swept downstream of the narrowest section

(relative to the barotropic flow). In this case, the local vertical density difference is no

longer relevant and the Froude number definition is no longer applicable. Here we expect

|BFM | = 1, as evident in Figure 3.5.

The critical transition value derived from hydraulic theory (Fr ≈ 0.544) strictly

applies only for idealized frictionless flow, but it provides a good prediction in both

channels for the point at which bi-directional exchange is no longer present (Figure 3.5).

Periods with bi-directional flow (|BFM | < 1) only occur when the barotropic velocity is

weak (|Fr| < 0.544), indicating that baroclinic information can propagate during these

conditions and an exchange flow can occur.

There are some periods with weak barotropic flow and |Fr| < 0.544, when the

flow remains unidirectional with |BFM | = 1, with 56% of the points with |BFM | = 1

correspond to Froude numbers less than the critical value. These are likely periods when

the vertical density structure in a channel is determined solely by conditions upstream

(relative to the barotropic flow) so that baroclinic structure propagates in the same sense as

the barotropic net flow. There are no points with the Froude number less than the critical

value with unidirectional flow. Overall, unidirectional flow (|BFM | = 1) is well-predicted

by |Fr| > 0.544, and baroclinic exchange occurs only for |Fr| < 0.544 indicating that the

observations are largely consistent with hydraulic theory in both channels.
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Figure 3.6. Subtidal time series of volume flux (m3 s−1) components:(a) precipitation
(QP ); (b) river discharge into Bah́ıa Almirante (QR), (c) adjusted fluxes through inlets
(Qinlet, with QBdD in blue, QCdB in dark green, QCC in light green), (d) residual, with the
sum of the fluxes in gray and the least squares linear adjustment in black, and (e) storage
(∂V/∂t) and the sum of the inlet volume fluxes shown in panel (c).
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3.4.2 Volume flux and residence times

We calculate a volume budget,

∂V

∂t
= QR +QP + ΣQinlet +Qres, (3.3)

where volume fluxes contributing to volume (i.e. V ) changes with time, ∂V/∂t (i.e.,

storage), include river flow, QR, precipitation, QP , flow through the inlets, such that

ΣQinlet = QBdD + QCdB + QCC , and a residual, Qres. The riverine volume flux was

calculated via measurements from gauged rivers and scaled to account for ungauged

rivers (Clark et al., in prep). Precipitation at WS is assumed to be representative of the

spatially-averaged rainfall; therefore precipitation was integrated over the surface area of

the estuary to find the volume flux. We assume cross-channel uniformity at the inlets.

The storage term is calculated from a subtidal sea surface height time series within Bah́ıa

Almirante located at WS (Patton, 2023).

We estimate the magnitude of evaporative volume flux

QE = A
Qlat

Lρ
(3.4)

where A is the surface area of the bay, Qlat is the latent heat flux calculated in Chapter 2,

L = 2.5× 106 J kg−1 is the latent heat of vaporization, and ρ is assumed to be reference

density of 1023 kg m−3. We calculate an evaporative heat flux that ranges from -23.8

to -2.3 m3 s, with a mean of -8.2 ± 2.6 m3 s−1 (standard deviation). Typical values

account for 2.6 to 7.3% of the residual and are likely within the error associated with the

other volume flux measurements, and thus the evaporative volume flux is neglected in this

analysis.

Fluxes through the inlets (QBdD, QCdB, and QCC) provide the largest contributions

to the net volume flux (Figure 3.6 c, e). Over the time series, the magnitude of the
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freshwater volume fluxes is less than 5% of the magnitude of the total fluxes through

Bah́ıa Almirante 84% of the time, and 91% and 97% for precipitation and rivers alone,

respectively. The storage term (Figure 3.6 c; brown) is much smaller than the residual. The

inlets that connect to the open ocean, BdD and CdB, are deeper than CC and generally

account for larger volume fluxes, with CC contributions typically 50% or less than the

flux through CdB. During time periods of high net flow through the bay, volume flux

estimates through the channels reach values over 4000 m3 s−1. The patterns in the volume

fluxes reflect the patterns in the velocities described above, with the direction of the flow

typically in at BdD and out at CdB during the time periods of high net flow through the

bay. The sum of the volume fluxes through the inlets is typically negative (Figure 3.6 e;

green) and is the primary contributor to the residual (Figure 3.6 d).

The volume budget does not close, likely due to inestimable error in the inlet terms

(Figure 3.6 d, gray). This is likely due to the assumption of cross-channel uniformity,

however we are unable to quantify this error due to data set limitations. Consequently,

we calculate least squares coefficients for the volume flux components and use them to

minimize error, setting the coefficient for QCdB = 1 to force nonzero coefficients. The

remaining volume flux in the adjusted calculation is considered to be Qres (Figure 3.6 d,

black).

Coefficients for the least square linear adjustment are as follows:

∂V

∂t
= QCdB + 1.17QBdD + 0.76QCC + 4QP + 1.26QR. (3.5)

The coefficients are order one, suggesting that the values estimated here are

reasonable. Notably, the factor multiplying the precipitation volume flux is 4. This larger

adjustment may reflect spatial variation in rainfall patterns observed across the Bah́ıa

Almirante region (Clark, unpublished data), suggesting that the meteorological station

at STRI underpredicts the precipitation in other regions of bay. This could be driven by

69



topographic precipitation due to the Cordillera de Talamanca, mountains approximately

60 km to the west which reach altitudes greater than 3400 m. The least squares linear

adjustment to minimize the residual is correlated with the magnitude of the volume flux

through the inlets, (R2 = 0.80) and consequently minimizes error more effectively during

time periods of strong net flow. With or without the adjustment, Qres is typically positive,

indicating an overestimate of the fluxes out of Bah́ıa Almirante.

We calculate a bulk flushing time of Bah́ıa Almirante based on the volume exchange

through the channels, through the full estuary volume

TEx =
V

QEx

, (3.6)

where QEx = Q1−Q2, and Q1 is the volume flux into the estuary and Q2 is the volume flux

out of the estuary, maintaining the positive in / negative out sign convention. Alternative

methods for residence times were also considered (i.e. tidal prism, freshwater fraction),

and are included in the supporting information.

The residence time is calculated using the 10-minute averaged,adjusted volume

flux estimates (i.e. using the linear coefficients from the least squares fit), as well as an

estimated bay volume of 6.76 ×109 m3. The median flushing time is 17.3 days, with lower

and upper quartiles of 12.7 and 24.6 days, respectively. Seasonality cannot be assessed

due to limited data coverage in all volume flux quantities over the course of the study

period, with insufficient data from early July 2020 to early November 2020 or after early

March 2021.

3.5 Discussion

The observations described above reveal characteristics of Bah́ıa Almirante that

are consistent with canonical frictional estuaries along with some important differences.

In particular, the presence of multiple entrances allows for residual barotropic flows
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that often dominate over baroclinic estuarine exchange. The flow through the inlets is

linked to an alongshore pressure gradient, indicating that offshore influences can dictate

the circulation of Bah́ıa Almirante. In addition, water density at IB is commonly high

relative to typical values in the channels, consistent with the description given by (Adelson

et al., 2022) and suggests that there are time periods when the inner bay operates as a

hydrographically-distinct sub-basin.

3.5.1 Water properties within Bah́ıa Almirante

Previous observations in Bah́ıa Almirante show that the bay is strongly salt-stratified

with surface salinities that generally increase oceanward as expected for a typical shallow

estuary (Adelson et al., 2022). However, the near-bottom salinity and density often show

a decrease from IB to the inlets at BdD and CdB (Figure 3.2 g,h), with higher variances

in these quantities at the inlets. Reversed density gradients have been observed in other

tropical estuaries (Valle-Levinson and Schettini, 2016) resulting from the influence of wet

and dry seasons, although this does not appear to play the dominant role in setting the

near-bed along-estuary density gradient in Bah́ıa Almirante.

The reversed density gradient is driven by offshore influences. Near surface density

observations at 7 m at the Outer Colon station (OC; Figure 3.2 h; light gray line) outside

of CdB, show a clear correlation with near-bottom density at the BdD inlet (R2 = 0.74)

and a somewhat weaker correlation with near-bottom density at CdB indicating that the

deep inflow in these channels is modulated by offshore near-surface densities as it enters

the system, likely via vertical mixing. The density outside the bay is likely influenced

significantly by the Changuinola River, with an outlet into coastal waters 12 km to the

northwest of the BdD inlet that provides a large freshwater source (Clark et al., 2022) and

results in noticeably decreased near-surface salinity at OC.

Previous work shows that the near surface salinities are lowest in the inner bay, and

surface salinities throughout Bah́ıa Almirante are linked to precipitation patterns (Adelson
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et al., 2022). The along-estuary gradients also reflect the diffuse freshwater inputs into the

bay. Freshwater enters the system through a series of flashy rivers distributed around the

bay as well as via direct precipitation (Clark et al., 2022; Adelson et al., 2022). These

freshwater sources are of comparable magnitude, while the contribution of groundwater is

unknown. Due to these diffuse freshwater inputs, vertical salinity gradients are reinforced

without driving significant vertical mixing.

Some estuaries are comprised of hydrographically distinct basins, with the outer

basins serving as the oceanward boundary condition for the interior basins (Smith and

Hollibaugh, 2006). In Bah́ıa Almirante, the water temperature, salinity, density, and

DO time series in Figure 3.2 f-i show that near-bottom water properties of the inner bay

sites commonly deviate from those in the inlets suggesting that the hydrography is often

disconnected from these sources. Between reoxygenation events at IB, DO decreases, water

temperature steadily increases, and salinity slightly decreases, indicating that the bottom

water mass is largely isolated from the channels which exhibit much higher variability.

Thus, the water properties point towards persistent isolation events during which the inner

bay is hydrographically distinct from the outer bay.

There are step changes in near-bottom IB salinity and water temperature that

correspond to sharp increases in DO (Figure 3.2 f,g,i), suggesting that lateral advection

intermittently refreshes IB bottom waters during brief periods of connectivity with the

outer bay, consistent with previous work that indicate similar reoxygenation mechanisms

(Adelson et al., 2022); however, there is no clear relationship between channel velocities

and these refreshment events (Figure 3.2 b,f,g,i). IB water properties show evidence of

isolation, as described previously (i.e. decreased DO, stable or linearly decreasing salinity,

linearly increasing temperature) through time periods of high net flow, and refreshment

events can occur during time periods of low net flow. When reoxygenation occurs, IB

water properties approach those of the inlets, suggesting that the isolated layer has been

refreshed by water originating outside the bay (Figure 3.2 f-i). While coastal influences
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are observed in the outer bay, there is evidence of inner bay isolation periods.

3.5.2 Flow through the estuary

The configuration of Bah́ıa Almirante’s channels features multiple locations for

exchange with the ocean. Unlike the canonical, single inlet estuary, multiple inlets allow

for net residual circulation through the system, which can be driven by density gradients,

tides, freshwater inputs, winds, barotropic pressure gradients, and bathymetric effects

(Buijsman and Ridderinkhof, 2007; Waterhouse et al., 2011; Duran-Matute et al., 2016).

In Bah́ıa Almirante, the subtidal residual barotropic flow shows significant variability, with

time periods of strong and weak net flow on timescales of weeks, along with significant

fluctuations at shorter timescales (Figure 3.2 b).

The baroclinic flow is density-driven, akin to canonical estuarine circulation (Figure

3.4), though it is generally smaller than the barotropic flow. The along-estuary density

difference influences the flow during time periods of weak flow at the typically inflowing

channel (BdD) and more consistently at the outflowing channel (CdB; Figure 3.4). The

strong inflow mutes the density signal for the inlet that typically has inflow (BdD), but the

density within the estuary impacts the predominantly outflowing inlet (CdB). Furthermore,

the BFM indicates that there are significant time periods that Bah́ıa Almirante does not

behave like a typical estuary (Figure 3.5), such that the buoyancy-driven flows are dwarfed

by the barotropic signal. Periods of reversed baroclinic flow at BdD (Figure 3.2 c) tend to

coincide with very low OC densities (i.e., outside the bay) and are likely associated with

offshore stratification driven by influence of nearby river inputs (i.e. Changuinola River).

Densities at depth are more variable and frequently lower at the north inlet (BdD) than

in the interior of the bay (IB; Figure 3.2 h), likely due to the influence of the Changuinola

River on the water density outside of the BdD inlet, as previously discussed.

Measurements of the pressure difference between BdD and CdB show a strong

correlation with the strength of the net flow through the two primary inlets (Figure 3.3),
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consistent with a frictional momentum balance; however, the dynamics that govern this

along-coast pressure difference remain unresolved. The observed barotropic flow shows

little correlation with local wind variability (Figure 3.2 a) or with spring-neap tidal changes

(not shown). Local winds and barotropic channel velocity time series appear to have

similarities, however the overall relationship is weak (Figure 3.2 a,b; R2 = 0.22). The

low frequency variations in the mean barotropic velocity are not reflected in the winds

however, indicating that on longer timescales, these flows are not driven by local winds.

To shed further light on potential driving mechanisms that influence the alongshore

pressure gradient and examine relationships with offshore conditions, we examine output

from an assimilative global model. We use 3-hourly global reanalysis velocity output at

a 1/12 degree resolution from the Hybrid Coordinate Ocean Model (HYCOM) Global

Ocean Forecasting System (GOFS) 3.1 reanalysis product, GLBv0.08-53.X (Chassignet

et al., 2007). From the output, we calculate depth-averages over the top 50 m, which

spans 14 vertical levels, with 2 m resolution from the surface to 12 m and 5 m resolution

from 15 m to 50 m and consider a spatial-averages over 25 grid cells up to 4 grid cells off

the coastline, with latitudes ranging from 9.32 to 9.52 ◦N. and longitudes from -82.48 to

-81.84 ◦E. Among several dynamic quantities examined (sea surface height, temperature,

along and cross-shore currents), the strongest correlation with the observed channel flow

was obtained with along-coast velocity (R2 = 0.40; Figure 3.7). The low-frequency flow

structure is particularly well-represented by the model velocities. The alongshore flow has

a statistically significant correlation with the pressure difference between the channels (R2

= 0.64), showing that these quantities are linked, and further investigation is required to

elucidate the mechanisms that drive the variations in the alongshore current and pressure

gradient.

Low frequency variability in the along-coast currents in the vicinity of Bah́ıa Almi-

rante has been shown to be related to the life cycle of westward propagating anticyclonic

eddies in the Caribbean Current along the northern part of the Caribbean basin (Kastner
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et al, in review). The low-frequency variation occurs at roughly 3-4 months (Figure 3.7)

and is comparable to the timescale for Caribbean Current eddies (116 ± 31.5 days; Kastner

et al, in review). Variability at higher frequencies could be related to mesoscale structures

or more local atmospheric processes.

The observed relationship between our field observations and the HYCOM reanalysis

product provides a valuable link between small scale observations and a global scale model

and indicates that global model data can be useful in resolving local processes in data-poor

regions like the Caribbean Sea.

3.5.3 Effect of barotropic flow on water properties

IB water properties are uncoupled from the barotropic net flow, as noted in Section

3.5.1; however, we can anticipate that the barotropic flow will have some influence on

water properties throughout other regions of Bah́ıa Almirante. In order to examine this

relationship more closely, we consider mean profiles of temperature and salinity calculated

for time periods of high and low flow (Figure 3.8). We leverage the correlation between

the offshore, along-coast velocity and the velocity measured in the channel (Figure 3.7),

using the HYCOM alongshore velocity as a proxy for flow through the channels in order

to make use of the long-term weekly monitoring profile data, that extends from May 2015

to April 2023.

To classify flow regimes, we consider the 7-day low pass-filtered HYCOM along-coast

velocity time series with a threshold of 0.15 m s−1 to differentiate periods of high and low

flow and calculate conditional averages. In order to remove potential biases due to seasonal

trends in temperature, salinity, and velocity, we sub-sampled the data evenly for each

month of the year, randomly selecting 5 samples per month (i.e., the minimum number of

samples in a given month for a given flow condition) per flow condition with replacement,

repeating 100 times and calculated a mean of those profiles. The resulting average profiles

for high and low flow are shown for each site in Figure 3.8 in temperature-salinity space
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Figure 3.7. Time series of measured depth-mean velocity (m s−1) in a channel (BdD;
blue) and offshore, alongshore current (m s−1) from HYCOM (gray); R2 = 0.40.

with the sub-sampled data shown in transparent points.

The generally horizontal orientation of each profile reflects the dominant salinity

stratification. Along-estuary differences in water properties noted previously (Figure 3.2

f-i) are evident, with water temperature increasing toward the interior of the system (dark

red) for both the low flow and high flow ensemble averages. Average IB near-bottom

salinity (dark red) is higher than the inlet (CdB; green) for both ensemble averages while

near-surface salinities are lower reflecting the horizontal gradients described previously.

Profile data was not obtained at BdD as part of the weekly monitoring program until

more recently and are not included. Note that the outer bay (OB; purple) profiles are at a

shallower site and consequently do not capture the larger scale along-estuary structure at

depth.

There are significant differences in water properties during time periods of high net

flow and low net flow through the system (Figure 3.8). Most notably, OB (purple) shows

a large shift in temperature with properties more closely resembling conditions outside

the bay (gray) during time periods of high net flow while water properties, particularly

temperature, shift towards IB (dark red) during low flow periods. The high flow profiles
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Figure 3.8. Ensemble mean profiles in temperature-salinity space for high flow conditions
(large circles) and low flow conditions (small circles) for the sampling sites (color in Figure
3.1). Data sub-sampled evenly throughout the year.
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for the inlet (CdB; green) and IBP (pink) also show pronounced shifts toward properties

outside the bay. IB shows a pronounced shift near the surface but only a minimal response

at depth, consistent with the weak relationship noted earlier. A temperature difference

between the high and low flow conditions at the site outside the bay (OC; gray) persists in

the conditional averaging, despite the uniform seasonal sampling scheme. This indicates a

link between alongshore flow and temperature; however, it does not account for the larger

temperature differences between high flow and low flow time periods that occur within

the bay. The conditional averages during high flow and low flow time periods show that

the barotropic flow affects the water properties in the outer bay, with less connectivity to

the inner bay.

3.5.4 Residence time

The volume flux sheds light on how Bah́ıa Almirante functions. Like many estu-

aries, the magnitude of the volume fluxes through the channels is much larger than the

precipitation or riverine components (Figure 3.6), suggesting that changes in the flow

regime are critical to setting the water properties within the bay. Freshwater fluxes via

rivers and precipitation are much smaller than the water exchanged through the inlets, but

during time periods of low net flow, they can play a meaningful role in the residual volume

flux. The volume flux described here is illustrative, and results should be interpreted

with caution because there are limitations on this analysis. Storage within the system is

much smaller than the residual with the least squares linear adjustment, however there is

likely considerable error associated with the assumptions in the volume fluxes through

the channels, particularly the cross-channel uniformity assumption. The single mooring

in each channel means that the cross-channel velocity structure cannot be resolved. As

a sensitivity analysis, we also calculated volume fluxes assuming parabolic fits across

the channel, which decreases the estimates by one third, yielding correspondingly longer

residence times.
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The bulk flushing time (17.3 days), as estimated from the volume flux through the

channels, is comparable in magnitude to previous estimates from a bulk heat budget of

the bay, where median monthly estimates yielded results of 10-40 days (Adelson et al.,

2022). Alternative methods for calculating residence times are also considered including

the freshwater fraction method and the tidal prism method (see supporting information),

and produce median residence times of up to 54.2 days. Previous work has shown that bulk

formula approaches can vary significantly in different tidal and river discharge conditions

(Lemagie and Lerczak, 2015); therefore, differences in bulk flushing times are expected.

Residence times provide context for the dynamics of Bah́ıa Almirante, but it is important

to note the implications for marine communities will depend on localized retention times.

While the bulk residence time cannot provide insight into localized biogeochemical processes,

it varies in time and can provide insight into temporal patterns in biologically-important

consequences of increased retention times, including oxygen depletion and warming.

Previous spatially-variable residence time estimates (Li and Reidenbach, 2014;

Adelson et al., 2022) support longer retention in the inner bay relative to the outer bay.

The persistent IB hypoxia indicates that there are important ecological implications to

this physical process in Bah́ıa Almirante. The along-estuary differences in water properties

suggest varying residence times for sub-basins, and previous work has estimated residence

times for subregions of the bay based on a heat budget, with annual mean residence times

of approximately 10.4 days for the outer bay, and 26.4 days for the inner bay (Adelson

et al., 2022). With the higher residence time in the inner bay, there is a longer timescale

for biogeochemical and physical processes to modify the water column. This is shown

in the DO time series, in which oxygen drawdown occurs at IB and IBP (Figure 3.2 i).

The persistent hypoxia, particularly the long anoxic event in 2020, indicates that the bulk

residence time estimates do not capture the lengths of low-oxygen events. Therefore, the

DO spatial patterns are consistent with longer residence times in the inner bay. Due to

the strong vertical stratification in the system, these residence times are more pronounced
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at depth, with the near-bottom time series indicating DO reductions and temperature

increases relative to the upper water column (not shown). Elucidating the hydrodynamic

controls on refreshment intermittency is critical to a better understanding of oxygen

dynamics in this tropical system.

Above, we consider DO to be a proxy for water age, as the residence time is

sufficiently long for oxygen consumption to occur at depth. Temperature can also be

indicative of the water age, as radiative heating can warm the water column, and therefore

higher temperatures can indicate longer residence times. The temperature offset in the

ensemble mean profiles (Figure 3.8) throughout the water column during the time periods

of low flow reflect longer retention within the estuary. Furthermore, temperatures steadily

warm at IB and IBP (Figure 3.2 f) during the time periods that are concurrent with DO

drawdown and hypoxia, further indicating stagnation periods over which warming can

occur. Residence times can have important implications for ecosystem health, depending

on the local transport mechanisms and timescales associated with biogeochemical processes,

and warming and DO are stressors that co-occur during long retention times within Bah́ıa

Almirante.

3.5.5 Summary

This study presents analysis on the relative influences of the barotropic and baro-

clinic flow on Bah́ıa Almirante, a tropical multi-inlet estuary. A strong, often dominant,

net barotropic flow through BA is driven by an alongshore pressure gradient. While wind

may play a role in setting up this pressure gradient or driving subtidal fluctuations on

the order of 2-5 days, correlation with an along-coast flow as estimated from HYCOM

suggests that offshore influences are dictating the flow regime within Bah́ıa Almirante,

that fluctuates on timescales of weeks to months. Furthermore, this correlation indicates

that global models can resolve key aspects of coastal dynamics, which can be used to

provide insight into data-poor regions like the Caribbean Sea.
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The strength of the net flow dictates the dominant mechanics of the estuary. During

periods with strong net flow, we see hydraulic control in the channels and a unidirectional,

subtidal flow, typically into the estuary at BdD and out at CdB. During periods with

weaker net flow, the baroclinic flow scales with the gravitational estuarine exchange theory.

The inner bay is a more isolated basin with a generally distinct water mass. Strong

net flow through the bay dictates outer bay water properties while providing little direct

influence on IB. Consequently, there are hydrographically distinct sub-basins within the

system, and therefore spatially-variable residence times. Bulk residence times estimates

are illustrative of the relative influences of the components of the volume fluxes, dominated

by fluxes through the inlets, with smaller contributions from freshwater sources.

Previous work has shown that lateral advection is a mechanism for reoxygenation

in Bah́ıa Almirante, suggesting that an influx of sufficiently dense water into the bay is

necessary for hypoxia breakdown (Adelson et al., 2022). Quantifying the residual net fluxes

and transport through the bay, as well as characterizing the mixing within Bah́ıa Almirante

that sets the oceanward boundary condition for the inner bay, where hypoxia is most

extreme and persistent, is therefore critical for developing a mechanistic understanding of

hypoxia in this system. The analysis here shows that the inner bay is a hydrographically

distinct sub-basin, with intermittent exchange with the outer bay, suggesting that the

outer bay serves as the control point for refreshment within the system. Tropical estuaries

are understudied relative to their temperate counterparts and describing the dominant

processes that govern Bah́ıa Almirante is a step towards addressing this knowledge gap, as

well as progress in developing a mechanistic understanding of tropical systems and how

they are similar to and differ from temperate estuaries.
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3.A Supporting information: Deployment details

The tables in Chapter 3 Appendix A provide information about the locations,

depths, and sampling schemes for the instruments deployed in the three field campaigns

in Bah́ıa Almirante that provide the observations for the data analysis presented in this

research.
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3.B Supporting information: Residence time esti-

mates

We compare residence time estimates, using the freshwater fraction, tidal prism,

and flushing time methods to calculate time series of residence times. The freshwater

fraction method yields a residence time using the estuary volume, the freshwater inflow

rate, and the estuary and ocean salinities

Tfw =

(
SO − Savg

SO

)
V

QR

, (3.7)

where SO is the oceanic salinity, Savg is the average estuarine salinity, V is the estuary

volume, and QR is the freshwater fluxes into the estuary.

The tidal prism residence time is defined as

TTP =
V

P
TT , (3.8)

where the tidal prism, P = ηA, is calculated using the tidal range (η) and surface area

(A) and TT is the tidal period. We calculate the tidal range from the pressure gauge time

series and use the M2 tidal period (12.42 hours).

We calculate a flushing time based on the volume exchange through the channels,

TEx =
V

QEx

, (3.9)

where QEx = Qin − Qout, and Qin is the volume flux into the estuary and Qout is the

volume flux out of the estuary. This residence time estimate is calculated using the ten

minute-averaged and Godin-filtered data to estimate flushing times.

Median residence time estimates range from 17.3 - 54.2 days (Table 3.B.1), with

time variations over the course of the year (not shown). These residence time estimates
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are for the full bay volume and thus represent the bulk properties. The longest median

residence times result from the freshwater fraction method. The tidal prism method does

not account for the net flow through the system which results from the multi-inlet nature

of Bah́ıa Almirante. Finally, the residence time estimate from the subtidal exchange

volume flux is nearly double the residence time of the same method that also considers

tidal velocities.

The residence time estimates yield varying results (Table 3.B.1), which is not

inconsistent with the nature of methods. Previous work has shown that bulk formula

approaches can vary significantly in different tidal and river discharge conditions Lemagie

and Lerczak (2015), and thus the differences bulk flushing times are expected. The

flushing time calculated using the exchange through the channels on the tidal timescale is

comparable to previous estimates from a heat budget Adelson et al. (2022) and is shorter

than similarly computed flushing time using the subtidal volume flux, indicating that tidal

velocities meaningfully contribute to the flushing time. In contrast, the residence times

estimated from the freshwater fraction method are much longer, which potentially reflects

that much of overall volume flux through the system is driven by flow through the channels.

Finally, because the tidal range of Bah́ıa Almirante is small, the residence time estimated

from the tidal prism is also relatively long. The residence times listed here should be

interpreted with caution, as there is considerable, unquantified error associated with the

components of the volume flux, as broad assumptions have been made about cross-channel

uniformity with respect to the volume fluxes through the channels. Furthermore, previous

work has cautioned that all transport timescale depend on underlying assumptions and that

no single metric can account for all processes Monsen et al. (2002). Thus, we provide these

estimates to indicate that different methods yield results that are similar in magnitude

and can provide a rough approximation of an expected bulk residence time.

Comparisons of transect data (not shown) and the the salinity data collected at 7 m

indicate that the near surface data does not always capture the near-surface freshwater lens,
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and thus the bulk estimate of estuarine salinity used in the freshwater fraction residence

time estimate may be an overestimate.
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Table 3.A.2. Sampling scheme information for moored instruments, excluding ADCPs.
Sampling rates provided for CTDs, thermisters, MiniDOTs, MiniDOT wipers, and RBR
duets for each of the three field campaigns (FC).

Instrument Sampling rates (s)

FC 1 FC 2 FC 3

CTD (SBE-37-SMP-ODO) 300 300 600

CTD (SBE-37-SMP) 60 60 120

Thermisters (SBE 56) 3 3 5

MiniDOT 60 60 60

MiniDOT wiper 7200 7200 3600

RBR Duet 1 1 2

Table 3.A.3. Deployment information for IB subsurface mooring (9.25601◦N, 82.35◦W;
location did not change between deployments), including instrument types and depths.
See accompanying table for sampling schemes.

FC 1: 9/13/19-01/16/20

Instruments Depth (m)

CTD (SBE-37-SMP-ODO) 7.3

Thermister chain (SBE 56)

(8 units every 2 m) 9.3-23.3

(1 unit ) 24.7

CTD (SBE-37-SMP-ODO) 25.7

FC 2: 01/27/20-10/29/20

Instruments Depth (m)

CTD (SBE-37-SMP-ODO) 6.7

Thermister chain (SBE 56)

(9 units every 2 m) 7.6-23.6

CTD (SBE-37-SMP) 25.4

MiniDOT and wiper 25.9

FC 3: 11/07/20-09/12/21

Instruments Depth (m)

MiniDOT and wiper 6.8

CTD (SBE-37-SMP) 7.0

Thermister chain (SBE 56)

(9 units every 2 m) 8.6-24.6

CTD (SBE-37-SMP-ODO) 25.6
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Table 3.A.4. Deployment information for IBP subsurface mooring (9.28092◦N,
82.30498◦W; location did not change between deployments), including instrument types
and depths. Mooring was only deployed in FC 1 and FC 2. See accompanying table for
sampling schemes.

FC 1: 9/17/19-01/13/20

Instruments Depth (m)

CTD (SBE-37-SMP) 4.6

MiniDOT and wiper 4.6

Thermister chain (SBE 56)

(10 units every 2 m) 6.5 - 24.5

CTD (SBE-37-SMP-ODO) 26.4

MiniDOT and wiper 26.4

FC 2: 01/27/20-10/29/20

Instruments Depth (m)

CTD (SBE-37-SMP-ODO) 5.5

Thermister chain (SBE 56)

(10 units every 2 m) 6.6-24.6

CTD (SBE-37-SMP) 26.0

MiniDOT and wiper 26.5
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Table 3.A.5. Deployment information for OB subsurface mooring (9.3517◦N, 82.34438◦W;
location did not change between deployments), including instrument types and depths.
See accompanying table for sampling schemes.

FC 1: 11/18/19-01/13/20

Instruments Depth (m)

Pressure sensor (SBE 39) 7.0

MiniDOT and wiper 7.0

Thermister chain (SBE 56)

(6 units every 2 m) 8.2-18.2

MiniDOT and wiper 18.2

FC 2: 01/21/20-10/29/20

Instruments Depth (m)

MiniDOT and wiper 6.0

Pressure sensor (SBE 39) 7.0

Thermister chain (SBE 56)

(6 units every 2 m) 8.2-18.2

MiniDOT and wiper 18.2

FC 3: 11/07/20-09/11/21

Instruments Depth (m)

MiniDOT and wiper 6.9

CTD (SBE-37-SMP) 6.9

Thermister chain (SBE 56)

(6 units every 2 m) 7.1-17.1

CTD (SBE-37-SMP-ODO) 18.1
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Table 3.A.6. Deployment information for CdB subsurface mooring, including instrument
types and depths. See accompanying table for sampling schemes.

FC 1: 9/13/19-01/14/20

9.34597◦N; 82.2224◦W

Instruments Depth (m)

MiniDOT and wiper 7.2

CTD (SBE-37-SMP) 7.3

Thermister chain (SBE 56)

(4 units every 2.8 m) 10.6-19.0

CTD (SBE-37-SMP) 21.4

MiniDOT and wiper 21.5

FC 2: 01/24/20-10/27/20

9.345821◦N; 82.222588◦W

Instruments Depth (m)

CTD (SBE-37-SMP) 7.5

MiniDOT and wiper 7.6

Thermister chain (SBE 56)

(5 units every 2 m) 9.7-17.7

CTD (SBE-37-SMP) 19.5

MiniDOT and wiper 19.7

FC 3: 11/09/20-09/13/21

9.345769◦N; 82.222593◦W

Instruments Depth (m)

MiniDOT and wiper 7.1

CTD (SBE-37-SMP) 7.1

Thermister chain (SBE 56)

(6 units every 2 m) 8.7-18.7

CTD (SBE-37-SMP-ODO) 19.7
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Table 3.A.7. Deployment information for BdD subsurface mooring, including instrument
types and depths. See accompanying table for sampling schemes. Note that the FC 3
mooring failed, and the only instruments recovered were the ADCP and CTD. There is a
near surface measurement station in this inlet with deployment information in a separate
table.

FC 1: 9/16/19-01/15/20

9.42291◦N; 82.33939◦W

Instruments Depth (m)

Thermister (SBE 56) 14.2

Thermister (SBE56) 17.0

CTD (SBE-37-SMP-ODO) 19.9

Thermister (SBE 56) 22.6

FC 2: 01/22/20-10/28/20

9.422873◦N; 82.339435◦W

Instruments Depth (m)

Pressure sensor (RBR Duet) 9.7

Thermister chain (SBE 56)

(5 units every 2 m) 11.7-19.7

CTD (SBE-37-SMP-ODO) 21.5

FC 3: 11/04/20-02/24/21

9.422870◦N; 82.339408◦W

Instruments Depth (m)

ADCP 20.8

CTD (SBE-37-SMP) 20.8
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Table 3.A.8. Deployment information for OC subsurface mooring, including instrument
types and depths. See accompanying table for sampling schemes.

FC 1: 9/11/19-01/16/20

9.39569◦N; 82.19661◦W

Instruments Depth (m)

CTD (SBE-37-SMP) 7.8

MiniDOT and wiper 7.9

Thermister chain (SBE 56)

(6 units every 5 m) 12.6-35.6

MiniDOT and wiper 39.3

CTD (SBE-37-SMP) 39.4

ADCP 39.7

FC 2: 01/20/20-10/27/20

9.395689◦N; 82.196542◦W

Instruments Depth (m)

CTD (SBE-37-SMP-ODO) 6.9

Thermister chain (SBE 56)

(6 units every 5 m) 11.9-36.94

CTD (SBE-37-SMP) 38.2

MiniDOT and wiper 38.2

ADCP 38.6

FC 3: 11/06/20-09/09/21

9.39333◦N; 82.201516◦W

Instruments Depth (m)

CTD (SBE-37-SMP) 6.4

Thermister chain (SBE 56)

(7 units every 3 m) 7.2-25.2

CTD (SBE-37-SMP) 27.2

MiniDOT and wiper 27.3
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Table 3.B.1. Residence time estimates via various methods. Median values reported, as
well as the 25% and 75% quartiles.

Method Median (days) 25% 75%
Exchange volume flux 17.3 12.7 24.6

Subtidal exchange volume flux 33.2 22.4 46.9
Tidal prism 48.7 41.7 58.0

Freshwater fraction 54.2 18.1 136.3
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Chapter 4

Deep water renewal episodes dictate
hypoxic state of a shallow tropical
estuary

4.1 Abstract

Global changes including deoxygenation have detrimental effects on marine bi-

ological communities. Tropical ecosystems are particularly vulnerable, and thus there

is a critical need to understand the dynamics and drivers of low oxygen events in the

tropics. From September 2019 to September 2021, we conducted an intensive study of

Bah́ıa Almirante, a shallow, multiple-inlet tropical estuary, in the Bocas del Toro region

on the Caribbean coast of Panama, which has experienced documented hypoxia and

warming events that have resulted in coral bleaching and die offs. Time series observations

include water velocity, temperature, salinity, and dissolved oxygen. In the inner bay,

dissolved oxygen concentrations at depth drops to hypoxic levels on seasonal timescales,

with slow salinity decreases consistent with weak vertical mixing of an isolated, stagnant

bottom water mass. Reoxygenation events occur with (1) inflow at depth and (2) inflow

density that exceeds the bottom layer density in the inner bay, exhibiting events that

are mechanistically similar to deep water renewal commonly observed in fjords. In fjords,

diapycnal mixing drives density reduction of the stagnant water mass which contributes to
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refreshment. In Bah́ıa Almirante, warming of the isolated bottom water mass via radiative

heating also contributes to density reduction, a novel mechanism in deep water renewal

dynamics. Variations in renewal timescales calculated using density variability statistics

outside of the bay highlights the role of density outside the bay in the dissolved oxygen

seasonal cycle inside Bah́ıa Almirante. Finally, we compare timescales and intermittency

of oxygen drawdown within the bay and deep water renewal events to understand the

regular, seasonal deoxygenation that occurs within this estuary and identify potential

commonalities with other shallow systems.

4.2 Introduction

Oxygen losses are occurring throughout the global ocean, including open seas,

coastal regions, and semi-enclosed systems, such as estuaries (Limburg et al., 2020). While

deoxygenation is well studied in the open ocean and temperate regions (Breitburg et al.,

2018), there have been fewer studies in tropical coastal systems (e.g., Altieri et al., 2017;

Kealoha et al., 2020; Hughes et al., 2020; Nelson and Altieri, 2019; Pezner et al., 2023),

reflecting a scientific bias towards temperate regions (Vieillard et al., 2020). Low dissolved

oxygen (DO) can have significant effects on ocean organisms and ecosystems, and hypoxia

is commonly defined as DO < 2 mg L−1, although physiological impairment and reduced

ecosystem function can occur above this threshold (Vaquer-Sunyer and Duarte, 2008).

Given the likely underestimate of DO-driven coral reef mortality (Altieri et al., 2017), it is

critical to understand the processes that govern hypoxia in tropical systems.

While anthropogenic eutrophication is commonly linked to deoxygenation (Breitburg

et al., 2018), physical mechanisms can also contribute to hypoxia, with or without excess

nutrient fluxes. When a pycnocline prevents vertical exchange in a stratified system and

bathymetry restricts horizontal exchange, continued biological oxygen demand (BOD) can

lead to deoxygenation (Gade and Edwards, 1980).
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Deep water renewal describes the general process by which new water is injected

into a stagnant basin, generally separated by a sill from the surrounding region (Inall and

Gillibrand, 2010). It has long been identified as a mechanism for hypoxia reprieve in fjords

(Gade and Edwards, 1980) and more recently, deep tidally-influenced lagoons (Kelly et al.,

2017) and a tropical systems with sill (Salamena et al., 2021). This intermittent exchange

is a function of coastal density at the sill height and the density reduction within the basin

(Stigebrandt, 2012).

Longitudinal density gradients are key to deep water renewal, where a water mass

of an adequate density class and volume is required at the sill height to refresh water

within the enclosed basin (Gade and Edwards, 1980). Typically, density reductions of the

stagnant water mass must occur to lead to longitudinal density gradients favorable for

this exchange. This is frequently achieved via diapycnal mixing, which can also oxygenate

waters (Gade, 1973; Gade and Edwards, 1980; Stigebrandt, 2001). Fluctuations in the

density field at the sill are affected by various physical processes, including tides, winds,

offshore conditions, and variations in freshwater inputs (Gade and Edwards, 1980). These

factors can influence the barotropic and baroclinic flows over a sill, and the relative changes

in these flows also contributes to the intermittency of deep water renewal. In Ambon Bay,

Indonesia, a shallow-silled tropical system, the phase of the monsoon and the spring-neap

phase of the internal tide lead to variations in flushing volumes (Salamena et al., 2021).

In the paradigm in which deep water renewal relieves hypoxia, there are two factors

that are critical to consider, the frequency of deep water renewal episodes, which provide

oxygenated waters to isolated bottom waters, and the timescale for oxygen depletion

(Gillibrand et al., 2006). Their relationship determines the propensity for hypoxia in

bottom waters (Fennel and Testa, 2019). If the timescale for refreshment is shorter than

that of oxygen depletion, then we can expect that bottom waters will remain oxygenated or

that other mechanisms will determine local DO dynamics, including horizontal advection

of low DO water. If deep water renewal occurs on a longer timescale than hypoxia
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development, then we can expect anoxia to be a regular feature of the system. If these

two are on similar timescales, the system experiences intermittent hypoxia. If at least one

of the timescales varies in time, renewal may occur on a spring-neap, seasonal, or another

forcing timescale.

Adelson et al. (2022) describe physical forcings that lead to hypoxia development in

Bah́ıa Almirante, a shallow estuary with mangrove, coral reef, and sea grass communities

(Collin et al, in review). While measured nutrient inputs into the bay are minimal, there

are likely urban point sources that have not been measured (Clark et al., 2022). There are

favorable physical conditions for hypoxia development, as high freshwater inputs leads to

strong vertical stratification that isolates bottom waters, leading to DO drawdown and

hypoxia (Adelson et al., 2022). There remains open questions about the processes that

drive hypoxia termination within Bah́ıa Almirante and mechanistically similar tropical

estuaries.

Few datasets of tropical estuaries exist, and we combine intensive field campaign

data with long-term weekly monitoring data to examine the dynamics important to re-

oxygenation in this tropical estuary. We use observations from September 2019 through

September 2021 of physical parameters including currents, density, salinity, water tem-

perature, DO, wind, solar radiation, as well as long-term data from a spatial program,

including salinity, water temperature, and DO profiles and Secchi depths (Figure 4.1). We

describe the site and observations in Section 4.3. In Section 4.4, we show that deep water

renewal is the primary mechanism for reoxygenation of near-bottom waters in the inner

bay of Bah́ıa Almirante (Section 4.4.1 and Section 4.4.2). We then delve further into the

isolation periods when hypoxia develops (Section 4.4.3), estimate vertical eddy diffusivity,

which allows us to calculate a predicted temperature and density change due to diapycnal

mixing. We compare these values to measurements and estimate the relative contributions

of diapycnal mixing and radiative heating to density reduction (Section 4.4.4). We then

compare a DO drawdown timescale to a renewal timescale to show that this system tends
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towards hypoxia (Section 4.4.5). In Section 4.5, we discuss the implications of the deep

water renewal framework and adapting dynamics that have long been described in as a

reoxygenation mechanism in fjords (Gade, 1973) to a shallow tropical estuary with gentle

bathymetry (Section 4.5.1). We show that radiative heating of the bottom layer can

significantly contribute to density reduction of the isolated water mass, a novel mechanism

in this critical deep water renewal process, which may be important in deep water renewal

in other shallow, tropical systems (Section 4.5.2). We discuss what drives the deep water

renewal intermittency and DO drawdown timescale (Section 4.5.3). We attribute the DO

seasonality in Bah́ıa Almirante to the density field outside of the estuary (Section 4.5.3)

and hypothesize that shoaling of the near-bottom hypoxic layer causes episodic die-off

events (Section 4.5.5).

4.3 Observations and methods

4.3.1 Site description

Bah́ıa Almirante is a shallow (30 m) tropical, multi-inlet estuary in the Bocas

del Toro region of Panamá (Figure 4.1). It has two inlets to the Caribbean Sea, Boca

del Drago (BdD) and Canal de Bastimentos (CdB). The multiple inlets allow for a net

barotropic flow through Bah́ıa Almirante, which is associated with alongshore pressure

gradients (Chapter 3).

The estuary is salinity-stratified throughout the year (Kaufmann and Thompson,

2005), which leads to isolation of the bottom layer. Bah́ıa Almirante experiences seasonal

hypoxia at depth and temperature inversions that have been linked to vertical salinity

stratification driven by annual patterns in freshwater inputs, with spatial heterogeneity in

the strength in these resultant biological stressors, with effects particularly strong in the

inner bay (Adelson et al., 2022). Previous work has also shown that the inner bay is often

isolated, particularly at depth, due to limited exchange (Chapter 3).
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Hypoxia has been linked to die offs and coral reef mortality within the system in

an episodic sense (Altieri et al., 2017; Johnson et al., 2021); however, our previous work

shows that hypoxia occurs seasonally at depth in Bah́ıa Almirante (Adelson et al., 2022),

with instances of Low-DO waters at depths as shallow as 4 m (Adelson et al., 2022; Lucey

et al., 2021). Beyond the documented mortality events, significant sub-lethal effects on reef

animals, including sea urchins, have been observed when they are subjected to DO levels

common in Bah́ıa Almirante (Lucey et al., 2020a, 2021). In Bah́ıa Almirante, hypoxia and

warming have been linked to reduced larval bivalve concentrations (Weinstock and Collin,

2021) and zooplankton abundance (Weinstock et al., 2022), which has implications for the

ecosystem function.

4.3.2 Dataset description

We use data from a two-year observational campaign that took place from September

2019 - September 2021. This dataset has three major deployments (September 2019 -

January 2020, January 2020 - October 2020, and November 2020 - September 2021) with

instruments recovered and redeployed at approximately the same location, given field

logistics. In this analysis, we consider data at five sites, a site outside the bay (OC), the

two inlets to the Caribbean Sea (BdD and CdB), inner bay pass (IBP), and the inner bay

(IB), as shown on Figure 4.1.

In this analysis, we largely focus on the bottom water mass, because this is where

hypoxia has been shown to occur in the system (Adelson et al., 2022). We consider

data from subsurface moorings outfitted with temperature sensors (SBE-56), conductivity,

temperature, and depth (CTD) sensors (SBE-37 SMP and SBE-37 SMP-ODO), and

optical DO sensors (PME MiniDOT and CTD-integrated SBE-63). The depths of the

near-bottom CTDs are: OC - 3 meters above bed (mab), CdB - 1 mab, BdD - 3 mab,

IBP - 1 mab, and IB - 1 mab. These measurements are assumed to be representative

of the bottom layer. The only near-surface CTD considered in this analysis is at OC,
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with a median depth of approximately 8 meters. Some CTDs experienced significant

sediment entrainment and/or biofouling, resulting in unrealistic conductivity and salinity

measurements and those time periods are excluded from analyses. We also use data

collected from upward-facing acoustic Doppler current profilers (ADCPs; Teledyne RDI

Workhorse and Sentinel V) in the channels, CdB and BdD. Principal component analysis

for each deployment was used to define along-channel and across-channel velocities. All

data are ensemble-averaged in 10-minute bins. For further description of the dataset used

in this analysis, see Chapter 3.

We use meteorological data, collected by the Smithsonian Tropical Research Insti-

tute’s (STRI) Physical Monitoring Program at the Bocas del Toro Research Station in

Panamá (Patton, 2023), including wind speed and direction and solar radiation from a

weather station at STRI (WS on Figure 4.1).

This analysis also considers data from STRI’s spatial water sampling program,

including processed vertical salinity, temperature, and DO profiles collected by YSI

multiparameter sonde (Adelson et al., 2022) and Secchi depths. These measurements are

taken nominally weekly from May 2015 to present. The sites are approximately co-located

with the mooring locations shown in Figure 4.1, with further information on this dataset

in Adelson et al. (2022). We calculate density and depth of maximum stratification from

measured salinity, temperature, and depth using Gibbs Seawater toolbox (McDougall and

Barker, 2011).

4.4 Analysis

4.4.1 Deep water renewal framework

Deep water renewal requires sufficiently dense water entering the bay in sufficient

supply to refresh the bottom layer in the inner bay. We develop a simple framework to

identify time periods when these conditions are met and comparing these instances to
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Figure 4.1. (a) Panamá Coast, with Bah́ıa Almirante inset in box. (b) Site locations
identified by color, used in subsequent figures. Mooring locations are shown in circles and
bottom-mounted ADCP locations in triangles. Details on the moorings are included in
the supporting information in 3. Bathymetry in color.

the DO time series (Figure 4.2 c). We apply a 7-day low-pass filter in this analysis to

attenuate higher frequency variations.

We define an along-estuary bottom density difference (ρinlet − ρIB), with densities

measured by CTDs in the inner bay (IB) and each of the inlets (BdD and CdB), such that

this quantity is positive when the inlet density exceeds the inner bay density (i.e., when
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it leads to a along-estuary density gradient conducive to IB bottom-water replacement;

Figure 4.2 a). We consider the near bottom velocity in each of the inlets, which is an

average of the bottom 5 m of the vertically-interpolated along-channel velocity, defined

such that flow into the bay is positive and consistent with a flow direction consistent with

deep water renewal (Figure 4.2 b). When there is insufficient data for this framework to

apply, the time series is transparent in Figure 4.2 (i.e., color is less saturated). When both

of the conditions are met (i.e., both values are positive) simultaneously at one or both of

the inlets, the time series in each panel of Figure 4.2 is shaded.

Deep water renewal conditions are met preceding all significant reoxygenation

events for the time period considered (Figure 4.2 c). When they are met for at least 24

hours, there is a minimum DO increase of 0.7 mg L−1 within 7 days of termination of

deep water renewal conditions. Furthermore, there is a statistically significant relationship

between the length of time that these conditions are met and the ensuing change in DO

(R2 = 0.53; p < 0.0001), such that when deep water renewal conditions are met for longer

periods, there is a greater DO increase (See supporting information, Figure 4.A.1).

4.4.2 Role of wind

Wind-driven vertical mixing is a common mechanism for reoxygenation in estuaries

(Stanley and Nixon, 1992; Scully, 2010). Bah́ıa Almirante is a strongly-stratified system

(Kaufmann and Thompson, 2005; Adelson et al., 2022), and the stratification may limit the

depth to which wind-driven mixing can penetrate. We calculate the maximum stratification

depth from the weekly monitoring profiles (Figure 4.3). The mean maximum stratification

depth is 5.7 m, and 95% of estimates are 13.4 m or shallower, which shows that Bah́ıa

Almirante is rarely well-mixed throughout the water column.

To evaluate the role that wind plays in the water column in Bah́ıa Almirante, we

estimate a mixing length scale LZ , akin to a Monin-Obukhov length, (Farmer and Freeland,
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Figure 4.2. The deep water renewal framework. (a) The along-estuary density difference
(ρinlet − ρIB; kg m−3) for BdD and CdB. When this quantity is positive, the deep water
renewal condition for density is met; (b) the near-bottom velocity (ubott; m s−1) in the
inlets. When this quantity is positive, the deep water renewal condition for velocity is met;
(c) DO (mg L−1) at IB, with 2 mg L−1 hypoxia threshold shown in black for reference.
All data are low-pass filtered. The transparent (i.e., lighter) time series indicates time
periods when there is not sufficient data for this framework. Shading indicates when both
deep water renewal conditions are met at one or both of the channels (i.e., when both the
quantities in panel (a) and (b) are positive at one or both channels).

1983). We define

Lz = γ
u2
∗

κg∆ρ/ρ
, (4.1)

where g is the gravitational acceleration constant, ∆ρ is the difference between density

at level z′ and the average density above level z′, ρ is density at level z′, and κ = 0.4,

a constant, γ is an unknown constant, and u∗ is the shear velocity from the wind, i.e.,
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Figure 4.3. Comparison of maximum stratification depth and mixing length scale. N2 in
color, calculated from the weekly monitoring data collected near IB, with maximum value
shown in dark line. Mixing length scale, Lz shown in pink.

u2
∗ = τwind/ρ0 = ρaCDU

2
10/ρ0. We assume an air density, ρa = 1.3 kg m−3, and a drag

coefficient, CD = 0.0013, and we use the wind speed from STRI meteorological station

(WS on Figure 4.1).

Lz is correlated with (R2 = 0.69) and similar to the depth of maximum stratification

(Figure 4.3), with a mean of 5.6 m and 95% of estimates 12.2 m or shallower. It is important

to note that we expect these quantities to be correlated, because the mixing length estimate

depends on the stratification. The similar magnitudes of the maximum stratification depth

and the mixing length indicates that the unknown factor γ is of order unity.

Other analyses examining correlations of wind with DO and density have not

yielded significant results. The wind’s role is therefore generally limited to the upper part

of the water column in Bah́ıa Almirante. While wind-driven mixing may play a role in

the DO dynamics in the upper part of the water column (typically limited to 13 m or

less) and may be modulating the pycnocline height, there is no evidence that it drives

reoxygenation at depth.
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4.4.3 Isolation periods

The inner bay experiences concurrent step changes in temperature, salinity, and DO

at depth, which is consistent with lateral advection as the mechanism for reoxygenation

(Figure 4.4). The time periods between these events are characterized by DO drawdown

and slow, steady changes in temperature, salinity, and density, suggesting water mass

isolation. During these periods, the salinity decrease indicates that vertical mixing is

modifying the bottom layer, however the continued DO drawdown or anoxia suggests

that this vertical mixing is insufficient to reoxygenate the bottom layer. The following

analysis quantifies the vertical mixing that occurs during isolation periods and explores

the important physical mechanisms in water property modification.

Identifying isolation periods

We identify periods that have the isolation characteristics, including decreasing DO

or anoxia, and slow changes in density, salinity, and temperature, allowing for some local

advection leading to higher frequency variations. Due to the requirements to calculate

vertical mixing parameters that are described below, we must only consider periods when

the intensive observational campaign and the ongoing monitoring data overlap. We are

further limited by a monitoring hiatus due to the COVID-19 pandemic and an instrument

failure from the moored IB CTD.

Considering 60-minute averaged salinity and temperature data, we identify local

maxima, that typically occur after sharp DO increases, to signify isolation onset (Figure

4.4). While all time series have high frequency variations, we consider the water mass

isolated between step changes in temperature and/or salinity and calculate linear fits to

capture the slow changes caused by vertical mixing. We compare the periods to the DO

time series to confirm there is DO drawdown. We are able to define four isolation periods

with sufficient data for the following analysis (Figure 4.4, shading).

The isolation events with sufficient data have durations which range from 19.9 to
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56.5 days. Table 4.1 lists all four of these events and the associated parameters of interest

that are detailed below. It is outside the scope of this analysis to consider intra-event

differences because the sample size is small. We provide the values for individual events to

illustrate possible values for this system.

Figure 4.4. Isolation event identification using water property time series. (a) density
(kg m−3), (b) salinity (psu), (c) temperature (◦C), (d) DO (mg L−1). Black dots on panel
(a) indicate monitoring profile dates. Shading indicates isolation periods identified for the
analysis shown in Table 4.1.

Estimating vertical eddy diffusivity, Kz

During isolation periods, we assume that conservative scalar quantities such as

salinity are changed only through vertical mixing. We can therefore estimate a 1-D salt

budget for the bottom layer, following Gade (1973) and Gargett (1984), and revisited in
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Stigebrandt (2012).

Considering an isolated slab of bottom water during a period between refreshment

events, conservation of salt can be written as

∂S

∂t
=

1

A

[
∂

∂z

(
AKz

∂S

∂z

)]
, (4.2)

where S is salinity, A is the horizontal surface area, and Kz is the vertical diffusivity.

Assuming A is constant, the equation simplifies to

∂S

∂t
=

∂

∂z

(
Kz

∂S

∂z

)
. (4.3)

We can estimate a horizontally-averaged Kz by integrating from the bottom (z = −H) to

some level z′,

Kz|z=z′ =
1

∂S
∂z
|z=z′

∫ z′

−H

∂S

∂t
dz, (4.4)

assuming there is no diffusive flux through the bottom and that ∂S/∂t is constant within

the layer of interest, then

Kz|z=z′ =
1

∂S
∂z
|z=z′

∂S

∂t
(H − z′). (4.5)

We estimate ∂S/∂t by conducting a linear fit to the near-bottom salinity measured

by the moored CTD over each isolation event. The error associated with this quantity is

assumed to be the standard error of the linear regression. We estimate ∂S/∂z using the

STRI monitoring data, fitting a line to processed salinity profile data from 15 m to the

bottom. We use this method to calculate a vertical salinity gradient for every profile taken

during each isolation event, then time-average to find a single ∂S/∂z for each isolation

event. Errors for each ∂S/∂z are again assumed to be the standard error of the linear fit

and are propagated to calculate an error associated with the mean ∂S/∂z for each event
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(Thomson and Emery, 2014). These quantities are integrated over the bottom 2 meters

to estimate Kz as in equation 4.5, assuming the measured ∂S/∂t is representative of the

bottom layer. The error associated with Kz is estimated by propagating the errors in the

intermediate quantities (Thomson and Emery, 2014).

Table 4.1. Estimates for each of the four identified isolation events with sufficient data,
including duration, vertical eddy diffusivity, Kz, measured ∂T/∂t, estimated (∂T/∂t)dia
due to diapycnal mixing, residual (∂T/∂t)res, and the possible (∂T/∂t)rad due to radiative
heating. The table also includes measured ∂ρ/∂t, predicted (∂ρ/∂t)dia due to diapycnal
mixing, and the residual (∂ρ/∂t)rad, attributed to radiative heating.

Event 1 2 3 4

Duration (days) 56.5 33.8 19.9 23.6

Kz (m2 s−1; ×10−6) 2.26± 0.79 0.15± 0.10 4.07± 1.0 1.05± 0.31

∂T/∂t (◦C s−1)

(×10−7)

Measured 0.771± 0.003 0.720± 0.010 1.437± 0.011 0.556± 0.021

Diapycnal mixing 0.29± 0.10 0.04± 0.020 0.28± 0.05 0.27± 0.07

Residual 0.48± 0.10 0.68± 0.02 1.16± 0.05 0.29± 0.08

Radiative heating 1.11 0.90 1.44 0.99

∂ρ/∂t (kg m−3 s−1)

(×10−8)

Measured −3.74± 0.02 −2.59± 0.03 −8.35± 0.09 −7.37± 0.09

Diapycnal mixing −2.11± 0.34 −0.31± 0.05 −4.53± 0.18 −6.38± 0.26

Radiative heating −1.62± 0.34 −2.29± 0.06 −3.81± 0.17 −0.99± 0.26

During the isolation periods, the bottom layer vertical diffusivity estimates range

from 1.5× 10−7 m s−2 to 4.07× 10−6 m s−2, with three of the four Kz estimates on the

order of 10−6 (Table 4.1). For reference the molecular diffusivity of salt is 10−8 m s−2,

indicating that mixing of the bottom layer is very weak. The low vertical diffusivity

estimates show that the isolated bottom layer is very slowly modified by vertical mixing.
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Diapycnal mixing and radiative heating contributions to temperature

For an isolated layer (i.e., no advection), the rate of change in temperature is given

by

∂T

∂t
=

∂

∂z

(
Kz

∂T

∂z

)
+

1

ρCp

∂Qrad

∂z
, (4.6)

where ρ is the average density and Cp = 4200 J kg−1 K −1, is the is the heat capacity, and

Qrad is the radiative heating flux. The terms on the right hand side indicate that the rate

of change in temperature in the bottom layer is a function of vertical mixing with the

overlying water column and radiative heating. Therefore, we can decompose the total rate

of change in temperature into diapycnal mixing and radiative heating components,

∂T

∂t
=

(
∂T

∂t

)
dia

+

(
∂T

∂t

)
rad

. (4.7)

The moored CTD is used to estimate ∂T/∂t, using the same technique described

above for salinity. The measured ∂T/∂t represents the overall rate of temperature change

in the bottom layer during the isolation events (Table 4.1).

If we assume that the eddy diffusivity is the same for temperature and salinity,

then we can write the write the diapycnal mixing term in equation 4.7 in a form that is

analogous to equation 4.3, (
∂T

∂t

)
dia

=
∂

∂z

(
Kz

∂T

∂z

)
. (4.8)

We use the Kz values from the salt budget (Table 4.1). To estimate ∂T/∂z, we

use temperature sensors from the temperature chain installed on the mooring, leveraging

the greater temporal resolution. We assume a linear ∂T/∂z, as measured between the

temperature sensor 5 mab and 1 mab. We then time-average ∂T/∂z to find a single

quantity for each isolation event and assume the error is associated with the standard

deviations of the measured quantities.

The residual rate of temperature change (i.e., (∂T/∂t)res = ∂T/∂t - (∂T/∂t)dia)

110



is assumed to be associated with radiative heating. We compare the magnitude of this

residual to possible radiative heating amounts following Wells et al. (2012), calculating

bulk estimates to find the magnitude of this contribution to the temperature change.

We begin by estimating solar radiation as a function of depth, using Beer’s law for

the light intensity attenuation,

I(z) = I0e
kz, (4.9)

where I is the light intensity, i.e., the radiation energy passing through an area per time

and thus equivalent to the radiation flux, Qrad, and I0 = is the incident radiation, which is

estimated from the average short wave solar radiation over each isolation event using data

from the STRI weather station (WS on Figure 4.1), and an albedo of 0.05 (Fairall et al.,

1996). The attenuation coefficient is k, and z is the light path distance, using z = 26 m as

the maximum depth. To calculate k, we follow Pilgrim (1987),

k =
1.53

SD
, (4.10)

where SD is the Secchi depth. We use the mean Secchi depth (9.72 m) over the full

monitoring time series at IB, in order to get an approximate magnitude of the light

attenuation, as we cannot evaluate homogeneity in water column clarity. We can then

estimate the rate of change in temperature due to radiative heating,

(
∂T

∂t

)
rad

=
kI

ρCp

, (4.11)

where ρ is the average bottom density during each isolation event. This serves as a back of

the envelope quantity to compare the magnitude of the residual ∂T/∂t, as data limitations

preclude more precise estimates.

The measured ∂T/∂t during isolation events range from 5.6 × 10−8 ◦C s−1 to

1.44× 10−7 ◦C s−1, while the temperature rate of change due to diapycnal mixing ranged
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from 4 × 10−9 ◦C s−1 to 2.9 × 10−8 ◦C s−1. During all isolation events, the calculated

temperature change due to diapycnal mixing is significantly lower than the measured

temperature change during each of the isolation events, suggesting there must be an

alternate mechanism to account for the excess heating. This residual is well-accounted for

by the radiative heating amounts estimated from the model in equation 4.11 (Table 4.1).

4.4.4 Density reduction of the bottom layer

Density reduction of the isolated bottom water is a critical component of deep water

renewal (Gade, 1973; Gade and Edwards, 1980; Stigebrandt, 2001; Gillibrand et al., 2006).

Without density reduction, bottom waters would become progressively more difficult to

exchange as longitudinal density gradients would be adverse for renewal. In fjords, the

typical mechanism for density reduction is diapycnal mixing (Gade, 1973). While we have

adapted this reoxygenation mechanism from fjords, Bah́ıa Almirante is much shallower,

and therefore radiative heating can play in important role through the full water column.

The analysis above shows that that the bottom layer can experience warming through

surface heat fluxes and observed temperature inversions provide further evidence (Adelson

et al., 2022; Neal et al., 2014) .

Assuming pressure effects are negligible given the shallow water depth, density can

be approximated as a linear function of temperature and salinity from the equation of

state. The rate of change of density can therefore be written as

∂ρ

∂t
≈ ρ0

(
−α

∂T

∂t
+ β

∂S

∂t

)
, (4.12)

where ρ0 is a reference density, α is the thermal expansion coefficient, and β is the haline

contraction coefficient. By considering the rate of density change in this way, we can

decompose ∂ρ/∂t into its diapycnal mixing and radiative heating components, in an

analogous fashion to equation 4.7.
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We can estimate the density change due to diapycnal mixing for the bottom layer

in Bah́ıa Almirante by again assuming a 1-D vertical balance during the isolation periods.

We use the measured ∂S/∂t and the rate of temperature change due to diapycnal mixing

calculated via equation 4.8 to find (∂ρ/∂t)dia, following the equation of state (Equation

4.12), (
∂ρ

∂t

)
dia

≈ ρ0

(
−α

(
∂T

∂t

)
dia

+ β
∂S

∂t

)
, (4.13)

The radiative heating contribution to the rate of density change is estimated

by assessing the thermal contribution to density change in equation 4.12, considering

the residual ∂T/∂t in Table 4.1. While we also report (∂T/∂t)rad values in Table 4.1,

the primary purpose is to confirm that the residuals can reasonably be attributed to a

temperature change due to radiative heating.

As with temperature and salinity, we calculate ∂ρ/∂t by a linear fit to the density

time series from the moored CTD. The measured ∂ρ/∂t and the components attributed

to diapycnal mixing and radiative heating (assumed to be the residual) are in Table 4.1.

Due to the decomposition described above, we can estimate the relative contributions

of diapycnal mixing and radiative heating to density reduction of the bottom layer. For

three of the events, the measured density reduction during isolation is much larger than

that predicted by diapycnal mixing (Table 4.1 and supporting information, Figure 4.A.3).

During two of the four isolation events, density reduction due to each of the mechanisms

is of a similar magnitude (Events 1 and 3, with 43% and 46% of density reduction due

to radiative heating, respectively), whereas during Event 4, diapycnal mixing accounts

for 87% of the density reduction. In contrast, radiative heating provides 89% of the total

density reduction in Event 2. While there is significant variability, it is apparent that for

this tropical system, radiative heating can significantly contribute to density reduction.
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4.4.5 Timescale estimates for DO state of Bah́ıa Almirante

In order to characterize the DO state of the estuary, we will examine the relative

timescales of oxygen drawdown and refreshment via deep water renewal. Fennel and Testa

(2019) compare a timescale to hypoxia occurrence to the water residence time, identifying

a nondimensional number that requires the DO drawdown timescale to be less than the

residence time for hypoxia to occur. We adapt this framework for the more episodic Bah́ıa

Almirante system where the stagnation period of the isolated system is governed by deep

water renewal events. We compare the DO drawdown timescale, τhyp and the renewal

timescale τDWR,

T =
τhyp
τDWR

, (4.14)

defined such that if T > 1, the system tends towards normoxia, and if T < 1, the system

tends towards hypoxia.

DO drawdown timescale

The DO drawdown timescale is a function of the net DO consumption rate of the

bottom layer. We assume that there is negligible net lateral transport of oxygen. In a

vertically averaged lower layer, following (Officer et al., 1984),

∂C

∂t
= −Rd +Rv, (4.15)

where C is the oxygen concentration (mg L−1), Rd is the oxygen demand (mg L−1 s−1)

due to internal and boundary sinks, and Rv is the vertical oxygen exchange rate with the

surface layer (mg L−1 s−1). The oxygen demand can be parameterized as:

Rd = kdC, (4.16)
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where kd is a rate constant for oxygen demand (Borsuk et al., 2001). Rd is temperature-

dependent, and we assume that any temperature-dependence would be captured in the

kd parameter. This requires that temperature effects on DO solubility are negligible in

the inner bay, where hypoxia is most severe and bottom water temperatures are warmest

(Adelson et al., 2022). We estimate DO solubility of the bottom water mass (Garcia

and Gordon, 1992), and find that it changes by 4% over the course of the time series.

Furthermore, DO levels approach saturation only when the bottom waters are normoxic

and are at most 32% saturated when the inner bay meets the hypoxic threshold (See

supporting information, Figure 4.A.2). Consequently, we assume that temperature effects

on DO solubility are minimal.

We assume that the vertical oxygen exchange rate scales linearly with the DO

concentration difference from the surface (Officer et al., 1984; Borsuk et al., 2001),

Rv = kv(CS − C), (4.17)

where CS is the surface concentration and kv is the vertical exchange coefficient. We can

combine equations (4.15), (4.16), and (4.17) as

∂C

∂t
= −kdC + kv(CS − C). (4.18)

We can solve this equation to find that

C(t) =
kvCS

kd + kv

(
1− e−(kv+kd)t

)
+ C0e

−kdt, (4.19)

where C0 is the DO concentration of the renewal water. If the oxygen demand is much

greater than the vertical exchange as it is in the bottom layer of a strongly stratified,
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isolated bottom layer, (i.e., kd ≫ kv),

C(t) = C0e
−kdt, (4.20)

We then use kd to estimate an e-folding DO drawdown timescale, such that

τhyp =
1

kd
. (4.21)

We find a mean and standard deviation τhyp of 11.4± 3.7 days from 22 drawdown

events at IB and IBP, with estimates ranging from 3.4 to 19.2 days (See supporting

information, Figure 4.A.4). We observe DO drawdown during all months of the year, with

the exception of July and August, which is typically anoxic throughout the time series.

While there is a limited sample size and coverage throughout the year, there is no clear

annual pattern in DO drawdown, further suggesting no strong temperature control.

Renewal timescale

The renewal timescale is episodic in nature with intermittent renewal events

separated by periods of isolation. We rely on frameworks developed in high latitude

systems like fjords to estimate duration of isolation periods. Aure and Stigebrandt (1990)

provide a timescale for deep water renewal episodes, τDWR.

τDWR =
RDWR

∂ρ/∂t
, (4.22)

where RDWR is the density reduction required to completely refresh basin waters and

∂ρ/∂t is the rate of density reduction in the basin. Gade (1973) assumes that density

in the basin reduces linearly with time. Here, we use the estimated ∂ρ/∂t described in

Section 4.4.4.

RDWR is fundamentally linked to the offshore density field at the sill depth, although
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there are other influences, including channel geometry and mixing (Gade, 1973; Stigebrandt

et al., 1996). Because the offshore density ultimately sets the inner-bay bottom density, if

we consider statistics over long time periods, we can attribute the likelihood of refreshment

to the offshore density standard deviation. If there is little variability in offshore density,

then offshore conditions will regularly be sufficient for deep water renewal to occur, whereas

higher variability reduces the likelihood of adequate density available.

A number of studies have considered parameters for RDWR (e.g., Gade (1973);

Darelius (2020)) which depends on the offshore density standard deviation, σρ, at sill

height. Gillibrand et al. (2006) consider various Scottish fjords and lochs to develop the

equation,

RDWR = σρlog10(Ns + 10), (4.23)

which includes a mixing factor, log10(Ns+10), where Ns is the number of sills between the

basin and the open ocean, included to account for variations in mixing between systems,

hereby attributed to mixing at sills. This provides a statistical framework for estimating

RDWR in fjords, and we use this formulation in our adaptation to estimate τDWR. We

calculate RDWR using Ns = 1, as well as Ns = 0 because the bathymetry is subtle in the

system, finding timescales of τDWR = 173.8 days and τDWR = 166.9 days, respectively.

This mixing parameter changes the resulting estimate by 4%, which is likely well within

error associated with this estimate.

Observed events and timescale comparison

For comparison to the renewal timescale, we consider isolation events between

the onset of DO drawdown and the beginning of reoxygenation, confirming that water

temperature signal (i.e., the other most comprehensive time series) is consistent with

isolation of near bottom waters (i.e., no step changes).

We identified 9 isolation events in the inner bay, fewer than the number of DO
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drawdown events because we required onset and reoxygenation to occur without any gaps

in the time series. Additionally, we consider only IB, omitting IBP because events are not

independent between the two locations. The isolation event lengths ranged from 15.1 days

to 194.6 days, with a mean of 56.1 days (See supporting information, Figure 4.A.4).

In order to gain insight into the hypoxic state of Bah́ıa Almirante, we estimate

DO drawdown and renewal timescales. The deep water renewal timescale ( τDWR=166.9

days) is within the range of observed isolation events (15.1 days to 194.6 days) and much

longer than the DO drawdown timescale (τhyp of 11.4± 3.7 days), such that T < 1 and

consequently, Bah́ıa Almirante tends towards hypoxia.

4.5 Discussion

4.5.1 Deep water renewal in Bah́ıa Almirante

We attribute reoxygenation of near-bottom waters in Bah́ıa Almirante to deep water

renewal, showing that an important reoxygenation mechanism in fjords is also applicable in

shallow tropical systems. While wind-driven mixing is a common reoxygenation mechanism

in temperate estuaries, we find that the wind mixing length Lz reaches insufficient depths

to reoxygenate the stagnant bottom layer. Therefore, wind-driven vertical mixing is

unlikely to play a role in reoxygenation at depth in Bah́ıa Almirante.

Using the framework highlighted in Figure 4.2, based on the signs of the velocity

and along-estuary density difference, we capture almost all of the observed reoxygenation

events. The positive correlation between the length of time that deep water renewal

conditions are met and the change in DO further suggests that lateral advection leads to

renewal within Bah́ıa Almirante (See supporting information, Figure 4.A.1). This simple

framework shows that the near-bottom velocity and the along-estuary density difference

are sufficient to identify when reoxygenation will occur in this system, without considering

the volume flux and mixing that occurs along the estuary, which play a role in the supply
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and modification of the near bottom water.

Our previous work shows that there is often a subtidal net flow through Bah́ıa

Almirante, typically inflow at BdD and outflow at CdB, and that during time periods of

weak net flow, estuarine exchange plays an important role in the inlet velocities (Chapter

3). During deep water renewal conditions, the velocity and along-estuary density difference

are favorable at both channels 75% of the time. The relationship between channel densities

indicates that they are subjected to the same influences. Due to predominant net barotropic

flow and the structure of two-layer estuarine exchange (i.e., inward flow in the bottom

layer), the velocity condition is met at one or both of the inlets 81% of the time when the

data is sufficient to apply this framework. Therefore, the along-estuary density difference

is the more stringent condition. However, it is important to note that during time periods

when we do not have velocity data, the along-estuary density difference condition is met,

yet there is no accompanying reoxygenation (i.e., August-September 2020), illustrating

that the velocity condition is critical as well.

To further strengthen the evidence for deep water renewal as the primary mech-

anism for reoxygenation in Bah́ıa Almirante, we identify reoxygenation onsets in order

to examine the conditions in Bah́ıa Almirante that precede hypoxia termination. Of the

nine reoxygenation events with sufficient data, seven are preceded by deep water renewal

conditions met at one or both of the channels. The two exceptions occur during April

2020, which is the typically normoxic season (Adelson et al., 2022) and are possibly due to

local advection of low-DO water, as the drawdown rates differ from other hypoxic events.

Therefore, reoxygenation is typically preceded by deep water renewal conditions as well,

indicating that it is typical mechanism for the termination of hypoxic events.

Mixing that modifies the density of the incoming water mass typically controls

whether or not deep water renewal can occur; it is the density of the water mass at the sill

of a fjord that determines if it will be sufficient to refresh the bottom water mass (Geyer

and Cannon, 1982). The success of this scheme suggests that density modifications between
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the measurements taken in the inlets and the inner bay are minimal. It is important to

note that the measurement locations were constrained by field conditions and are located

inside the channels. It is possible that there is considerable mixing that occurs within

the channel oceanward of the inlet measurements. The bottom density in the channels

(measured at ≈ 20 m) is strongly correlated to the ≈ 7 8 density at the site outside the

bay (OC), suggesting that the deeper waters in the channels is modulated by shallower

waters outside the bay, likely via vertical mixing (Chapter 3).

Bah́ıa Almirante has mildly-sloping bathymetry, which may also contribute to the

efficacy of the framework. Mixing in fjords often occurs at sills (Geyer and Cannon, 1982),

and the relatively smooth bathymetry of Bah́ıa Almirante may allow for the framework to

apply while neglecting mixing of the inflow. The reoxygenation events have no apparent

relationship with the spring-neap tidal cycle, which is consistent with limited role of

within-estuary mixing in refreshment due to deep water renewal.

Deep water renewal is a common mechanism for reoxgyenation in high latitude

fjords, and while the process has been observed in deep Scottish lochs (Kelly et al., 2017),

as well as a tropical fjord with a sill (Salamena et al., 2021), it has not been previously

identified as a reoxygenation mechanism in tropical estuaries. This study’s results suggest

that deep water renewal could be a refreshment mechanism in other coastal, tropical

systems that suffer from hypoxia.

4.5.2 Diapycnal mixing and radiative heating

During isolation events, we see that mixing of the lower layer is slow (i.e., Kz is

small), resulting in a stagnant bottom water mass at depth in the inner bay. We estimate

Kz with a factor of ten difference between the minimum and maximum (Table 4.1). As

noted previously, we provide the estimates for the individual isolation events in order to

show a range of possible values, but preliminary analysis has not yielded clear results for

the intra-event differences, and instead we focus on the commonalities.
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There is always a significant deficit between the measured ∂T/∂t and estimated

(∂T/∂t)dia due to diapycnal mixing. The bulk estimates of radiative heating can account

for this difference (Table 4.1). Future work with direct observations of light attenuation

in the water column would confirm this attribution. This is a novel density reduction

mechanism for deep water renewal, and it may play a significant role in other shallow,

tropical systems where radiative heating reaches the near bottom layer.

4.5.3 Timescales

Our estimates show that the DO drawdown timescale is shorter for Bah́ıa Almirante

than the deep water renewal timescale, (i.e., T < 1), and therefore the system tends

towards hypoxia. The DO time series supports this (Figure 4.2 c), as there is net DO

consumption and persistent anoxia through much of the two year field campaign. The

timescales as estimated have limitations and should be interpreted with caution.

We calculate an average τhyp for the system from DO time series measured 1 mab

at IB and IBP. The estimates are based on the assumption that the bottom layer is

well-mixed; however if the net DO consumption is due to sediment oxygen demand and

there is a vertical DO gradient within the bottom layer, then the ∂DO/∂t, and therefore

τhyp is somewhat reliant on the distance of the measurement above the bed. The DO

profiles from the monitoring data do not have sufficient vertical resolution to evaluate

the DO profile on smaller scales, and the dependency of τhyp on the depth of the DO

measurements is unknown.

Ultimately, the DO drawdown estimates (2.3-14.4 mmol m−2 d−1) are consistent

with published values of benthic diffusive oxygen fluxes (3.2-9.8 mmol m−2 d−1), albeit in

a very different system of the Oregon continental shelf (Reimers et al., 2012). Because

we have not directly measured benthic fluxes, we cannot accurately compare our net DO

drawdown estimates to sediment fluxes in tropical systems. Further study on the nature

of oxygen demand in Bah́ıa Almirante and direct calculations of DO fluxes will provide
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estimates that can be more directly comparable to oxygen fluxes measured in tropical

systems.

The renewal timescale, τDWR, is a statistical approach first developed in fjords

(Gade, 1973). We compare to the estimates by Gillibrand et al. (2006) because the

stagnation period in their formulation can be less than a year and reoxygenation occurs

within every year of the long-term time series (Adelson et al., 2022). The deep water

renewal timescale, τDWR, depends on the variability of the offshore density and must be

applied on timescales sufficiently long to sample the distribution of offshore density. The

annual hypoxia indicates that one year is an acceptable period to accumulate representative

statistics. Ultimately, the renewal timescale of 173.7 days is a factor of three larger than

the mean isolation event length, 56.1 days, reflecting that there is an unknown scaling

factor in this timescale, however the timescale estimate falls within the range of observed

events. It is important to note that there is a large range in isolation lengths observed in

Bah́ıa Almirante; however, the deep water renewal timescale applies as a mean over long

time.

If there are changes in the offshore density variance with climate change, then the

tendency of the state of the bay will change, and we can use similar analyses to understand

the effects on Bah́ıa Almirante (Darelius, 2020). Ultimately comparing DO drawdown

timescales to retention times is illustrative of the state of the bay (Fennel and Testa, 2019),

and we provide a metric that can apply in other tropical systems that experience episodic

isolation, in contrast to constant refreshment.

Finally, radiative heating also plays an important role in the density renewal

timescale. Excess warming significantly contributes to density reduction, and without this

contribution, hypoxia would persist for significantly longer in Bah́ıa Almirante because

radiative heating accelerates density reduction, as shown in equation 4.23, and accounts

for a 43%, 89%, 49%, and 13% of the overall density reduction for the isolation events

respectively.
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4.5.4 Seasonality

Previous work has shown that hypoxia develops seasonally within Bah́ıa Almirante

(Adelson et al., 2022), which links hypoxia development to increases in stratification;

however the driver of the seasonal DO increases in the inner bay has remained undeter-

mined. Collin et al. (2009) shows that there is no clear annual pattern in chlorophyll a

concentrations, providing some evidence that there is not a strong seasonality in primary

production in Bah́ıa Almirante. Estimates for τhyp from deoxygenation events at IB and

IBP suggest that the DO drawdown timescale does not drive the hypoxia seasonality. There

is a broad range (3.4 to 19.2 days, with all but two estimates within 7.9 - 16.1 days), and

annual coverage is incomplete (estimates are not available during July and August during

which no DO drawdown events occurred) with a limited sample size; however, the available

data indicate minimally-variable drawdown rates throughout the year (See supporting

information, Figure 4.A.4). This is consistent with tropical, oligotrophic systems, where

seasonal patterns in solar radiation weakly vary throughout the year, and therefore there

is no strong pattern in biological oxygen demand. On the other hand, in tropical systems

sediment oxygen demand can significantly differ in the wet and dry seasons (Grenz et al.,

2010); in Bah́ıa Almirante, precipitation patterns are distinct from other regions in the

tropics, and there is significant precipitation throughout the year, even during the dry

seasons (Adelson et al., 2022; Patton, 2023, Collin et al., submitted), suggesting that this

estuary may not have the sediment oxygen demand seasonality described in other tropical

systems.

If the net oxygen consumption is consistent throughout the year, then DO seasonality

is likely attributable to annual patterns in the primary reoxygenation mechanism, here,

deep water renewal. The deep water renewal timescale, τDWR depends on the variability

of the offshore density and must be applied on timescales sufficiently long to sample the

distribution of offshore density. The annual pattern in hypoxia indicates that one year is
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an acceptable period, and we calculate the standard deviation of the density outside of the

bay, σρ (Section 4.4.5), over the full two-year time series. Over shorter time periods, the

density history also plays a role in renewal ability. As we show through the deep water

renewal framework (Figure 4.2), reoxygenation of the inner bay is strongly dependent on

the along-estuary density difference, because the bottom velocity is most often inward.

Because the inner bay density reduction is a slow process (Table 4.1), the density outside

the bay is critically important to renewal.

In order to better understand the density variation outside of the bay over the

course of the annual cycle and therefore the ability to reoxygenate the inner bay, we

consider the monthly mean densities for the near-bottom (1 mab) at IB and near-surface

density at OC (approximately 8 m; Figure 4.5 a), the latter of which we have shown to

be correlated to the near-bottom density at BdD (Chapter 3) and the monthly mean

near-bottom (1 mab) IB DO (Figure 4.5 b). The mean DO is hypoxic for all months

except for February, March, and April during the time series, although there is evidence of

reoxygenation events in October through January, consistent with mid-season intermittent

renewal observed in Adelson et al. (2022).

While the density outside the bay ultimately sets the upper limit for IB bottom

density, the monthly mean IB density exceeds OC’s in all months besides January, February,

and March, which are common times for reoxygenation. This indicates that the density

outside the bay is sufficient for refreshment of the isolated bottom layer at IB. There are

concurrent changes in DO, with the highest values occurring during the months when

the IB density is comparable to or less than the offshore density (Figure 4.5), again

consistent with refreshment at depth. When the error bars overlap, reoxygenation is more

likely, which is is the case during the times when intermittent reoxygenation typically

occurs (September and October) and when seasonal reoxygenation occurs (November -

February; Adelson et al., 2022). This is consistent with the deep water renewal timescale;

we consider shorter timescales when the mean densities must be considered in addition to
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the variability so that we can elucidate the causes of the annual DO patterns. The relative

density patterns at OC and IB drive the hypoxia seasonality at depth in Bah́ıa Almirante.

The seasonal variation in the density outside the bay is linked to precipitation, which

leads to decreased surface salinity and increased stratification (Adelson et al., 2022). Other

offshore processes may modulate the density and stratification, on a seasonal timescale or

causing interannual variation and warrant further investigation.

Figure 4.5. Monthly means of: (a) density (kg m−3) at IB (1 mab) and OC (approximately
8 m). (b) DO (mg L−1; 1 mab) at IB. 2 mg L−1 hypoxia threshold shown in black for
reference. Error bars show second and third quartiles (25% to 75%).

As previously noted, the direction of the bottom layer along-channel velocity in the

channels is also important to deep water renewal. Variations in bottom velocities likely

contribute to interannual variability in hypoxia in Bah́ıa Almirante. Chapter 3 shows

that the net flow through the system is correlated to the along-coast flow, and Kastner et
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al. (submitted) suggests that the net flow through Bah́ıa Almirante is associated with

mesoscale Caribbean Current eddy motions. There is no seasonality in the eddy occurrence,

with a frequency of 116 days ± 31.5, and thus could play a role in the hypoxia onset by

modifying the inflow during the time periods with sufficient density conditions.

4.5.5 Shoaling events

Bah́ıa Almirante has experienced documented die offs due to hypoxia. In particular,

Altieri et al. (2017) and Johnson et al. (2021) note massive bleaching events in shallow

areas of Bah́ıa Almirante in September 2010 and 2017, respectively. Previous work has

shown that hypoxia develops at depth every year (Adelson et al., 2022) and in this analysis,

we have identified annual variability in OC density as the driver of hypoxia seasonality.

Nonetheless, bleaching events are not observed every year, despite regular monitoring.

Figure 4.6. DO climatologies, averaged in half month intervals at three depths: 5 m,
11 m, and 21 m, using the STRI monitoring data in the inner bay. Patches indicate ±1
standard deviation.

Figure 4.6 shows the inner bay annual average DO for three depths of the STRI
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weekly monitoring data. At the shallower depths (5 m and 11 m), DO tends to decrease

during September, following a DO increase at depth. Adelson et al. (2022) shows a case

study in which lateral advection leads to upward displacement of the hypoxic layer, which

is consistent with the DO patterns in this climatological view. In the annual sense, DO at

depth declines from April to September (Figure 4.6), and therefore it is likely that the

hypoxic volume is largest in September, when these intermittent reoxygenation events

can lead to upward displacement of the hypoxic layer. This provides strong evidence

to support our hypothesis that the die off events (Altieri et al., 2017; Johnson et al.,

2021) are connected to the seasonal hypoxia observed at depth through the hypoxic layer

shoaling, consistent with the view suggested by Lucey et al. (2021). Further investigation,

particularly data with higher resolution of DO with respect to time and depth, is needed

in order provided conclusive support for this hypothesis.

4.6 Summary

In this paper, we attribute reoxygenation in Bah́ıa Almirante to physical forcing,

specifically lateral advection. We show that deep water renewal is the primary mechanism

for bottom water reoxygenation in Bah́ıa Almirante , sharing this dynamical similarity

with fjords.

There are critical differences from high latitude regions that may play a role in deep

water renewal in other shallow systems as well. Density reduction of the isolated water

mass is a critical component of deep water renewal, and in fjords, typically occurs due to

diapycnal mixing. We show that diapycnal mixing cannot account for the heating observed

in the bottom layer, and that the magnitude of residual heating can be captured by

radiative heating estimates. Furthermore, radiative heating significantly contributes to the

density reduction of the isolated water mass. This allows for more frequent reoxygenation

events, by decreasing the required density offshore for renewal to occur, relative to the
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density reduction occurring solely due to diapycnal mixing.

We compare timescales to hypoxia and a timescale for deep water renewal. Over

long timescales, the refreshment intermittency is a function of the IB bottom water

density reduction and the offshore density variance, and over the full time series, we find

a timescale of τDWR = 173.7 days. We compare the timescale for renewal to the DO

drawdown timescale, and see that τhyp = 11.4 days, which is much shorter than the renewal

timescale. In the bulk sense, Bah́ıa Almirante tends towards hypoxia, which is consistent

with the DO time series.

The hypoxia seasonality described in Adelson et al. (2022) can be attributed to

deep water renewal conditions, particularly the annual pattern in density outside the bay

and vertical stratification. Based on previous work and our estimates, there is not a strong

seasonality in DO drawdown, and the DO state of the estuary depends on the refreshment

capabilities of waters outside the bay. Intermittent deep water shoaling is a reasonable

hypothesis that links this deep water DO seasonality to shallow hypoxic events given

that prior shallow events have occurred during the season with the maximum deep water

hypoxic volume.
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4.A Supporting information

The following is the supporting information for Chapter 4.

Figure 4.A.1. Maximum DO v. length of deep water renewal conditions met. Maximum
DO is defined as the greatest DO measurement from deep water renewal conditions onset
(as defined in Figure 4.2) to seven days after termination. Deep water renewal conditions
must be met for at least one day to be considered.

Throughout the time series, the bottom water of the inner bay is not DO-saturated,

with the exception of a period in March/April 2020 during normoxia (Figure 4.A.2). This

suggests that the temperature effects on DO solubility are minimal, despite the concurrent

warming at depth described in Adelson et al. (2022).
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Figure 4.A.2. Time series of IB near-bottom DO (1 mab) in red and DO solubility based
on water properties (Garcia and Gordon, 1992) in black.

The DO drawdown timescale does not exhibit strong seasonality, with values

typically between 8-16 days (Figure 4.A.4). The mean DO drawdown timescale is much

shorter than the deep water renewal timescale, suggesting that the system tends toward

hypoxia as T < 1. DO drawdown timescales are typically shorter than the isolation events,

which indicates that hypoxia is likely to occur in the system. The deep water renewal

timescale estimate falls within the range of observed event lengths, but it is much longer

than most hypoxic events in Bah́ıa Almirante.
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Figure 4.A.3. Diapycnal mixing (blue) and radiative heating (yellow) contributions to
total density reduction for the four isolation events, with all ∂ρ/∂t values reported in
Table 4.1.
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Figure 4.A.4. Timescale comparison of observed events, DO drawdown, and deep water
renewal, with all timescales referenced to day of year. Individual events are shown in black
lines, with the onset and termination shown as the termini; Deep water renewal timescale,
τDWR, is shown in blue; DO drawdown timescales for each event shown in red dots, with
mean shown in red line.
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Chapter 5

Conclusions

Estuaries are situated at coastal boundaries and are therefore complex and dynamic

systems. Because tropical estuaries are subject to different environmental controls than

temperate and subtropical systems, it is important to understand their differences — and

similarities — to their higher latitude counterparts.

The chapters presented in this dissertation provide insight into hypoxia and hydro-

dynamics of Bah́ıa Almirante across a variety of timescales, from the course of a single

event to the seasonal cycle. We aim to provide an understanding of the dynamical processes

that influence hypoxic events and temperature inversions in Bah́ıa Almirante, building the

understanding of tropical estuaries such that the ideas explored here might be adapted to

other tropical systems. Chapter 2 takes a seasonal view and describes the hydrography of

the system and the factors that contribute to to hypoxia and temperature inversions. In

Chapter 3, we describe the hydrodynamics of the bay, diagnose the relative importance

of subtidal barotropic and baroclinic influences, and examine the processes that set the

density properties within the estuary. Chapter 4 adapts the deep water renewal paradigm

from fjordal systems and aims to show that while there are many meaningful differences

between Bah́ıa Almirante and a canonical fjord, the fundamentals of deep water renewal

apply. We show that the timescale of this deep water renewal relative to DO drawdown

determines the oxygen state of the bottom layer of the inner bay, and the seasonality is
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driven by offshore density patterns.

Any analysis of estuarine observations must grapple with the ability to generalize

to estuaries — or even tropical estuaries — more broadly. The research presented here is

focuses on Bah́ıa Almirante, which has distinguishing features, including multiple inlets and

unusual precipitation patterns for tropical regions. There remain significant questions about

the extent to which the findings of this dissertation might extrapolate to other tropical

estuaries; however, in order to understand tropical estuaries generally, we need to study

individual systems. This research is one small contribution to ameliorating the paucity

of tropical estuarine observations. Ideally, we can apply the results to interdisciplinary

research in other systems, just as we adapted fjordal deep water renewal to Bah́ıa Almirante.

Eutrophication frequently contributes to coastal hypoxia (Howarth, 2008; Scully,

2013), and yet the role of nutrients in driving hypoxia in Bah́ıa Almirante is not directly

addressed in these chapters, leaving open questions about its importance. In this disserta-

tion, we show that there are physical processes that can be conducive to hypoxia, including

strong vertical stratification and long residence times, with or without excess nutrient

inputs. Eutrophication can be expected to exacerbate hypoxia, and further work in Bah́ıa

Almirante should elucidate the role of nutrients delivered via terrestrial runoff or urban

point sources in the system. Conversely, future studies of other tropical systems should

consider the physics that promote hypoxia development and drive hypoxia termination.

Ultimately, resolving the hydrodynamics Bah́ıa Almirante and how they may

regulate the coincident stressors of low-DO and temperature inversions provides context

needed to evaluate if these physical dynamics are present in other shallow, tropical

estuaries. This dissertation is a step in addressing the knowledge gap in these systems and

the fundamental connections between estuarine dynamics and biogeochemistry. However,

more observations and improved modeling capabilities are needed for, and a worthwhile

investment in, further scientific advancement.
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Glenn, E., Comarazamy, D., González, J. E., and Smith, T. (2015). Detection of recent
regional sea surface temperature warming in the caribbean and surrounding region.
Geophysical Research Letters, 42(16):6785–6792.

138



Godin, G. (1973). The analysis of tides. The analysis of tides.

Goreau, T. J. and Hayes, R. L. (1994). Coral bleaching and ocean” hot spots”. Ambio-
Journal of Human Environment Research and Management, 23(3):176–180.

Grenz, C., Denis, L., Pringault, O., and Fichez, R. (2010). Spatial and seasonal variability
of sediment oxygen consumption and nutrient fluxes at the sediment water interface in
a sub-tropical lagoon (new caledonia). Marine Pollution Bulletin, 61(7-12):399–412.

Guzman, H. M., Barnes, P. A., Lovelock, C. E., and Feller, I. C. (2005). A site description
of the caricomp mangrove, seagrass and coral reef sites in bocas del toro, panama.
Caribbean Journal of Science.

Guzman, H. M. and Guevara, C. A. (2001). Arrecifes coralinos de bocas del toro, panama:
Iv. distribucion, estructura y estado de conservacion de los arrecifes continentales de
peninsula valiente. Revista de Bioloǵıa Tropical, 49(1):53–67.
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Suggett, D. J. (2020). Coral reef survival under accelerating ocean deoxygenation.
Nature Climate Change, 10(4):296–307.

Inall, M. and Gillibrand, P. (2010). The physics of mid-latitude fjords: a review. Geological
Society, London, Special Publications, 344(1):17–33.

Johnson, M. D., Rodriguez, L. M., and Altieri, A. H. (2018). Shallow-water hypoxia and
mass mortality on a caribbean coral reef. Bulletin of Marine Science, 94(1):143–144.

Johnson, M. D., Scott, J. J., Leray, M., Lucey, N., Bravo, L. M. R., Wied, W. L., and
Altieri, A. H. (2021). Rapid ecosystem-scale consequences of acute deoxygenation on a
caribbean coral reef. Nature Communications, 12(1):4522.

Kang, X., Xia, M., Pitula, J. S., and Chigbu, P. (2017). Dynamics of water and salt
exchange at maryland coastal bays. Estuarine, Coastal and Shelf Science, 189:1–16.

Kaufmann, K. and Thompson, R. C. (2005). Water temperature variation and the
meteorological and hydrographic environment of bocas del toro, panama. Caribbean

139



Journal of Science.

Kealoha, A. K., Doyle, S. M., Shamberger, K. E., Sylvan, J. B., Hetland, R. D., and
DiMarco, S. F. (2020). Localized hypoxia may have caused coral reef mortality at the
flower garden banks. Coral Reefs, 39(1):119–132.

Kelly, S., de Eyto, E., Dillane, M., Poole, R., Brett, G., and White, M. (2017). Hydrographic
maintenance of deep anoxia in a tidally influenced saline lagoon. Marine and Freshwater
Research, 69(3):432–445.

Kemp, W., Testa, J. M., Conley, D. J., Gilbert, D., and Hagy, J. D. (2009). Temporal
responses of coastal hypoxia to nutrient loading and physical controls. Biogeosciences,
6(12):2985–3008.

Kurien, J. (1996). People and the sea. In SEMINAR-NEW DELHI-, pages 27–29.
MALYIKA SINGH.
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