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Preface

On my first day on the job, I spent my morning on Google Maps to look up where
the Caribbean Sea actually was. This indicates how little I knew about this subject
when I started this project. At that time, I would never have guessed that this
thesis would be its result. This thesis wouldn’t be possible without the help of
many wonderful people who provided me a helping hand whenever I needed
one. I’d like to thank you all for that, as now I’m convinced that I know much
more about the Caribbean Sea and the oceans in general than at my first day.

First of all, many thanks to my supervisors Caroline, Julie and Henk. I always
enjoy our discussions and appreciate your ways to give feedback a positive twist.
You are a great team, and hope you will bundle your forces again in the future!
Caroline, as my daily supervisor, your role started off as my ‘translator’ for all
the difficult oceanographic terms. At the same time, you always ensured that I
got the most out of my PhD: visits to UCLA, summer schools, conferences, and
of course the whale-watching trip in San Diego. Everything was possible, and
without your support, I probably would not have finished this thesis on time,
and you know that that means a lot to me. Julie, thank you so much for your
guidance and enthusiasm! At every conference you made sure that my posters
and presentations attracted large crowds. You introduced me to your seemingly
endless network, and convinced me that scientists can be very friendly people!
I also enjoyed our walks along the Oude Delft. Henk, I am still surprised how
you manage to always think five steps ahead. This motivated me to try the same,
and has definitely accelerated my progress. I also really appreciate the way you
advocated for women in science when I mentioned that some others didn’t.

Outside my supervisory team, more people have helped me with all my plans
and answered all my oceanography questions. Jeroen, thank you for welcoming
me at UCLA and starting an opportunistic project with me. At the start, I think
we both had absolutely no clue what would come out of it, and I might have
surprised you with all the fundamental questions I asked along the way. Thank
you for your patience in answering them, and I’ll admit it: Chapter 3 turned out
to be one of the nicest chapters in this thesis. Let’s hope the reviewers think so
too.

Femke, our collaboration had a quick start with only a few months between
writing the proposal and sailing out. Not only did the Caribbean cruise result in
my first publication, but the staircases we observed form the basis of Chapters
5, 6, and 7 of this thesis. Thank you for showing me how nice observational
oceanography is! I would also like to thank the Netherlands Initiative Changing
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Oceans, who made this all possible. Also many thanks to Anneke, Dick, Kirstin,
Mardik, Meike, Ophélie, Sander, Steve, Tolga, and the Pelagia crew for the great
time on board. Mardik, I haven’t forgotten our bet on who will publish the first
cruise results. Unfortunately, I cannot offer you bubbels at my defense, but I
won’t forget about them!

I appreciated the meetings with the SCENES group (Adam, Caroline, Cor-
nelis, Henk, Julie, Marcel, Olga, Rebecca, René, Riccardo, Roland and Tjeerd).
It was nice to talk only about the Caribbean (and forgetting about all the other
parts of the ocean) once in a while.

And then there’s of course the physical oceanography group in Delft. Adam,
Caroline, Juanma, Julie, Lennart, Nils, Olga, Sabine Steffie and Tim, thank you
for welcoming me at the start of my master thesis project and the company
throughout my PhD. Nils, your knowledge of models, equations and your endless
patience while explaining them to me gave my projects a flying start. Sotiria,
both as my supervisor and as a colleague, it was a pleasure to have you around.
Every group should have someone like you! I appreciated our group discussions,
which have more than once helped me further. I enjoyed the presence of the
bachelor and master students in this group. Their commitment and enthusiasm
are contagious.

Furthermore, I was lucky to be surrounded by colleagues who were always
willing to take a break from our daily struggles. The countless number of times
we went to the dean’s coffee machine, the lunches in the most inspiring cafeteria
of the country, and our walks in the Mekelpark have made my days. I will miss
the geintjes van Floris and het nuchtere commentaar van Lennart that always fol-
lowed. Adam, Alejandra, Dirk, Erik, Floris, Gal, Irene, James, Juanma, Lennart,
Marion, Nils, Olga, Otti, Sabine, Said, Silke, Sotiria, Steffie, Stuart, Xuexue, and
of course everyone else at EFM and the Lab thank you for providing such a great
atmosphere!

Buiten het werk om wil ik al mijn vrienden en familie bedanken die hebben
bijgedragen aan dit proefschrift. Sommigen hadden een heel praktische bijdrage
door hun hulp bij het maken van mijn stellingen en de omslag van dit boekje.
Anderen waren er op momenten waarop ik mijn werk even kon vergeten (ook
heel belangrijk!). In het bijzonder wil ik hier mijn paranimfen Nicole en Saskia,
en Lisette, Pieter en Johan noemen, die altijd aanwezig zijn op alle belangrijke
en onbelangrijke momenten in mijn leven. Ondanks dat dit inmiddels al bijna
als vanzelfsprekend voelt, blijft dat toch heel fijn en bijzonder. Met diezelfde
vanzelfsprekendheid staan ook mijn ouders altijd voor me klaar. Of het nou is
om samen te klussen, schaatsen, wandelen, een hapje te eten of om gewoon even
te praten, jullie maken er direct tijd voor vrij. Dankjulliewel!

Thomas, als laatste wil ik jou bedanken. Jouw talent om mij altijd aan het
lachen te maken, had ik voor geen goud willen missen! Toen ik vier jaar geleden
met mijn promotieonderzoek begon, voorzag je me van advies (’wie schrijft die
blijft, wie print die wint’) en waarschuwde jij me voor de valkuilen van de Grad-
uate School. Eigenwijs als ik was, wilde ik jou bewijzen dat de Graduate School
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uitsluitend nuttige vakken geeft. Helaas moest ik, tot jouw grote plezier, al na
een half jaar toegeven dat dat niet het geval was. Jouw advies heb daarna toch
maar wel opgevolgd.

In the previous paragraphs, I’ve written many words to get a simple message
across: I had a great time, thanks to all of you. I hope we meet again soon!

Carine van der Boog
Delft, February 2021
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Summary

The Caribbean Sea is a marginal sea of the North Atlantic Ocean. It is char-
acterized by a large through-flow, which is part of the subtropical gyre and in
that form contributes to the upper branch of the Atlantic Meridional Overturning
Circulation (Johns et al., 2002). Along this through-flow, the characteristics of
the basin affect the variability and structure of the surface and subsurface water
masses.

At the surface of the Caribbean Sea, the variability of the flow is dominated
by mesoscale anticyclonic eddies (Molinari et al., 1981; Centurioni and Niiler,
2003; Richardson, 2005). These anticyclones are formed in the eastern part of
the basin and intensify on their path westward. Similar anticyclones can be found
in every ocean basin (e.g., Chelton et al., 2007, 2011b; Gaube et al., 2019). In
combination with cyclonic eddies, they account for more than half of the surface
variability in the ocean (Chelton et al., 2007). Besides the ecological and clima-
tological impact of mesoscale eddies through the redistribution of fundamental
tracers (e.g., Wunsch, 2017), these mesoscale eddies have very interesting dy-
namics. In the case of Caribbean anticyclones, the processes responsible for their
formation and intensification are still a topic for discussion.

At intermediate water depths, the Caribbean waters are susceptible to double-
diffusive mixing, which leads to the formation of thermohaline staircases (e.g.,
Schmitt et al., 1987; Merryfield, 2000; Radko, 2013). Similar staircases have
been observed in different areas that contain the right stratification, in for ex-
ample the Arctic Ocean (Shibley et al., 2017) and Mediterranean Sea (Zodiatis
and Gasparini, 1996; Bryden et al., 2014). In the latter, double-diffusive fluxes
dominate the vertical transport of heat and salt into Mediterranean Deep Water
(Zodiatis and Gasparini, 1996). It is unclear whether the double-diffusive mixing
in the Caribbean Sea affects the properties of the underlying water masses as
well.

While the dynamics of anticyclones and double-diffusive mixing in other re-
gions has been thoroughly discussed, this thesis investigates them in the Caribbean
Sea. The aim is to study the anticyclones as well as the double-diffusive mixing
to increase our understanding of the dynamics in this basin and to gain insight
in their impacts. To that end, we first performed a hydrographic survey of a
Caribbean anticyclone to obtain its vertical structure and origin, and studied the
formation and intensification of the anticyclones with two numerical models. Be-
cause we deployed Argo floats with a high sampling frequency during the survey,
we could use this data to increase our understanding of the regional impact of
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double-diffusive mixing on the properties of the lower-lying water masses. In
combination with the data from other Argo floats and Ice-Tethered Profilers, we
also developed a dataset of thermohaline staircases that we used to assess their
global impact on the ocean circulation. A brief summary of each chapter is given
in the following paragraphs.

Hydrographic survey of a Caribbean anticyclone

To study the vertical structure and ecological impact of anticyclones in the Carib-
bean Sea, we performed a combined hydrographic and biological survey of a
mesoscale anticyclone in the Caribbean Sea between 4 and 11 February 2018.
During this survey, we collected vertical profiles of temperature, salinity, oxygen,
chlorophyll and turbidity at 15 CTD (conductivity, temperature, depth) stations.
The stations were placed on a line across an anticyclone. At these stations, nutri-
ent samples of phosphate, silicate, nitrate and nitrite were collected. Between the
stations, measurements of upper ocean velocity, surface temperature and salinity
were taken and visual survey of birds and pelagic megafauna were conducted.
By using temperature and salinity profiles in combination with velocity measure-
ments we showed that the anticyclone was surface intensified in the upper 150
m of the water column and had a radius of 90 km. Silicate measurements and
chlorophyll concentrations indicated that the core of the anticyclone entrained
waters from the Orinoco River plume. The visual survey showed that, while
higher densities of flying fish were observed at the edge of the anticyclone, there
were no increased densities of predators. Below the surface, we observed a bar-
rier layer with strong temperature inversion. Furthermore, the survey confirmed
the formation of thermohaline staircases in the Caribbean Sea, as we detected
these structures at 12 out of 15 stations.

The origin of Caribbean anticyclones

Despite the fact that the hydrographic survey indicated that the anticyclone origi-
nated near the mouth of the Orinoco River, the source of its anticyclonic vorticity
remains unknown. To gain insight into this source of, we analyzed the vorticity
fluxes in the eastern part of the Caribbean Sea in more detail. To that end, we
performed a high-resolution numerical simulation of the eastern Caribbean Sea
using the regional ocean model system (ROMS). Based on this simulation, we
concluded that the bulk of the inflowing vorticity in the eastern Caribbean Sea
is generated at the Lesser Antilles. We found that during the collision of an an-
ticyclonic North Brazil Current (NBC) ring with the Lesser Antilles, the vorticity
inflow into the eastern Caribbean increased. The bulk of this increase was gen-
erated locally near the topography of the islands. Especially the islands of St.
Lucia and Grenada appeared to be hotspots for vorticity generation, where the
vorticity generation was triggered by enhanced transport through the passages
at these islands. While these enhanced transports were induced by the collision
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of upstream NBC rings with the Lesser Antilles, the vorticity of the NBC rings
themselves only slightly enhanced the vorticity flux into the Caribbean Sea.

Westward intensification of Caribbean anticyclones

After their formation, Caribbean anticyclones intensify on their path westward
(Carton and Chao, 1999; Pauluhn and Chao, 1999; Andrade and Barton, 2000;
Richardson, 2005). During this intensification, they propagate along the up-
welling region that is located in the southern part of the basin (Astor et al., 2003).
To study the impact of the upwelling on the intensification of the anticyclones, we
developed a regional setup of the Caribbean Sea with the Massachusetts Institute
of Technology general circulation model (MITgcm). With this setup, we per-
formed a set of five simulations in which we step by step altered the upwelling
strength by adjusting the magnitude of the zonal wind stress. We found that
eddy kinetic energy in the Caribbean Sea was dominated by the anticyclones that
intensify. The simulations showed that these anticyclones advect upwelling fila-
ments offshore. Therefore, we argued that the westward intensification is driven
by the advection of cold upwelling filaments, where the advection increases the
horizontal density gradients of the anticyclones and directly strengthens their
vertical shear. This behavior was confirmed by the different simulations. More-
over, we found that the strength of the wind stress, which regulates the north-
ward Ekman transport, affected the advection of the Amazon and Orinoco River
plume as well: A weaker wind stress resulted in less wind-driven mixing of the
river plume and a farther advection into the basin. This led to a strengthening
of the salinity gradients of the anticyclones compared to the temperature gradi-
ents. Because the density components of the temperature and salinity gradients
were of a similar order of magnitude, these results could be used to explain parts
of the seasonal and interannual variability of the anticyclones in the Caribbean
Sea. Therefore, we concluded that the intensification of Caribbean anticyclones
is affected by both upwelling and the river plumes.

A global dataset of thermohaline staircases

Below the surface of the Caribbean Sea, which is dominated by the presence
of anticyclonic eddies, the subsurface waters are susceptible to double-diffusive
mixing. To assess the impact of double-diffusive mixing on the properties of wa-
ter masses in the Caribbean Sea, we analyzed thermohaline staircases that arise
from double diffusion. Because these staircases are visually striking structures in
the vertical profiles of both temperature and salinity, we developed an algorithm
to automatically detect thermohaline staircases based on their vertical structure.
The advantage of using the structure of the thermohaline staircases over assump-
tions based on the Turner angle is that we can this to assess the performance the
algorithm. The algorithm first identifies subsurface mixed layers. Next, the in-
terfaces in between the mixed layers are assessed to determine whether they
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contain temperature and salinity gradients and whether they are thin compared
to the mixed layers. As a final step, the algorithm locates sequences of inter-
faces, which are labeled as thermohaline staircases. We applied this algorithm
on 487,493 temperature and salinity profiles and obtained a global dataset of
the occurrence of thermohaline staircases and their characteristics.

The global impact of double-diffusive mixing

Once we obtained a global dataset of thermohaline staircases, we cannot only
assess the impact of thermohaline staircases on the properties of water masses
in the Caribbean Sea, but also study their impact on the global ocean circula-
tion. In total, approximately 40 % of the ocean is susceptible to double-diffusive
mixing (You, 2002). We found that not all of these regions contain thermo-
haline staircases as only 14 % of the observational profiles actually contained
staircases. Moreover, the staircases with multiple steps were clustered in specific
regions. One of this regions was a so-far unknown staircase region in the Great
Australian Bight. Although the impact of these staircases on the water masses
in this region remains unclear, they might affect the salt content of the Tasman
Leakage waters that originate in this region. Because the salt content of the Tas-
man Leakage waters is considered to affect the stability of the global overturning
circulation(Gordon, 2003; Speich et al., 2007), the double-diffusive salt fluxes
in this region might impact the stability of this overturning. Furthermore, we
estimated the combined contribution of all thermohaline staircases to the global
mechanical energy budget. We found that thermohaline staircases contributed
7.5 GW [0.1 GW; 32.8 GW] to the global ocean’s mechanical energy budget. This
was much less than estimates of the energy required to maintain the observed
ocean stratification (roughly 2 TW, Munk, 1966). Therefore, we concluded that
the impact of thermohaline staircases on the global mechanical energy budget is
very limited.

Double-diffusive mixing in the Caribbean Sea

Previous studies speculated that double-diffusive mixing in thermohaline stair-
cases can impact the properties of the underlying Antarctic Intermediate Water
(AAIW) in the Caribbean Sea through the vertical salt flux (You, 1999; St. Lau-
rent and Schmitt, 1999; Schmitt, 2005). However, this effect has not been
quantified. Therefore, we explored whether the time-averaged spatial variations
seen in the properties of AAIW along its mean propagation path could be ex-
plained by vertical fluxes resulting from double-diffusive mixing. To that end,
we used the global dataset of thermohaline staircases. We found that 7 % of
the Caribbean profiles contains staircases. In the staircase layer, we detected a
density flux ratio of 0.8, which indicated that the density component of the salt
flux exceeds the density component of the heat flux. We found that the time-
averaged temperature and salinity of AAIW increased along its path and that the
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density component of the salinity increase exceeded the temperature increase.
More specifically, we showed that the spatial variation of AAIW can be explained
by the double-diffusive fluxes out of the staircase layers by using a steady-state
advection-diffusion equation.





Samenvatting

De Caribische Zee is een randzee van de noordelijke Atlantische Oceaan. Dit
bekken wordt gekenmerkt door een grote doorstroom die onderdeel is van de
subtropische gyre en daarmee bijdraagt aan de bovenste tak van de zogenaamde
Atlantic Meridional Overturning Circulation (Johns et al., 2002). Tijdens deze
doorstroom beïnvloeden de eigenschappen van het bekken de variabiliteit en de
structuur van de stroming.

Aan het oppervlak van de Caribische Zee wordt variabiliteit van de stro-
ming op de meso-schaal gedomineerd door anticyclonale wervels (Molinari et al.,
1981; Centurioni and Niiler, 2003; Richardson, 2005). Deze anticyclonen ont-
staan in het oostelijk deel van het bekken en versterken op hun pad westwaarts.
Vergelijkbare anticyclonen komen voor in elk oceaanbekken (e.g., Chelton et al.,
2007, 2011b; Gaube et al., 2019). Samen met cyclonale wervels, nemen deze
wervels meer dan de helft van de oceaan’s oppervlaktevariabiliteit voor hun reke-
ning (Chelton et al., 2007). Naast de ecologische en klimatologische invloed van
deze wervels door middel van de herverdeling van fundamentele tracers (e.g.,
Wunsch, 2017), is de dynamica van deze wervels ook erg interessant. In het ge-
val van de Caribische anticyclonen is hun origine en versterking nog onderwerp
van discussie.

Op grotere diepten is het water van de Caribische Zee vatbaar voor dubbele
diffusie wat zich uit in het ontstaan van thermohaliene trappen (e.g., Schmitt
et al., 1987; Merryfield, 2000; Radko, 2013). Zulke trappen worden over de hele
wereld waargenomen, zoals bijvoorbeeld in de Noordelijke IJszee (Shibley et al.,
2017) en in de Middellandse Zee (Zodiatis and Gasparini, 1996; Bryden et al.,
2014). In dit laatste geval domineert dubbele diffusie het verticale warmte- en
zouttransport naar Middellands Diep Water (Zodiatis and Gasparini, 1996).

Terwijl de dynamica van de anticyclonen en van de dubbele diffusie grondig
is onderzocht in andere regio’s, focust het onderzoek in dit proefschrift zich op
de Caribische Zee. Het doel hiervan is om de anticyclonen en dubbele diffusie
te bestuderen om ons begrip van de dynamica van dit bekken te vergroten en
om inzicht te verkrijgen in hun invloed. We hebben de Caribische anticyclonen
onderzocht met behulp van een hydrografisch onderzoek. Dit gaf ons inzicht in
de oorsprong en structuur van een wervel. Vervolgens hebben we de formatie
en versterking onderzocht met twee numerieke modellen. De dubbele diffusie
hebben we bestudeerd met Argo boeien die we hebben uitgezet tijdens het hy-
drografische onderzoek. We hebben de data van deze boeien gebruikt om de
regionale invloed van dubbele diffusie op de eigenschappen van de lagergelegen
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watermassa’s te begrijpen. In combinatie met de data van andere Argo boeien
en de zogenaamde met-ijs-verbonden boeien, hebben we een wereldwijde data-
set van thermohaliene trappen gemaakt die we vervolgens gebruikt hebben om
hun mondiale effect te schatten. Een korte samenvatting van elk deelonderzoek
wordt gegeven in de volgende alinea’s.

Hydrografisch onderzoek van een Caribische anticycloon

Om de verticale structuur en invloed van anticyclonale wervels op de versprei-
ding van nutriënten in de Caribische Zee te bestuderen, hebben we een gecom-
bineerde hydrografische en biologisch metingen van een anticyclonale wervel in
de Caribische Zee genomen tussen 4 en 11 februari 2018. Tijdens dit onderzoek,
hebben we verticale profielen van de temperatuur, het zoutgehalte, het zuurstof-
gehalte, het chlorofyl en de troebelheid genomen op 15 stopplaatsen. Op deze
stopplaatsen hebben we ook monsters genomen van voedingsstoffen (fosfaat, sili-
caat, nitraat en nitriet). Tussen de stations, zijn metingen gedaan van de ondiepe
snelheden, de oppervlaktetemperatuur en -zoutgehalte. Daarnaast zijn visuele
tellingen van vogels en van pelagische megafauna uitgevoerd. Met behulp van
de profielen van de temperatuur, het zoutgehalte en de snelheidsmetingen heb-
ben we aangetoond dat de anticycloon versterkt was in de bovenste 150 m van
de waterkolom en een straal van 90 km had. De silicaatmetingen en chlorofyl-
concentraties geven aan dat de kern van de anticycloon water van de rivierpluim
van de Orinoco bevat. De visuele metingen laten zien dat, ondanks dat er wel
hogere dichtheden van vliegende vissen zijn geobserveerd, er geen toename van
roofdieren was. Onder het oppervlak hebben we een barrièrelaag met een sterke
temperatuurinversie gesignaleerd. Daarnaast heeft dit onderzoek bevestigd dat
in de Caribische Zee thermohaliene trappen kunnen ontstaan; we hebben deze
trappen gedetecteerd bij 12 van de 15 stopplaatsen.

De oorsprong van Caribische anticyclonen

Ondanks dat het hydrografisch onderzoek heeft aangeduid dat Caribische an-
ticyclonen ontstaan in het oostelijk deel van het bekken, blijft het onduidelijk
waar de draaiing van deze anticyclonen vandaan komt. Om inzicht te krijgen
in de bron van deze draaiing, gebruiken we de vorticiteit dat is gedefinieerd als
de rotatie van het snelheidsveld. We analyseren de anticyclonale vorticiteit en
vorticiteitsstromen naar de Caribische Zee in detail met behulp van een nume-
rieke simulatie. Deze simulatie met een hoge resolutie omvatte het oostelijk deel
van de Caribische en is uitgevoerd met het regionaal oceaan modelleer systeem
(ROMS). Gebaseerd op deze simulatie, concluderen wij dat het merendeel van
de vorticiteit die het oostelijk deel van de Caribische Zee binnenstroomt wordt
gegenereerd bij de Kleine Antillen. In totaal betreft dit 67 % van de anticyclonale
vorticiteitsstroom en 57 % van de binnenkomende cyclonale vorticiteitsstroom.
We signaleren dat tijdens de botsing van een Noord-Braziliaanse stromingsring
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(NBC ring) op de Kleine Antillen de vorticiteitsstromen toenemen, en dat we-
derom hiervan de meeste vorticiteit bij de Kleine Antillen gegenereerd is. Met
name rondom St. Lucia en Grenada wordt veel vorticiteit gegenereerd. Op
die plekken wordt de vorticiteitsgeneratie veroorzaakt door een toename in het
transport door de passages tussen de eilanden. Het is belangrijk om te realiseren
dat ondanks dat deze verhoogde transporten veroorzaakt worden door de bot-
sing van NBC ringen met de Kleine Antillen, de vorticiteit van de NBC ringen zelf
maar een klein deel van toename in de vorticiteitsstroming kunnen verklaren.

Westwaartse versterking van Caribische anticyclonen

Nadat Caribische anticyclonen zijn ontstaan, hebben deze de neiging om te ver-
sterken op hun pad westwaarts (Carton and Chao, 1999; Pauluhn and Chao,
1999; Andrade and Barton, 2000; Richardson, 2005). Deze versterking vindt
plaats terwijl ze langs een regio met windgedreven opwelling komen die het
zuidelijk deel van het bekken kenmerkt (Astor et al., 2003). Om te begrijpen
hoe de opwelling de versterking van de anticyclonen beïnvloedt, hebben we een
regionale opstelling van de Caribische Zee met het Massachusetts Institute of
Technology algemeen circulatie model (MITgcm) gemaakt. Met deze opstelling
hebben we vijf numerieke simulaties gedaan waarin we de sterkte van de opwel-
ling hebben gereguleerd door de zonale windbelasting te variëren. We hebben
ontdekt dat de kinetische energie van alle wervels wordt gedomineerd door een
klein aantal anticyclonen per jaar. Deze anticyclonen advecteren filamenten met
water uit de wind-gedreven opwelling regio’s van de kust af. Daarom stellen
wij dat de westwaartse versterking gestuurd wordt door de advectie van deze
filamenten. Deze advectie zorgt voor een versterking van de horizontale dicht-
heidsgradiënten van de wervels, wat ervoor zorgt dat de verticale snelheidsgra-
diënten toenemen. De werking van dit mechanisme is bevestigd aan de hand van
de resultaten van de verschillende simulaties. Deze simulaties hebben daarnaast
laten zien dat de sterkte van de zonale windbelasting, die het noordwaartse Ek-
mantransport reguleert, ook de spreiding van de rivierpluimen van de Amazone
en Orinoco beïnvloedt: Een zwakker Ekmantransport resulteert in minder wind-
gedreven menging van de rivierpluim en een verdere spreiding van de rivierpluim
in de Caribische Zee. Dit leidt tot een relatief grotere invloed van de horizontale
gradiënten in zoutgehalte ten opzichte van de horizontale temperatuursgradi-
ënten. Daarom concluderen wij dat de versterking van Caribische anticyclonen
beïnvloed wordt door een samenspel van opwelling en de rivierpluimen.

Mondiale dataset van thermohaliene trappen

Onder het oppervlak dat gedomineerd wordt door anticyclonale wervels, zijn de
wateren van de Caribische Zee vatbaar voor dubbele diffusie. Om de invloed van
dubbele diffusie in de Caribische Zee te kunnen schatten, analyseren we de ken-
merken van thermohaliene trappen die door dubbele diffusie ontstaan. Omdat
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dat deze trappen duidelijk zichtbare structuren zijn in verticale profielen, heb-
ben we een algoritme ontwikkeld dat thermohaliene trappen detecteert op basis
van hun verticale structuur. Het voordeel van het gebruik van de structuur in
plaats van aannames op basis van de fysica, is dat we de kenmerkende fysische
eigenschappen van thermohaliene trappen, zoals de Turnerhoek, kunnen gebrui-
ken om de resultaten te verifiëren. In het algoritme, identificeren we eerst de
menglagen onder het oppervlak. Vervolgens analyseren we de lagen tussen de
menglagen om vast te stellen of er grote verticale gradiënten in temperatuur en
zoutgehalte zijn en of de tussenlaag dunner is dan de aangrenzende menglagen.
Als dat het geval is, zoekt het algoritme naar reeksen van smalle tussenlagen.
Deze reeksen worden vervolgens gelabeld als thermohaliene trappen. We heb-
ben dit algoritme toegepast op 487.493 verticale profielen van de temperatuur
en het zoutgehalte. Het resultaat is een mondiale dataset van thermohaliene
trappen.

Het mondiale effect van dubbele diffusie

Nadat we een mondiale dataset van thermohaliene trappen hadden gemaakt,
kunnen we niet alleen de invloed van thermohaliene trappen in de Caribische
Zee onderzoeken, maar ook wat hun mondiale invloed is. In totaal is 40 % van
de oceaan vatbaar voor dubbele diffusie (You, 2002). Wij constateren dat niet al
deze regio’s thermohaliene trappen bevatten, omdat maar 14 % van alle profie-
len in de dataset trappen vertonen. Daarnaast zijn deze thermohaliene trappen
voornamelijk geconcentreerd in specifieke regio’s. Een van deze regio’s is een
tot-nu-toe onbekende regio in de Grote Australische Golf. Ondanks dat de in-
vloed van de thermohaliene trappen op de watermassa’s in deze regio onbekend
is, is het niet ondenkbaar dat ze het zoutgehalte van de Tasmaanse Lekkage beïn-
vloeden. Bovendien hebben we ook een schatting van de totale bijdrage van alle
thermohaliene trappen aan de mondiale mechanische energiebalans gemaakt.
We schatten dat deze een totale bijdrage van 7,5 GW [0,1 GW; 32,8 GW] heb-
ben. Omdat dit is veel minder dan het budget van deze balans (ongeveer 2 TW,
Munk, 1966), concluderen we dat de invloed van thermohaliene trappen op de
mondiale mechanische energiebalans zeer beperkt is.

Dubbele diffusie in de Caribische Zee

Ondanks dat verschillende studies hebben gespeculeerd dat dubbele diffusie in
thermohaliene trappen de temperatuur en zoutgehalte van Antarctisch Tussen-
water (AAIW) in de Caribische Zee beïnvloeden (You, 1999; St. Laurent and
Schmitt, 1999; Schmitt, 2005), is dit effect nog niet gekwantificeerd. Daarom
hebben we bestudeerd of de verticale transporten gestuurd door dubbele dif-
fusie de tijdgemiddelde ruimtelijke variatie van AAIW kunnen verklaren. Ge-
bruik makend van de mondiale dataset, vinden we dat 7 % van de profielen in
de Caribische Zee thermohaliene trappen heeft. In deze laag met trappen vin-
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den we een verhouding van de dichtheidstransporten van 0,8. Dit geeft aan dat
de dichtheidscomponent van het zouttransport de dichtheidscomponent van het
warmtetransport overschrijdt. We vinden dat de tijdsgemiddelde temperatuur en
zoutgehalte van AAIW langs het pad van propagatie toenemen en dat de dicht-
heidscomponent van het zoutgehalte deze van het temperatuur overschrijdt. We
laten zien dat deze waargenomen ruimtelijke variatie van AAIW verklaard kan
worden met een advectie-diffusie vergelijking die dubbele diffusie representeert.
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Chapter 1

Introduction

1.1 Mixing in the ocean

The dynamics of the ocean are to a large extent determined by mixing processes
(Wunsch, 2017). These mixing processes regulate the storage and redistribution
of fundamental tracers such as heat, fresh water, carbon and oxygen (Wunsch,
2017). There are two major types of mixing: turbulent mixing and double-
diffusive mixing (Thorpe, 2005; Radko, 2013). In this thesis, these two types
of mixing are studied with a special focus on the Caribbean Sea with the aim to
gain insight into the dynamics and mixing of this basin. The surface flow in the
Caribbean Sea is dominated by large turbulent structures, referred to as eddies,
while the deep flow is dominated by double-diffusive mixing that leads to the
formation of thermohaline staircases. In the following sections, both types of
mixing are introduced separately.

1.2 The turbulent ocean

Ocean currents flow through every ocean basin. These currents are turbulent on
many scales ranging from small scales of millimeters up to large scales that have
dimensions of hundreds of kilometers, referred to as the mesoscale. In general,
the mesoscale turbulent structures extract energy from the mean flow and feed
the smaller-scale turbulent structures, which is referred to as the energy cascade
process (e.g., Nieuwstadt, 1998). The mesoscale structures have a total kinetic
energy that is an order of magnitude larger than the kinetic energy of the mean
flow (Gill et al., 1974; Wyrtki et al., 1976; Richardson, 1983; Danabasoglu et al.,
1994; Fu et al., 2010). This makes the mesoscale structures the most energetic
turbulent structures in the ocean (Fu et al., 2010).

The mesoscale turbulent structures are rotating due to the contribution of
the rotation of the Earth to the momentum balance (Talley et al., 2011). These
rotating structures, referred to as eddies, are visible as positive and negative
anomalies in the sea level (Fig. 1.1). Mesoscale eddies with a high density
compared to their surroundings are visible as negative anomalies in the sea level
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Figure 1.1: Sea-level anomaly with respect to the global mean sea level at the start of my PhD
project (1 December 2016). Blue and red anomalies correspond to cyclonic and anticyclonic
eddies, respectively. Data is computed from multi-mission altimeter satellite gridded sea sur-
face heights and downloaded from the Copernicus Marine Environment Monitoring Service
(http://marine.copernicus.eu).

(blue in Fig. 1.1). They rotate in the same direction as the Earth and are referred
to as cyclones. Positive sea-level anomalies correspond to anticyclones that have
a negative density anomaly with respect to their surroundings and rotate in the
opposite direction to the Earth’s rotation (Fig. 1.1).

At any given time, mesoscale eddies cover nearly a third of the ocean’s surface
(Gaube et al., 2019). More specifically, eddies with amplitudes of 5-25 cm and
diameters of 100-200 km account for more than 50 % of the ocean’s variability
(Chelton et al., 2007). They originate from time variations in the atmospheric
forcing, meandering movements of the currents, interaction with topography or
from other instabilities of the flow and fulfill an essential role in the mixing and
transport of fluids (e.g., Stammer and Wunsch, 1999).

The impact of the these mesoscale eddies is diverse, but they mainly disperse
particles and mix tracers in horizontal and vertical directions. In the horizon-
tal, eddies contribute to the observed time-mean heat transport (Wunsch, 1999;
Jayne and Marotzke, 2002; Ni et al., 2020), and can play a dominant role in
the advection of river plumes and other nutrient-rich waters (Oschlies, 2002;
Stramma et al., 2013; Coles et al., 2013; Fournier et al., 2017). In the vertical,
eddies may alter the mixed layer depth (Klein et al., 1998; Gaube et al., 2019)
and entrain nutrients from below the mixed layer (Falkowski et al., 1991; Zhang
et al., 2014; Gaube, 2015).

Mesoscale eddies can in principle originate everywhere (Chelton et al., 2007,
2011b), but regions with higher eddy kinetic energy are located near flows with
a strong velocity shear (Wyrtki et al., 1976; Zhang and Qiu, 2018). The cyclones
and anticyclones in these regions are visible as the strong blue and red anomalies
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Figure 1.2: Sea-surface height with respect to the mean sea level in the Caribbean Sea
(50◦W-90oW , 8◦N-25◦N) on 4 January 2018. Arrows indicate direction of the flow. Num-
bers 1-5 indicate anticyclonic eddies present at that time in this domain. Numbers in-
crease along the direction of the mean flow. Data is taken from the GLORYS Ocean Re-
analysis model, and downloaded from the Copernicus Marine Environment Monitoring Service
(http://marine.copernicus.eu).

in Figure 1.1 and have, on average, larger density anomalies with respect to their
surroundings. Averaged over the whole world, there is a slight preference for
the formation of cyclones (Chelton et al., 2011b). However, anticyclones tend to
have a longer life time and are able to propagate further (Chelton et al., 2011b).
Surprisingly, these long-lived anticyclones also have the tendency to intensify
over time (Dewar and Killworth, 1995; Yavneh et al., 1997; Koszalka et al., 2009;
Chen and Han, 2019).

A clear example of anticyclones that intensify over time are Caribbean anti-
cyclones. As the aim of this thesis is to gain insight into the dynamics and mixing
in the Caribbean, we will study the life cycle of these anticyclones in more detail
in this thesis. The different stages of the intensification of Caribbean anticyclones
are visible in Figure 1.2. The weakest anticyclones (number 1 and 2 in Fig. 1.2)
are found in the eastern part of the basin where most Caribbean anticyclones are
formed (Richardson, 2005). The sea-level anomaly of the anticyclones increases
when following the mean flow towards the west (number 3-5 in Fig. 1.2). This
spatial variation in sea-surface anomalies of anticyclones is also visible in the sea-
surface variance (Fig. 1.3, Andrade and Barton, 2000; Bosch et al., 2002; Oey
et al., 2003; Chelton et al., 2011b), which suggests that it is a typical behavior
of Caribbean anticyclones. Because mesoscale turbulent features extract energy
from the mean flow, it is necessary to first have a clear view of the mean flow and
characteristics before turning to this spatial pattern.
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Figure 1.3: Sea-level variance (m2) computed from daily fields sea-level anomalies with re-
spect to the mean sea level in this domain (50◦W-90oW , 8◦N-25◦N) from 1 January 2008 to 31
December 2017. Data is taken from the GLORYS Ocean Re-analysis model, and downloaded
from the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu).

1.2.1 The mean flow and water masses in the Caribbean Sea

The Caribbean Sea is a highly stratified marginal sea of the North Atlantic Ocean
that contains six distinctive water masses. Water masses are bodies of water
that have distinctive physical properties, which can be traced back to a specific
formation region (Talley et al., 2011). In the Caribbean Sea, these water masses
have a combined transport of approximately 25 Sv (1 Sv = 106 m3 s−1 Johns
et al., 2002; Casanova-Masjoan et al., 2018) and they enter the basin along the
eastern boundaries through the Lesser Antilles (Fig. 1.4).

The main part of the flow in the Caribbean Sea is transported by Caribbean
Surface Water (CSW) and the Subtropical Underwater (STUW) that are located
in the upper 200 meter of the water column (Morrison and Nowlin, 1982; Hernán-
dez–Guerra and Joyce, 2000; Joyce et al., 2001). These two water masses contain
relatively warm and saline waters. The salinity of CSW is lower than the salin-
ity of the lower-lying STUW, because it contains river outflow from the Amazon
and Orinoco River (Fig. 1.5, Froelich Jr. et al., 1978; Morrison and Nowlin,
1982). The subsurface salinity maximum of STUW, located at approximately
150 m depth, can be traced back to regions with high evaporation in the central
tropical Atlantic (Wüst, 1964; Morrison and Nowlin, 1982; Montes et al., 2016).

Below these water masses, patches of Sargasso Sea Water (SSW) have been
identified at roughly 300 m depth (Kinard et al., 1974; Morrison and Nowlin,
1982). These patches enter the Caribbean Sea through the northeastern pas-
sages of the Lesser Antilles (Fig. 1.4). Slightly deeper at approximately 400-
500 m depth, Tropical Atlantic Central Water (TACW) enters the basin through
the southeastern passages of the Lesser Antilles (Fig. 1.4, Carrillo et al., 2016).
Through these same passages, Antarctic Intermediate Water (AAIW) also enters
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the Caribbean Sea between 500 and 1000 m depth (Tsuchiya, 1989). AAIW
originates near Antarctica and contains relatively fresh and cold characteristics
compared to the other water masses (Tsuchiya, 1989).

Only a small part of the transport is accounted for by the deepest water mass,
North Atlantic Deep Water (NADW), which enters the Caribbean in the northeast-
ern part of the basin (Fig. 1.4, Hernández–Guerra and Joyce, 2000; Joyce et al.,
2001). Because the bulk of NADW in the Caribbean Sea is located below 1800
m, which is deeper than the deepest passage, it has a long residence time of ap-
proximately 150 years (Joyce et al., 1999). This long residence time decreases
its decadal variability, which makes the Caribbean a reliable location to monitor
possible changes of this water mass on climatic time scales (Joyce et al., 1999).

Once the flow has entered the Caribbean Sea, the surface waters encounter
an upwelling region (Fig. 1.5, Gordon, 1967). This upwelling results from the
interaction of the wind forcing with the apparent forces due to the rotation of
the Earth, which drives the surface waters offshore with the so-called Ekman
transport. Following the conservation of mass, deeper waters move upward near
the coast. These waters, consisting mostly of STUW, are colder, more saline
and contain more nutrients than the surface waters (Muller–Karger et al., 1989;
Rueda–Roa and Muller–Karger, 2013; Rueda-Roa et al., 2018). The result is a
horizontal density gradient that strengthens the westward flow (Rueda-Roa et al.,
2018).

After the surface flow passed the upwelling region, it continues westward
towards the Nicaraguan Rise (NR in Fig. 1.5). There, the main part of the flow
deflects northwards and continues towards the Gulf of Mexico (GoM in Fig. 1.5).
Another part of the flow continues southward and recirculates in the Panama-
Colombia gyre (PCG in Fig. 1.5, Andrade and Barton, 2000).

The mean flow in the Caribbean Sea is part of the subtropical gyre in the
North Atlantic, which is a system of wind-driven ocean currents circulating in
an anticyclonic direction that spans the entire North Atlantic Ocean at mid lat-
itudes. The gyre contributes to the Atlantic Meridional Overturning Circulation
(AMOC), which is defined as the zonal integral of the flow in the Atlantic Ocean
(e.g., Zhang et al., 2019; Bower et al., 2019). The AMOC describes the inter-
hemispheric volume transport by the oceans and consists of a northward-flowing
upper limb and a southward-flowing lower limb. At high latitudes, the relatively
warm waters of the northward flowing upper limb cool and sink along the bound-
aries of the subpolar gyre, before they return southward as part of the lower limb
(Spall and Pickart, 2001; Sayol et al., 2019; Georgiou et al., 2020).

The waters in the Caribbean Sea contribute to the upper limb of the AMOC
as they enter the basin in the east and they exit the basin in the north. Variations
in this flow that originate in the Caribbean Sea can thus modify the flow farther
northward. Evidence for this effect has been suggested by Oey et al. (2003) and
van Westen et al. (2018), who both showed that the variability in the Caribbean
Sea directly affects the downstream variability in the Gulf of Mexico and beyond.
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Figure 1.4: 3D Schematic of how water masses enter the eastern Caribbean Sea. Indicated wa-
ter masses are AAIW= Antarctic Intermediate Water, CSW= Caribbean Surface Water, NADW
= North Atlantic Deep Water, SSW = Sargasso Sea Water, STUW = Subtropical Underwater,
TACW = Tropical Atlantic Central Water.

1.2.2 Caribbean anticyclones

Compared to eddies in other ocean basins, the Caribbean anticyclones occur fre-
quently and have large diameters (> 200 km Chelton et al., 2007, 2011b). They
originate in the eastern part of the basin, where the flow is variable due to a
wide range of processes (Fig. 1.5). For example, the outflow of the Orinoco
River (Chérubin and Richardson, 2007), the strong winds (Oey et al., 2003), the
interaction of the flow with the Lesser Antilles (Molinari et al., 1981), and the
variability of the upstream flow itself (Jochumsen et al., 2010) could all trigger
the formation of anticyclones. Each of these mechanisms is discussed in more
detail in the following paragraphs.

First of all, the fresh water of the Orinoco river outflow is located near the
eastern boundary of the Caribbean Sea (Fig. 1.5). The Orinoco River is the third
largest river in the world with an average discharge of 33,000 m3 s−1 (Vizy and
Cook, 2010). In combination with the fresh water in the Amazon River plume,
which is advected towards the Caribbean Sea, these large river plumes dominate
the surface salinity in the Caribbean Sea (Froelich Jr. et al., 1978). Chérubin and
Richardson (2007) found that, at the arrival of the combined Amazon-Orinoco
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Figure 1.5: Bathymetry of the Caribbean Sea. The green arrows indicate the direction of
the mean surface currents. The red icons show the mechanisms that have been suggested as
potential formation mechanisms of Caribbean anticyclones. NR = Nicaraguan Rise, GoM =
Gulf of Mexico, PCG = Panama Colombia Gyre

River plume in summer, the salinity fronts became stronger, and that this coin-
cided with an increase of the eddy kinetic energy. In combination with a higher
number of observations of anticyclones during this period, Chérubin and Richard-
son (2007) argued that there is a dynamical link between the presence of fresh-
water plume and the formation of anticyclones.

Second, the wind forcing could also trigger the formation of anticyclones.
The mean wind forcing in the Caribbean consists of easterlies that persist year-
round (Mo et al., 2005; Muñoz et al., 2008). The spatial variation of these easter-
lies, in combination with topography, could generate anticyclones in the northern
part of the basin (Oey et al., 2003). However, the majority of the Caribbean an-
ticyclones do not originate in this region (Fig. 1.3), which suggests that other
effects play a role as well.

These other effects could be the upstream variability, which encompasses
both the variability of the flow upstream and as well as the interaction of that
flow with the Lesser Antilles. It has been suggested that the collision of up-
stream North Brazil Current (NBC) rings with the Lesser Antilles could trigger
the formation of Caribbean anticyclones (Fratantoni and Glickson, 2002; Goni
and Johns, 2003; Jochumsen et al., 2010). Laboratory experiments and ideal-
ized numerical studies suggested that the NBC rings can squeeze through the
passages between the Lesser Antilles (Simmons and Nof, 2002; Cenedese et al.,
2005; Klapp, 2013). However, more realistic numerical modeling studies do not
agree on whether Caribbean anticyclones are formed as remnants of NBC rings
(Fratantoni and Glickson, 2002; Goni and Johns, 2003; Jochumsen et al., 2010;
van Westen et al., 2018) or not (Chérubin and Richardson, 2007; Jouanno et al.,
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2008, 2009).
Although it remains unclear what triggers the formation of the anticyclones,

it is clear that the anticyclones become more energetic after formation (Andrade
and Barton, 2000; Centurioni and Niiler, 2003; Richardson, 2005). In general,
the anticyclones intensify on their path westward before they dissipate over the
Nicaraguan Rise (Fig. 1.3, Molinari et al., 1981). This intensification has been
identified with both surface drifters and sea-surface height anomalies from satel-
lite altimetry (Carton and Chao, 1999; Pauluhn and Chao, 1999; Andrade and
Barton, 2000; Centurioni and Niiler, 2003; Richardson, 2005). Despite the fact
that this intensification of Caribbean anticyclones is clearly visible in observa-
tional data, only a few studies so far have explored the governing dynamics.

Based on satellite altimetry, Andrade and Barton (2000) show that the loca-
tion of the maximum eddy kinetic energy is located near the maximum anticy-
clonic wind stress curl in the basin. Therefore, they argue that the intensification
is mainly wind-driven. However, Richardson (2005) links the westward intensi-
fication of the anticyclones to the anticyclonic shear of the mean flow. To clarify
this contradiction, Jouanno et al. (2009) studied the westward intensification
in more detail. They show that Caribbean anticyclones extract energy from the
mean flow through instabilities of the vertical shear. Although this is in line with
the suggestions of Richardson (2005), the question remains what triggers these
shear instabilities.

One possible energy source could be provided by the upwelling in the south-
ern part of the basin. The upwelling induces not only horizontal density gradi-
ents in the meridional direction, but it also creates a zonal density gradient that
is driven by the offshore advection of upwelling filaments by the anticyclones
(Jouanno and Sheinbaum, 2013). The result is that the density of the surface
waters increases from east to west (Jouanno and Sheinbaum, 2013). Assuming
that the relatively light anticyclones maintain their density along their propaga-
tion, their density difference with the surrounding waters would increase. This
might explain their westward intensification.

It is not only interesting from a dynamical point of view to understand which
processes affect the formation and intensification of Caribbean anticyclones, but
also from an ecological point of view. More specifically, the Caribbean surface
waters are oligotrophic, which means that they contain a limited nutrient sup-
ply (Muller–Karger et al., 1989; Muller–Karger and Castro, 1994). The advected
upwelling filaments increase the nutrient concentrations offshore (Ezer et al.,
2005). In turn, this leads to considerable variability in the regional ecosystem
(Rueda–Roa and Muller–Karger, 2013). Besides the advection of upwelling fila-
ments, the anticyclones advect patches of nutrient-rich river water through the
basin (Molleri et al., 2010). These patches of river water contain water origi-
nating from the Amazon River (Rudzin et al., 2017), which is associated with
the inundation of Sargassum algae on Caribbean beaches that have been appear-
ing since 2011 (Gower et al., 2013; Wang and Hu, 2017; Putman et al., 2018;
Johns et al., 2020). A recent study suggest that the path of these algae is steered
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Figure 1.6: Temperature profile as observed during a hydrographic survey on 6 February 2018
at 14.7◦N, 69.8◦W (see Chapter 2 of this thesis). The inlay shows a zoom of the thermohaline
staircase.

by the anticyclones (Brooks et al., 2019). Understanding the dynamics of the
anticyclones thus also increases the understanding of the ecological variability.

1.3 The double-diffusive ocean

While the surface in the Caribbean Sea is dominated by turbulent mesoscale an-
ticyclones, at depth the mixing is characterized by double-diffusive mixing (Fig.
1.4, Lambert and Sturges, 1977; Morell et al., 2006). This double-diffusive mix-
ing results in the formation of thermohaline staircases within TACW (Schmitt,
1981). These staircases consist of subsurface mixed layers that are separated
from each other by thin interfaces (Fig. 1.6). A tracer release experiment located
just east of the Caribbean showed that inside these staircases there is a down-
ward directed salt and heat flux (Schmitt, 2005). Also, characteristic for these
thermohaline staircases the resulting buoyancy flux was counter-gradient, which
means that the vertical buoyancy flux inside TACW strengthens the stratification
(Schmitt, 2005; Radko, 2013). This vertical flux could potentially modulate the
properties of the lower-lying AAIW (Fig. 1.4, Schmitt, 2005; Radko, 2013).

To understand how thermohaline staircases modulate the vertical heat and
salt fluxes, it is important to gain insight in double-diffusive mixing and how it
leads to the formation of the staircase structures. So far, multiple theories for
the formation of thermohaline staircases have been proposed: small-scale mix-
ing processes that trigger the formation of internal waves (Stern, 1969); varia-
tions in the turbulent heat and salt fluxes (Radko, 2003); counter-gradient buoy-
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ancy fluxes that sharpen density gradients (Schmitt, 1994); and lateral intrusions
(Merryfield, 2000). Although it remains unclear how these staircases arise, they
are a good indicator for the occurrence of double-diffusive mixing (Radko, 2013).
The latter occurs when the water column has the right type of stratification (Rud-
dick, 1983).

Overall, four different types of stratification can be distinguished based on
the temperature and salinity variations over depth (middle panel in Fig. 1.7,
Ruddick, 1983). The water column has a double stable stratification whenever
the temperature decreases with depth and the salinity increases with depth. In
this case, both temperature and salinity contribute to a density increase with
depth. The opposite holds for the second type of stratification. In this type, the
water column is gravitationally unstable, which means that the density decreases
with depth. This is an unstable situation that results in convective mixing. This
occurs, for example, in the subpolar North Atlantic (Marshall and Schott, 1999).
Note that a gravitationally unstable water column does not only occur when the
density components of both temperature and salinity decrease with depth, but
also when the decrease due to one of these components is strong enough to
compensate for the other component that has an increasing density with depth
(Fig. 1.7).

The two remaining types of stratification arise when the density components
of the temperature and salinity stratification have opposite signs, but the density
stratification remains stable (Fig. 1.7). Both types are susceptible to double-
diffusive mixing. If the salinity component of the density stratification is unsta-
ble and is compensated by the density component of temperature, it is unstable
to double diffusion in the salt-finger regime. This type of stratification is also
characteristic for the Caribbean Sea, where the warm and saline STUW overly
the colder and fresher AAIW (Fig. 1.4, Schmitt, 1981). As a result, the staircases
are formed in the layer in between (TACW). In the other type of stratification,
referred to as diffusive convection, cold and fresh waters overly warm and saline
waters. This predominantly occurs at higher latitudes, such as in the Arctic Ocean
(e.g., Shibley et al., 2017). To understand how these two types of stratification
induce mixing, we will conduct a thought experiment (e.g., Radko, 2013).

Imagine a water parcel in the ocean that is disturbed upward or downward:
its heat and salt content adjusts to its new environment through molecular diffu-
sion. These adjustments do not happen at the same rate: the adjustment of the
heat content is much faster than the adjustment of the salt content, because the
molecular diffusivity of heat is two orders of magnitude larger than the molecular
diffusivity of salt. Depending on the ratio between the stratification of temper-
ature and salinity, the different rates of diffusion can either dampen or enhance
the movement of the disturbed water parcel. The enhanced movement is double-
diffusive mixing (Fig. 1.7). The mechanism through which this movement is
enhanced depends on the regime of double diffusion: salt fingering or diffusive
convection.

In the salt-finger regime, warm and saline waters are overlying cold and fresh
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Figure 1.7: Schematic of double-diffusive convection in the (a) salt-finger regime and (b)
diffusive-convective regime. The shading of the water parcels indicates the density. The middle
panel is modified from Ruddick (1983), and indicates the types of stratification that result in
double-diffusive mixing as a function of the Turner angle (Tu, Ruddick, 1983).

waters. If a cold and fresh water parcel (1. in Fig. 1.7a) is disturbed upwards,
molecular diffusion will adjust the temperature of the particle towards its new
background temperature (2. in Fig. 1.7a). At the same time, the salt content
of the water parcel adjusts much slower, which leads to a density decrease of
the water parcel. Consequently, the water parcel becomes buoyant with respect
to its surroundings and will move further upwards (3. Fig. 1.7a). This en-
hanced movement results in fingerlike structures that effectively transport salt
downward.

In contrast to this effective salt transport in the salt-finger regime, the diffusive-
convection regime has a more effective heat transport than salt transport (Fig.
1.7b). In this regime, cold and fresh waters overly the warm and saline waters
(Fig. 1.7b). A warm and saline water parcel that is displaced upwards (1. in
Fig. 1.7b) will move towards colder and fresher surroundings. There, the water
parcel loses heat relatively quickly through molecular diffusion, while it slowly
adjusts its salt content (2. in Fig. 1.7b). As a result, the water parcel is more
saline than its surroundings. This implies that the water parcel is also denser
than its surroundings and will move further downward than its original position
(3. in Fig. 1.7b).

The similarity between the two regimes is that both are driven by the release
of potential energy that was stored in the unstable component of the stratification
(e.g., Radko, 2013): In the salt-finger regime, the potential energy stored in the
salinity stratification is released; in the diffusive-convection regime the potential
energy stored in the temperature stratification is released. Note that this is fun-
damentally different from turbulent mixing, which is driven by the dissipation of
kinetic energy (e.g., Osborn, 1980). Furthermore, it results in a counter-gradient
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buoyancy flux that strengthens the stratification of the water column.
The counter-gradient buoyancy flux arises from a difference in vertical fluxes

of heat and salt. In the salt-finger regime, the vertical salt flux exceeds the heat
flux, and in the diffusive-convective regime the heat flux exceeds the salt flux.
The combination of this difference in the fluxes and the counter-gradient buoy-
ancy flux implies that double-diffusive mixing can also modulate the properties of
the water masses directly above and below the double-diffusive layer. Although
these fluxes have been observed within the staircase layer itself (Schmitt, 2005),
it remains unclear to how far these fluxes extend.

Besides this ability to adjust the properties of water masses locally, the double-
diffusive mixing also contributes to the global mechanical energy budget. The
global mechanical energy budget describes the energy required to mix the dense
waters of the lower limb of the AMOC (Munk, 1966), which decreases their den-
sity and allows them to move upward again. Estimates indicate that approxi-
mately 2 TW of turbulent mixing is required (Munk, 1966). Averaged over all
oceans, this would require an average effective diffusivity of 10−4 m2 s−1. How-
ever, the mixing is not distributed evenly over the ocean (Munk, 1966; Munk and
Wunsch, 1998; Ferrari and Wunsch, 2009), and the major part of the open ocean
displays little mixing with effective diffusivities of approximately 10−5 m2 s−1. To
compensate for this little mixing in the open ocean, mixing hotspots with high
diffusivities exist at the ocean’s boundaries (e.g., Ferrari and Wunsch, 2009).

Double diffusion contributes to the global mechanical energy budget in the
open ocean. Note that double diffusion affects the global mechanical energy bud-
get differently than down-gradient turbulent fluxes: the double-diffusive buoy-
ancy flux is counter gradient which implies that it strengthens the stratifica-
tion. Consequently, more turbulent fluxes are required to compensate for double-
diffusive mixing. Taking into account that almost 40 percent of the ocean is
susceptible to double-diffusive mixing (You, 2002), the contribution of double-
diffusive mixing to the mechanical energy budget might not be negligible. On
the other hand, the fact that 40 percent of the oceans contains the right type of
stratification does not directly imply that double-diffusive mixing dominates over
turbulent mixing.

A good indicator for the occurrence of double-diffusive mixing is the presence
of thermohaline staircases (Radko, 2013). This implies that knowledge of the
occurrence and characteristics of thermohaline staircases can give insight in the
role of double diffusion in the global ocean. First, their global occurrence in com-
bination with estimates of the effective diffusivities can be used to estimate the
contribution of double diffusion to the global mechanical energy budget. Second,
analysis of individual staircases and water mass properties in regional hotspots
with a frequent occurrence of thermohaline staircases, such as the Caribbean Sea,
can give insight in the capability of double diffusion to modulate water masses.
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1.4 Research questions and outline

The aim of this thesis is to gain insight into the dynamics and mixing in the
Caribbean Sea with the focus on two phenomena: turbulent mesoscale anticy-
clonic eddies at the surface and double-diffusive mixing in deeper parts of the
basin. To study the vertical structure and intensification of Caribbean anticy-
clones three research questions are formulated:

• What is the vertical structure of Caribbean anticyclones and where do they
originate?

• Are Caribbean anticyclones remnants of NBC rings?

• Is the westward intensification of Caribbean anticyclones governed by up-
welling?

The role of double-diffusive mixing in the Caribbean and global ocean will be
assessed in three additional research questions:

• Which characteristics and properties of thermohaline staircases can be used
to automatically detect them from observations?

• What is the contribution of double diffusion to the global mechanical en-
ergy budget?

• Can double-diffusive fluxes explain the observed variations of the proper-
ties of AAIW in the Caribbean Sea?

A brief motivation and approach to each question is given in the following para-
graphs. The research questions will be answered in Chapters 2-7. Finally, an
overview and discussion of the results is presented in Chapter 8.

What is the vertical structure of Caribbean anticyclones and where
do they originate?

The life cycle of Caribbean anticyclones can be divided into three parts: their
formation, intensification and dissipation. The anticyclones dissipate over the
Nicaraguan Rise, but it remains unknown which mechanisms leads to their for-
mation and intensification. To study the formation and intensification of Caribbean
anticyclones in more detail, dedicated eddy surveys of the vertical structure and
properties of Caribbean anticyclones are necessary. Most dedicated eddy surveys
in the Caribbean Sea have mainly focussed on cyclonic eddies. Two exceptions
are the surveys of Silander (2005) and Rudzin et al. (2017). Unfortunately, these
studies either measured only the upper part of the anticyclone or did not use the
biogeochemical properties to detect the origin of the core waters.
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To gain insight in its origin and to capture the full depth of a Caribbean
anticyclone, we performed an additional hydrographic survey of such an anticy-
clone (Chapter 2). We analyze vertical temperature and salinity profiles inside
and outside the anticyclone and combine it with samples of the biogeochemical
properties. With these observations, we can deduce the origin and describe the
vertical structure of an example of a Caribbean anticyclone.

Are Caribbean anticyclones remnants of NBC rings?

The flow that enters the Caribbean Sea is highly variable (Johns et al., 2002).
This variability originates from interactions of the flow with the Lesser Antilles
and from anticyclonic NBC rings that are formed upstream. Approximately 3-
7 NBC rings approach the Lesser Antilles every year (Goni and Johns, 2003;
Mélice and Arnault, 2017). Some of these NBC rings dissipate before they reach
the islands, while other NBC rings collide with the island chain (Fratantoni and
Richardson, 2006; Cruz-Gómez and Vazquez, 2018). So far, it remains unknown
what happens during such a collision. Some studies suggested that filaments of
the NBC rings can enter the Caribbean Sea (Fratantoni and Glickson, 2002; Goni
and Johns, 2003; Jochumsen et al., 2010; van Westen et al., 2018), while others
suggested that the collision only acts as a trigger to form new anticyclones on the
other side of the island chain (Chérubin and Richardson, 2007; Jouanno et al.,
2008, 2009).

In Chapter 3, we study the collision of an NBC ring with the Lesser Antilles to
clarify the origin of anticyclonic vorticity of Caribbean anticyclones. To that end,
we use a high-resolution model simulation that is able to accurately represent the
eastern Caribbean and Lesser Antilles. In this model, we analyze the transports
and vorticity fluxes at both sides of the Lesser Antilles.

Is the westward intensification of Caribbean anticyclones governed
by upwelling?

One aspect of Caribbean anticyclones that is particularly interesting is that they
intensify after their formation. Previous modeling studies have suggested that
this intensification is either related to the wind forcing (Andrade and Barton,
2000) or that it is driven by instabilities in the vertical shear of the mean flow
(Richardson, 2005; Jouanno et al., 2009). However, it remains unclear how
these two processes are related and which mechanism drives the westward in-
tensification. We formulated a new hypothesis in Section 1.2.2 that relates the
wind-driven upwelling to the westward intensification. The anticyclones advect
upwelled waters offshore, which results in an offshore cooling of the surface
waters. It is hypothesized that this increases the horizontal density difference
between the anticyclones and their surroundings. In turn, this can be the energy
source necessary to intensify the anticyclones.

To test this hypothesis, we use a numerical model with an idealized setup
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of the Caribbean Sea. We vary the upwelling strength in different simulations
by adjusting the zonal wind forcing. The analysis of the eddy fields in these
simulations is discussed in Chapter 4.

Which characteristics and properties of thermohaline staircases
can be used to automatically detect them from observations?

Another interesting aspect of the dynamics in the Caribbean Sea is that ther-
mohaline staircases are frequently observed (Merryfield, 2000; Silander, 2005;
Morell et al., 2006). Their frequent occurrence within the TACW layer suggests
that the vertical mixing is characterized by double diffusion in this layer. Such
staircases arise from double-diffusive mixing and can influence the mixing in
two ways. First of all, the vertical fluxes of heat and salt inside the staircase
layer might modify the properties of AAIW (You, 1999; St. Laurent and Schmitt,
1999; Schmitt, 2005). Second, the diapycnal mixing contributes to the global
mechanical energy budget. To study these impacts, it is necessary to quantify the
double-diffusive fluxes. However, microstructure measurements of the double-
diffusive mixing are scarce, which makes it difficult to obtain a global dataset of
direct flux measurements.

Fortunately, the thermohaline staircases are large enough to be captured by
Conductivity, Temperature and Depth (CTD) measurements from, for example,
hydrographic surveys, Argo floats and Ice Tethered Profilers. Both Argo floats and
Ice-Tethered profilers are robotic oceanographic instruments that sample vertical
profiles of temperature and salinity (Krishfield et al., 2008; Toole et al., 2011;
Argo, 2020). The introduction of the Argo floats in 2000 and the Ice-Tethered
Profilers in 2008, resulted in an enormous increase of subsurface oceanic ob-
servations covering the full ocean (Roemmich et al., 2009). These observations
have increased the knowledge about the role of double diffusion in regions with
frequent occurrences of staircases (e.g., Timmermans et al., 2008; Shibley et al.,
2017).

In Chapter 5, we explore the possibility to automatically detect thermohaline
staircases from vertical temperature and salinity profiles. We identify unique
characteristics of thermohaline staircases and use that to develop a detection
algorithm. We apply this algorithm on profiles of Argo floats and Ice-Tethered
Profilers to obtain a global dataset of thermohaline staircases that can be used to
study the regional and global impact of thermohaline staircases on the properties
of water masses and the global ocean circulation.

What is the contribution of double diffusion to the global mechan-
ical energy budget?

Modeling studies have shown that ocean general circulation models that incor-
porate parameterizations of double-diffusive mixing indicate a weakening of the
AMOC (Gargett and Holloway, 1992; Merryfield et al., 1999; Oschlies et al.,
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2003). Although these ocean models contain many parameterizations, these re-
sults indicate that double-diffusive mixing could impact the global ocean circula-
tion. For example, double diffusion can impact the strength and stability of the
AMOC through its contribution to the global mechanical energy budget.

In Chapter 6, we use the global dataset of thermohaline staircases from Chap-
ter 5 and estimate the contribution of double diffusion to the global mechani-
cal energy budget. Because thermohaline staircases are an indicator of double-
diffusive mixing, we use their global occurrence to quantity the contribution of
double-diffusive mixing on the global mechanical energy budget. We compute
the effective diffusivity of density in each staircase using the flux laws from Kelley
(1990) and empirical estimates from Radko and Smith (2012). The combination
of the effective diffusivity and the occurrence of the staircases leads to the first
ever estimate based on in-situ ocean observations of how much double diffusion
contributes to the global mechanical energy budget.

Can double-diffusive fluxes explain the observed variations of the
properties of AAIW in the Caribbean Sea?

In the Caribbean Sea, TACW is susceptible to double-diffusive mixing due to its
placement between the warm and saline STUW and cold and fresh AAIW. The
thermohaline staircases that arise as a result of this mixing induce a downward
heat and salt flux. Although a tracer release experiment confirmed the presence
of these downward fluxes (Schmitt, 2005), it remains unknown whether these
fluxes actually reach the AAIW layer.

In Chapter 7, we analyze the thermohaline staircases in the Caribbean Sea
and compare their characteristics to the variations in properties of AAIW. In par-
ticular, we use the data from Argo floats that observations in the Caribbean Sea.
We analyze the temperature and salinity characteristics of the mixed layers to
identify whether the vertical fluxes arising from the presence of staircases can af-
fect the property variations in AAIW. Using these results, we estimate the magni-
tude of the double-diffusive fluxes using a set of steady-state advection-diffusion
equations.



Chapter 2

Hydrographic and biological survey of a surface-
intensified anticyclonic eddy in the Caribbean Sea

Abstract

In the Caribbean Sea, mesoscale anticyclonic ocean eddies impact the local ecosys-
tem by mixing of low salinity river outflow with the nutrient-rich waters up-
welling along the Venezuelan and Colombian coast. To gain insight into the
physics and the ecological impact of these anticyclones, we performed a com-
bined hydrographic and biological survey of one Caribbean anticyclone in Febru-
ary 2018. We found that the anticyclone had a radius of 90 km and was surface
intensified with the strongest velocities (0.72 m s−1) in the upper 150 m of the
water column. Below, isopycnal displacements were found down to 700 dbar.
The core of the anticyclone entrained waters from the Orinoco River plume, and
contained slightly elevated chlorophyll concentrations compared to the surround-
ings. At the edge of the anticyclone we observed higher densities of flying fish,
but not higher densities of predators like seabirds and cetaceans. Below the sur-
face, a strong temperature inversion (0.98 ◦C) was present within a barrier layer.
In addition, we found thermohaline staircases that originated from double diffu-
sion processes within Tropical Atlantic Central Water.

Parts of this chapter have been published as: van der Boog, C.G., de Jong, M.F., Scheidat, M., Leopold,
M.F., Geelhoed, S.C.V., Schulz, K., Dijkstra, H.A., Pietrzak, J.D. & Katsman, C.A.: Hydrographic and bi-
ological survey of a surface-intensified anticyclonic eddy in the Caribbean Sea. Journal of Geophysical
Research: Oceans, doi:10.1029/2018JC014877, 2019.

http://dx.doi.org/10.1029/2018JC014877
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2.1 Introduction

In the Caribbean Sea, two major nutrient sources are available: the wind-driven
upwelling along the Venezuelan and Colombian coast and the plumes of the Ama-
zon and Orinoco River that are advected into the basin (Bidigare et al., 1993;
Morell and Corredor, 2001; Gilbes and Armstrong, 2004; Molleri et al., 2010;
Rueda–Roa and Muller–Karger, 2013). These two nutrient sources are mixed
with the oligotrophic surrounding waters by mesoscale eddy activity (Corredor
et al., 2004; Hu et al., 2004; Alvera-Azcárate et al., 2009). The eddies in the
Caribbean Sea are predominantly anticyclonic and have diameters ranging from
50-200 km (Andrade and Barton, 2000; Gaube, 2015). They are generated in the
eastern part of the basin, where the river plumes form strong fronts (Corredor
et al., 2003). The anticyclones intensify on their path westward, while passing
the upwelling region. There, the anticyclones advect cold filaments of nutrient-
rich upwelled waters northwards. Ocean circulation models have been used to
show that this advection results in the offshore cooling of Caribbean surface wa-
ters (Jouanno and Sheinbaum, 2013).

The anticyclones alter the ecosystem by the advection and dispersal of biota
(Ezer et al., 2005) and by the advection of patches containing water from the
river plumes (Corredor et al., 2004). Based on ocean color images, Chérubin and
Richardson (2007) showed that after the river plume arrives the eddy kinetic en-
ergy increases, and they concluded that this enhancement results in considerable
flow variability in the Caribbean coastal ecosystems. At greater depths, the flow is
less variable and susceptible to the formation of thermohaline staircases, which
form from double diffusive processes (Merryfield, 2000). Morell et al. (2006)
suggest that Caribbean eddies, both cyclones and anticyclones, could alter these
staircase structures. Farther downstream, anticyclones influence the frequency
of the shedding of large Loop Current Rings (Oey et al., 2003), a pronounced
oceanic feature in the Gulf of Mexico (Oey et al., 2005).

Despite this impact of the Caribbean anticyclones on the local ecosystem, the
physical processes governing the origin and development of the anticyclones re-
main unclear. Some modeling studies suggest that wind is the dominant driver
(Oey et al., 2003; Chang and Oey, 2013), while others argue, based on ideal-
ized models and surface drifters, that Caribbean anticyclones are formed of rem-
nants of North-Brazil Current (NBC) Rings (Simmons and Nof, 2002; Richardson,
2005). Furthermore, modeling studies show that mixed barotropic-baroclinic in-
stabilities of the Caribbean Current can generate and intensify the anticyclones
(Jouanno et al., 2008, 2009).

Additional observations are necessary to clarify the origin and physics of
the development of the Caribbean anticyclones. Until now, observations were
based on surface drifter data (Molinari et al., 1981; Centurioni and Niiler, 2003;
Richardson, 2005) and satellite altimetry (e.g. Nystuen and Andrade, 1993; Alvera-
Azcárate et al., 2009). Although these studies provide valuable information about
the size and surface properties of the anticyclones, they do not provide details on
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their vertical structure. These can be obtained from dedicated surveys of ed-
dies in the Caribbean Sea (Corredor et al., 2004; Silander, 2005; Morell et al.,
2006; Rudzin et al., 2017). Rudzin et al. (2017) performed upper ocean obser-
vations of a Caribbean anticyclone, and showed that the anticyclone contained a
barrier layer, which is the layer between a shallow halocline and deeper thermo-
cline. Barrier layers store heat below the mixed layer and affect the local weather
when this heat is released (Rudzin et al., 2017). In the other surveys (Corredor
et al., 2004; Silander, 2005; Morell et al., 2006), the emphasis is on the bio-
geochemical properties of cyclones. Although the eddies in the Caribbean Sea
are predominantly anticyclonic, their biogeochemical properties have not been
studied before.

To study the origin, vertical structure and ecological impact of Caribbean an-
ticyclones, we performed a combined biological and hydrographic survey of a
Caribbean anticyclone in February 2018. With these observations, we can de-
duce the origin of this anticyclone and its impact on the local ecosystem. We
provide details on the survey in Section 2.2 and describe the evolution and ver-
tical structure of the targeted anticyclone in Section 2.3. Afterwards, the upper
ocean characteristics (mixed layer, the barrier layer and the thermohaline stair-
cases) of the observations are discussed. The effects of hydrodynamic features
on biological processes are investigated in Section 2.4. The results are summa-
rized and discussed in Section 2.5. An overview of the subsurface hydrographic
properties, including a water mass analysis is given in the Section 2.A.

2.2 Materials and methods

2.2.1 In-situ measurements

Figure 2.1 shows the track of the survey performed between 4 and 11 Febru-
ary 2018 on the RV Pelagia, which started on Aruba and ended in St. Maarten.
The hydrographic data consists of 15 CTD (conductivity, temperature, depth) sta-
tions that were located between the islands Aruba and Hispaniola and underway
data from an aquaflow system. In addition, upper ocean current velocities were
obtained with a Vessel-mounted Acoustic Doppler Current Profiler (VMADCP).
Visual surveys of birds and pelagic megafauna were conducted during daylight
hours along the cruise track. The locations of survey stations were chosen based
on the altimetric signature of an anticyclone in the weeks leading up to the cruise.
Based on these analyses, the center of this 180-km wide anticyclone was expected
north of Aruba at the start of the cruise. Four Argo floats were deployed during
the survey to gain insight on the evolution of the temperature and salinity of
Caribbean waters.

The 75 kHz VMADCP mounted under the RV Pelagia collected flow velocity
data along the transect. While drifting at stations, the VMADCP was turned
off to limit interference with acoustic monitoring of the pelagic fauna. For the
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Figure 2.1: Bathymetry (m) of the eastern Caribbean Sea showing the cruise track (red line)
and track of the center of the eddy (white line). The black circle indicates the location of the
anticyclone, estimated from satellite altimetry, at the time of the survey. The track is obtained
with the py-eddy tracker of Mason et al. (2014, white solid line) and extended with visual
tracking of sea-level anomalies (white dashed line). Hydrographic stations along the cruise
track that were sampled down to the bottom and down to 2000 m are shown with dots and
diamonds, respectively. Red markers indicate a hydrographic stations, yellow markers indicate
hydrographic stations where also Argo floats were deployed. The tracks of the Argo floats from
February 2018 to September 2018 are shown with the yellow solid lines.

results of the acoustic monitoring we refer to de Jong (2018). The VMADCP
provided horizontal current velocities below the vessel down to approximately
600-m depth with a vertical resolution of 16 m. The blanking distance below the
vessel was 25 m. The temporal resolution of the ensembles is 10 min and each
ensemble was averaged over 150 pings. Tidal velocities were estimated with the
TPXO9 model (Egbert and Erofeeva, 2002) and removed from the VMADCP data
with Cascade V7.2 (Kermabon et al., 2018). Furthermore, a quality check of the
VMADCP data was performed by using Cascade V7.2 (Kermabon et al., 2018).

Stations were planned on a line across the anticyclone and continued to the
north outside the eddy to observe the background hydrography of the Caribbean
Sea (Fig. 2.1). The distance between the stations across the eddy is 38.9 km,
which is less than half the radius of the eddy (R= 90 km). North of the eddy the
stations are separated farther apart with a station distance of 61.4 km over the
deep basin. The station distance was smaller (30 km) over the continental slope
close to Hispaniola. Stations 1, 2, 3, 8, 12, 13, 14 and 15 were sampled down to
the bottom. Stations 4, 5, 6, 7, 9, 10 and 11 were sampled down to 2000 m to
save time needed for horizontal resolution.

At each station, vertical profiles of temperature, salinity, oxygen, chlorophyll
and turbidity were obtained with a CTD system. Physical parameters and oxy-
gen were measured with a SeaBird Electronics 911 system, Wetlabs and Chelsea
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Aqua sensors provided measurements of turbidity and chlorophyll (for further
details see de Jong, 2018). At each station, water samples were taken for salinity
calibration. The calibrated CTD data were averaged to vertical bins of 1 dbar. In
addition, nutrients samples for phosphate, silicate, nitrate and nitrite were col-
lected from all 15 stations with the CTD-rosette with a vertical spacing of 25 dbar
in the upper 100 dbar. The vertical spacing increased to 50 dbar down to 250
dbar. Below 250 dbar, nutrient samples were taken every 250 dbar. At each sta-
tion, the sample depth closest to the chlorophyll maximum was adjusted slightly
to specifically sample the chlorophyll maximum. The depth of this maximum was
determined from the downcast of the CTD. Unfortunately, it was not possible dur-
ing this cruise to perform water sample analysis of oxygen and chlorophyll. We
therefore focus on relative differences within and between profiles, rather than
absolute values. Two Argo floats were deployed at station four and single Argo
floats were deployed at stations six and ten (yellow dots in Fig. 2.1). These
Argo floats sampled temperature and conductivity every 3 days from the surface
down to 2000 dbar to gain insight in the variability of these properties within the
Caribbean Sea. During these 3 days, the floats had a parking depth of 500 dbar
to avoid grounding on shallow topography downstream.

Surveys of pelagic megafauna took place during daylight hours whenever RV
Pelagia was sailing. The observation platform is located on top of the bridge, at 9
m above sea level. Seabirds, marine mammals and flying fish (when visible) were
recorded by a team of 2-4 observers, within a 300 m wide strip on the side of the
vessel that offered the best viewing conditions. In addition to these strip counts,
all animals seen within a 180◦ scan ahead (port to starboard) were recorded
(Tasker et al., 1984). All animals seen were logged per 10-minute counts. The
behavior of observed birds and marine mammals was noted according to the
standardized coding method described in Camphuysen and Garthe (2004). In
addition, the central position and time, as well as environmental conditions were
recorded for each 10-minute count.

2.2.2 Complementary data

Prior to, during and following the survey, the evolution of the anticyclone was
studied with gridded sea-level anomaly fields from satellite altimetry. These fields
with a resolution of 0.25◦ were downloaded from the Copernicus Marine Envi-
ronment Monitoring Service (CMEMS, http://marine.copernicus.eu). The track
of the anticyclone was obtained from the gridded sea-level anomaly (SLA) fields
with the py-eddy tracker of Mason et al. (2014) that identified circular SLAs as
eddies. Negative anomalies were identified as cyclones, positive anomalies as
anticyclones. If a SLA signal was not sufficiently circular in shape, it was not con-
sidered an eddy. To detect the origin of the disturbance, the track obtained with
the py-eddy tracker was extended by visual analysis of the altimetry product.

In addition to the gridded sea-level anomaly fields, we applied the py-eddy
tracker to daily fields of the global forecast available from CMEMS. The forecast-
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ing model, referred to as Mercator, is based on NEMO (Madec et al., 2015). In
this model, the sea-level anomaly fields of the satellite altimetry and in-situ tem-
perature and salinity profiles of the Argo floats are assimilated. The model has a
spatial resolution of 1/12◦.

Globcolour images were used to analyze the spatial distribution of surface
chlorophyll (Bertrand et al., 2009). These gridded images are a merged prod-
uct from multiple satellite missions and have a spatial resolution of 4.63 km
(4.63×4.63 km2) and temporal resolution of one day. The images were gen-
erated using CMEMS products at the production centre ACRI-ST. The salinity
anomaly of the surveyed anticyclone was analyzed with the along-track salin-
ity observations from the Level 2 Ocean Salinity Output from the Soil Moisture
and Ocean Salinity (SMOS) satellite obtained from the European Space Agency
(http://earth.esa.int).

2.3 Upper ocean characteristics

2.3.1 Eddy characteristics

The targeted anticyclone was first detected by the py-eddy tracker as a coherent
structure on 28 December 2017. At that time, the Mercator model indicated that
the anticyclone had a surface salinity of 34.6 psu and temperature of 28.6 ◦C.
The anticyclone became more saline and colder on its path westward which can
be attributed to mixing with the surrounding (colder and more saline) waters
and to interaction with the atmosphere. The visual analysis of the altimetry
data suggested that the anticyclone originated from a disturbance which could
be traced back to Grenada Passage on 11 September 2017 (Fig. 2.1). On average,
the anticyclone had a westward propagation velocity of 0.1 m s−1, which is in the
order of the mean zonal velocity of the Caribbean Current (Richardson, 2005).

At the time of the survey, the center of the anticyclone was located at 14.1◦N
and 69.8◦W. The SLA and geostrophic velocities from altimetry data show that
the center of the anticyclone was captured by our observations (Fig. 2.2). The
near surface velocity field obtained from the ADCP is similar to that derived from
satellite altimetry, and it suggests that the eddy was close to geostrophic balance.
This is confirmed by the low Rossby and Burger numbers of the anticyclone (Table
2.1). The largest surface speed (0.72 m s−1) was found 90 km south of the
center of the anticyclone, while the flow 90 km north of the anticyclone was
weaker (0.41 m s−1). This difference in surface velocity was induced by the
Caribbean Current, which interacted with the southern part of the anticyclone at
that moment. The diameter of the anticyclone was 180 km.

Satellite altimetry indicated that the anticyclone had a SLA of 0.20 m during
the survey (Fig 2.3a). The VMADCP velocities show that the anticyclone was
surface-intensified, with the strongest velocities (>0.5 m s−1) in the upper 150
m of the eddy (Fig. 2.3b). Below that depth, the swirl velocities were smaller
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Table 2.1: Eddy characteristics at 5 February 2018. The amplitude is obtained from altimetry.
The velocity, depth scale and radius are obtained from the VMADCP. The vertical stratification
is taken from the CTD measurements. The minimal and maximum Brunt-Väisälä frequency,
Burger number are both indicated. Other parameters used to estimate the variables are f0 =
1.4×10−4 s−1, g = 9.81 m s−2 and ρ0 = 1028 kg m−3.

sea-surface height amplitude A 0.20 m
swirl velocity U 0.41-0.72 m s−1

depth scale D O (150 m)
radius R 90 km
Rossby number Ro= U

f0R 0.03-0.06

Brunt-Väisälä frequency N =
Ç

− g
ρ0

∂ ρ
∂ z 0 - 0.03 s−1

Burger number Bu= N2 D2

f 2
0 R2 0 - 0.12

Figure 2.2: Gridded sea-level anomaly (m) on 5 February 2018 with the geostrophic surface
velocities (grey vectors) obtained from gridded altimetry from E.U. Copernicus Marine Service
Information. The cruise track is indicated by the solid black line. The black arrows show the
velocities of the ADCP, averaged over the upper 25-35 m (below the blanking distance). The
white line indicates the track of the anticyclone.
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than 0.1 m s−1. The weak velocities were induced by small isopycnal displace-
ments, which were found down to 700 dbar. This implies that the anticyclone was
baroclinic and had a relatively weak barotropic component. It is plausible that
the weak isopycnal displacements were induced by the mass of the anticyclone
above, meaning that only the surface waters were advected with the anticyclone.
This view is supported by the path of the Argo floats, which were deployed in the
core of the anticyclone. These Argo floats had a parking depth of 500 dbar and
diverted from the path of the anticyclone after deployment (Fig. 2.1).

The surface-intensified velocity structure of the anticyclone is clearly visible
in the vertical shear of the anticyclone (Fig. 2.3c). The shear is strongest at the
flanks of the anticyclone between 13◦N and 15◦N below the thermocline (red line
in Fig. 2.3c), which indicates that the strongest velocities of the anticyclone are
confined to the isothermal layer. In line with Mignot et al. (2012), we defined the
depth of the thermocline (DT ∗−0.2) as the depth where the temperature decreased
by 0.2 ◦C compared to the temperature of the mixed layer. The depth of the
halocline (DS∗±0.06) was defined as the depth where the salinity deviates from the
salinity of the mixed layer (S∗) by ∆SA = 0.06 g kg−1. Interestingly, the strongest
shear was not found at the bottom of the mixed layer, but it was found deeper
below the thermocline.

The surface of the anticyclone was less saline (∆SA = −0.2 g kg−1) and
warmer (∆T = +0.2 ◦C) than the surrounding waters (Fig. 2.3d,e). The com-
bined temperature and salinity difference of the anticyclone corresponds to a
surface density difference of ∆ρ = −0.46 kg m−3 between the core of the anti-
cyclone and the surface waters to the north. The maximum temperature of the
anticyclone was 28.0 ◦C and was located at approximately 90 dbar (Fig 2.3d).
This subsurface maximum reflects a temperature inversion and is discussed in
Section 2.3.3.

The combination of the salinity anomaly of the anticyclone and the slightly
(but significant) elevated silicate levels (Supplementary Fig. 2.9e), suggested
that the anticyclone entrained river outflow. Apparently, the anticyclone origi-
nated at Grenada Passage close to the outflow of the Orinoco River in September
2017. At that time, the discharge of the Orinoco River was high (Fig. 2.4a), while
the plume of the Amazon River had not yet arrive at this location. This made it
plausible that the anticyclone entrained water from the Orinoco River plume and
propagated westward with the mean flow. We found in sea-surface salinity ob-
servations from the ’Soil Moisture and Ocean Salinity’ satellite that a few days
prior to the cruise, on 29 January 2018, the core of the anticyclone contained a
low salinity anomaly (Fig. 2.4b), of which a weak signal was still observed at the
time of the cruise (Fig. 2.3e). This view is in line with the results of the Mercator
model, where the salinity of the anticyclone was relatively low at the start of the
track (34.6 psu) and increased on its path westward.

The evolution of the anticyclone after the survey was analyzed with grid-
ded SLA obtained from satellite altimetry and from the output of the Mercator
model. This analysis showed that the surveyed anticyclone interacted with a
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Figure 2.3: (a) Sea-level anomaly (cm) at 5 February 2018 from satellite gridded altimetry
obtained from CMEMS. (b) Zonal velocity (m s−1) along the cruise track. Positive velocities are
in eastward direction. The hatched regions indicate where VMADCP data were rejected due
to poor backscatter. The black contour lines show the isopycnals. (c) Vertical shear of zonal
velocity (s−1) along the cruise track. (d) Conservative temperature (◦C) obtained from CTD
profiles. The black contour lines show temperature deviations from the mean temperature
profile. (e) Absolute salinity (g kg−1). The black contour lines show salinity deviations from
the mean salinity profile. Both temperature and salinity are interpolated along the survey from
the profiles obtained at the stations. The thermocline and halocline, indicated with the red
and orange line respectively, were computed following Mignot et al. (2012).
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Figure 2.4: Sea-surface salinity from the ’Soil Moisture and Ocean Salinity’ satellite at (a) 28
September 2017 and (b) 29 January 2018. The approximate formation region of the anticy-
clone is indicated with the red cross. The location of the anticyclone at 29 January 2018 was
obtained from satellite altimetry with the py-eddy tracker and is indicated with the red cross.

second anticyclone (SLA = +0.29 m) that was located at 16.6◦N and 75.4◦W
during the survey (Fig. 2.2). This first resulted in a small weakening of the
sea-level anomaly signal of the surveyed anticyclone (SLA = +0.18 m). On 13
March 2018, the two anticyclones merged into one anticyclone with a maximum
sea-level anomaly of SLA = +0.30 m that propagated farther westward. Previ-
ous modeling studies suggested that Caribbean anticyclones get more energetic
on their path westwards through baroclinic instabilities (Carton and Chao, 1999;
Jouanno et al., 2009). More specifically, as discussed in Chapter 4 of this thesis,
the westward growth of the anticyclones is thought to be related to the upwelling
along the South-American coast. However, the merging process of this particu-
lar anticyclone illustrates that anticyclones can also get more energetic through
merging and indicates that not all anticyclones develop in the same manner.

2.3.2 Mixed-layer depth and chlorophyll

The Caribbean Sea has a seasonal cycle in mixed layer depths driven by the
north-south movement of the Intertropical Convergence Zone and the associated
intensification of the northeasterly trade winds over the basin during boreal win-
ter (Taylor and Alfaro, 2005). Montoya–Sánchez et al. (2018) determined a cli-
matology of air-sea heat exchange and mixed layer depth using atmosphere and
ocean reanalyses. They conclude that surface cooling and mixed layer deepening
is predominantly caused by the latent heat loss caused by the trade winds. Win-
ter mixed layer depths are typically around 50 m depth, with slightly shallower
depths (≈ 30 m) in the Southern Caribbean due to upwelling induced shoaling
of isopycnals and slightly deeper (> 60 m) towards the north. Maximum mixed
layer depths are typically reached in February, at the end of the cooling season
(Montoya–Sánchez et al., 2018).
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Figure 2.5: (a) Chlorophyll-a fluorescence concentrations (mg m−3) along the hydrographic
section. The thermocline and halocline, indicated with the red and orange lines respectively,
were computed following Mignot et al. (2012). (b) Surface chlorophyll concentrations from
merged satellite products at 5 February 2018 obtained from E.U. Copernicus Marine Service
Information. The cruise track is shown by the black line and the location of the eddy is indi-
cated by the white circle. Note the logarithmic color scale.

Our survey coincided with this cooling season. During the survey, winds mea-
sured and recorded by the underway logging system were consistently from the
northeast with speeds of 10.0±1.7 m s−1. The mixed layer at the CTD stations
was confined by the halocline that separated the relatively fresh Caribbean sur-
face waters from the saline subtropical underwater (see Section 1.5). The mixed
layers depth was between 40 and 80 dbar, with the deeper mixed layers located
in the center of the anticyclone and on the northern side of the section (Fig.
2.5a).

The mixed layer itself was depleted of nutrients, with PO4 and NO3 + NO2

concentrations below 0.1 µmol l−1 and silicate concentration around 2 µmol l−1,
and low values for near-surface chlorophyll concentration (Supplementary Fig.
2.9). Below the mixed layer, concentrations increased sharply (Fig. 2.5a). This
sharp increase, which was still in the photic zone, coincided with a maximum
in nutrients. At the core of the anticyclone, the deep chlorophyll maximum was
found inside the barrier layer (outlined by the red and orange lines in Fig. 2.5a),
while it was located below the barrier layer outside the anticyclone.

In general, the Caribbean Sea is considered as an oligotrophic region, where
the main region of productivity is found along the southern boundary (Muller–Karger
et al., 1989; Muller–Karger and Castro, 1994), which is sustained by upwelling
along the Venezuelan coast (Rueda–Roa and Muller–Karger, 2013). Farther north,
increases in plankton are attributed to the more nutrient rich inflow from the
Amazon and Orinoco rivers (Muller–Karger et al., 1989; Hu et al., 2004).

The spatial gradient, seen in the chlorophyll data from the merged satellite
product (Fig. 2.5b), highlights lower concentrations chlorophyll north of the po-
sition of the anticyclone, which is similar as observed during the survey (Fig.
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2.5a). These weak spatial changes at the surface were in strong contrast to the
much higher subsurface chlorophyll signal (Fig. 2.5a). Higher surface concen-
trations were found south of the anticyclone, where strong trade winds forced
coastal upwelling (Fig. 2.5b).

At the core of the anticyclone, the observed surface chlorophyll concentra-
tion was enhanced (doubled in fact) compared to surrounding surface waters,
although it was still quite low (Fig. 2.5). Mesoscale eddies are known to alter
the chlorophyll concentrations in various ways. The dominant mechanism is the
horizontal advection of phytoplankton in the periphery of eddies (Chelton et al.,
2011a; Gaube et al., 2014). Chlorophyll anomalies can also be trapped in the
core of the eddies (Early et al., 2011), of which the properties are altered by eddy-
induced upwelling or downwelling (Gaube et al., 2013). In general, cyclones are
considered more productive than anticyclones (Falkowski et al., 1991), but re-
cently Dufois et al. (2016) showed that during winter anticyclones can be more
productive than cyclones due to winter mixing in some parts of the Caribbean.

The elevated surface chlorophyll concentration inside the anticyclone implies
that the anticyclone was more productive than its surroundings (Fig 2.5a). As we
did not observe elevated levels of NO3+NO2 concentrations in the core of the an-
ticyclone (Supplementary Fig. 2.9f), it is unlikely that the observed enhancement
is due to increased winter mixing. However, we found that these higher values
coincide with slightly elevated silicate concentrations (Supplementary Fig. 2.9e),
which we associated with the advection of the Orinoco River plume. Eastwards of
the anticyclone, surface chlorophyll values were higher compared to those in the
anticyclone (Fig. 2.5a). This offshore local maximum in surface chlorophyll east
of the surveyed anticyclone was due to the offshore advection of nutrient-rich
filaments of upwelled waters (Fig. 2.5b). At that location, a cyclone and anti-
cyclone were present (Fig. 2.2). Apparently, these eddies (67◦W, 14◦N) trapped
positive chlorophyll anomalies and advected these to the north.

2.3.3 Barrier layer and temperature inversion

In the previous section, it was shown that the low salinity in the core of the
anticyclone and the elevated productivity suggests that the anticyclone entrained
waters from the Orinoco River plume. In combination with the larger mixed
layer depth inside the anticyclone, the anticyclone became more susceptible for
the formation of a thick barrier layer. Previous studies showed indeed that the
surface waters in the Caribbean Sea are susceptible to the formation of barrier
layers (Mignot et al., 2007; Rudzin et al., 2017). A barrier layer, defined as the
layer between the top of the halocline and the top of the thermocline (Pailler
et al., 1999), forms as a result of specific thermal and haline forcing (de Boyer
Montégut et al., 2004). In general, heat is trapped in the barrier layer, which is
released once the barrier layer gets eroded by intense atmospheric forcing (de
Boyer Montégut et al., 2004). This heat release affects the heat transfer between
the ocean and atmosphere, which has a potential important climatic impact (de



2.3. Upper ocean characteristics 29

Figure 2.6: (a) Absolute salinity profile of the upper 180 dbar of the water column at station 4.
The orange solid line shows the depth of the halocline at that location. The grey shaded area
indicates the depth over which the mixed layer salinity (S∗) is determined. (b) Conservative
temperature profile at station 4. The red solid line shows the depth of the thermocline, which
was defined as the depth where the temperature decreased with 0.2 ◦C compared to the tem-
perature of the mixed layer. The grey shaded area indicates the depth over which the mixed
layer temperature (T ∗) is determined. (c) Magnitude of the temperature inversion, defined
as the temperature of the barrier layer minus the temperature of the mixed layer along the
hydrographic section. The depth of the halocline and thermocline are indicated by the orange
and red lines, respectively.

Boyer Montégut et al., 2004). For example, in the Caribbean Sea, this release of
heat might enhance the growth of tropical cyclones (Balaguru et al., 2012).

The barrier layer thickness (BLT) is used as a proxy for the effects and strengths
of the barrier layer (McPhaden and Foltz, 2013). During the hydrographic sur-
vey, a barrier layer was present in the southern part of the basin (Fig. 2.6a).
The thickest layers were observed within the core and at the periphery of the
anticyclone (BLT = 35 ± 1 dbar). This is in line with observations of Rudzin
et al. (2017), who found thicker barrier layers inside than outside their surveyed
anticyclone.

In general, a strong halocline allows for the formation of temperature inver-
sions inside barrier layers (Mignot et al., 2012). These temperature inversions
have a strong seasonal cycle. The barrier layer warms due to solar radiation in
summer (Masson and Delecluse, 2001). This heat is trapped in fall, when the
mixed layer becomes less saline due to the river outflow (Mignot et al., 2007).
During winter months, the mixed layer is cooled by the atmosphere, which leads
to convective mixing (Montoya–Sánchez et al., 2018). This mixing tends to erode
the top of the barrier layer, and is limited by a strong halocline, allowing summer
temperatures to be maintained in the barrier layer, and creating a temperature
inversion (Mignot et al., 2012).

During the survey, several temperature inversions were observed, which shows
that the halocline was sufficiently strong to maintain a stable density stratifica-
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tion (Fig. 2.6c). The strongest temperature inversion (+0.96 ◦C) was found in
the thickest (≈35 dbar) and deepest (≈90 dbar) barrier layer. This is in line with
Girishkumar et al. (2013) who showed that the magnitude of the temperature
inversion correlates with the thickness of the barrier layer. The strongest tem-
perature inversion was located at the core of the anticyclone, where low salinity
anomalies in the mixed layer strengthened the salinity stratification. Further-
more, the barrier layer was located deeper in the water column due to the low
density of the anticyclones. Both the salinity stratification and the deeper place-
ment of the barrier layer are favorable conditions for the formation of tempera-
ture inversions (Mignot et al., 2007; Girishkumar et al., 2013).

2.3.4 Thermohaline Staircases

Below the mixed layer and barrier layer, a layer of strong vertical shear separated
the surface-intensified flow from the weak flow below (Fig. 2.3b,c). At the depth
of these weak velocities, the temperature and salinity profiles obtained with the
CTD clearly displayed thermohaline staircases (Fig. 2.7a,b). Similar staircase
structures have been found before in this region (e.g. Lambert and Sturges, 1977;
Morell et al., 2006). They are formed by double diffusive mixing (salt fingers)
between a warm and saline layer and a colder and fresher layer below. Double
diffusive mixing occurs when the amount of turbulent mixing is low and the
water mass has a low density ratio (Rρ, Merryfield, 2000), defined as:

Rρ =
αTz

βSz
, (2.1)

where Tz and Sz are the vertical gradients of potential temperature and absolute
salinity, respectively. Here, α is the thermal expansion coefficient and β the haline
contraction coefficient. If the density ratio is lower than 4, staircases may be
observed in the ocean (Merryfield, 2000).

During the survey, staircases were present between 250 and 600 dbar in the
density range of 26.6-27.2 kg m−3 with a density ratio of Rρ = 1.7±0.2 at σ0 = 27
kg m−3. Due to the meridional slope of the isopycnals, the staircases are found
slightly higher in the water column in the south (Fig. 2.7). Below the anticy-
clone, staircases were observed slightly deeper in the water column due to the
eddy-induced isopycnal displacement. The staircases consisted of homogeneous
layers with a thickness of 2-31 dbar. Most staircases were found within Tropi-
cal Atlantic Central Water (TACW, see Section 2.A), where the temperature and
salinity both decreased with depth, from the warm and saline STUW above to-
wards the cold and less saline Antarctic Intermediate Water (AAIW) underneath.
Staircase structures were weaker outside the TACW layer (Fig. 2.7c), where the
deep salinity minimum was slightly higher (Supplementary Fig. 2.9b).

The four Argo floats that were deployed have a parking depth of 500 dbar, so
at the depth of the staircase structures. As a result, the floats were advected with
the staircases. Their profiles revealed that the staircases were persistent, and
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Figure 2.7: (a) Conservative temperature (◦C) profiles and (b) absolute salinity (g kg−1) pro-
files obtained with the CTD, between 250 and 650 dbar. σ-contours are indicated. Each profile
is projected upon the latitude of the station, indicated with the dashed black lines. The green
lines show to the density contours along the track. (c) The number of staircases that were
found in each profile.

that most staircases remained coherent structures for several weeks to several
months. From deployment until September 2018, staircases were present at σ0 =
26.6− 27.2 kg m−3. Within this layer, the average value of the density ratio was
Rρ = 2.5±1.3 at σ0 = 27.0 kg m−3. A more detailed analysis of the thermohaline
staircases in the Caribbean Sea is presented in Chapter 7 of this thesis.

2.4 Ecological implication

The ecological impact of the surveyed anticyclone on the higher trophic levels
was studied with a survey of the pelagic megafauna. The Caribbean Sea is known
to be a global-scale hot spot for marine biodiversity (Roberts et al., 2002), but the
marine biodiversity in the offshore and deep parts of the basin is under-sampled
(Miloslavich et al., 2010). In general, the coastal regions have a higher pri-
mary production (Andrade and Barton, 2005), and are more biodiverse than the
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Figure 2.8: (a) Number of flying fish (NFish) observed along the track per 10-minute count.
(b) Number of birds (NBirds) observed per 10-minute count. (c) Surface temperature (T),
salinity (SA) and density anomaly (σ0) as observed with the ship-board thermo-salinograph.
The shaded grey regions indicate locations without observations during stations (top bar) and
during nights (2nd bar). These periods without observations are also indicated by the shaded
grey in panels a, b and c. The dark grey solid line distinguishes the first part of the track
(northward; hydrographic survey) from the second part (eastward en route to St. Maarten).

oligotrophic offshore waters (Miloslavich et al., 2010). However, the dispersal of
nutrient-rich upwelled waters and the advection of the river plumes by mesoscale
anticyclones locally increase the productivity offshore.

In general, fish are known to be concentrated at fronts (Paramo et al., 2003;
Wells et al., 2017), and the fronts of anticyclones are associated with upwelling
(Seki et al., 2001; Bakun, 2006; Gaube et al., 2013). We observed a relatively
high number of flying fish in coastal areas (Fig. 2.8a), and a peak of flying
fish was observed at 15◦N (Fig. 2.8a) that coincided with the northern front of
the anticyclone (Fig 2.8c). Note that this front was observed with the thermo-
salinograph short after station 7, while the peak of flying fish was observed before
station 7. Shortly after station 7, the sea-surface salinity increased with approxi-
mately 0.2 g kg−1, and sea-surface temperature decreased with 0.3 ◦C from south
to north. At the northern front, the depth of the mixed layer was slightly shal-
lower (40 dbar), which might be related to frontal upwelling (Fig. 2.5a). At the
southern front of the anticyclone, we did not observe a similar peak of flying fish.
The southern front of the anticyclone coincided with a strong coastal jet, and
the depth of the mixed layer was slightly deeper (60 dbar). Also, small positive
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anomalies of NO3 + NO2 at both fronts suggests frontal upwelling (Supplemen-
tary Fig. 2.9f). Note that we do not have observations of fauna near the center
of the eddy as these parts were surveyed during the night.

Along the 542 km that could be surveyed during daylight hours, we recorded
in total 15 birds species, of which Brown Booby was the most abundant (n =
276; 62 % of all birds recorded). It was seen throughout the whole survey area,
but numbers were low during the northbound transects from Aruba to Hispan-
iola, i.e., in the region of the eddy studied. We found very low bird densities
in the central Caribbean and along the northern front of the anticyclone (Fig.
2.8b), while potential prey (flying fish) seemed abundantly present (Fig. 2.8a).
That seabirds were largely absent from the central Caribbean may be explained
by the generally low numbers of birds remaining in the Caribbean, due to loss of
breeding habitat during the last century (Van Halewijn and Norton, 1984; Lowrie
et al., 2012; Leopold et al., 2019). The remaining birds might not need to ven-
ture far offshore from their breeding colonies around the Caribbean Sea, since
there is less competition today for prey closer to the breeding colonies, as seabird
have been depleted (Ashmole, 1963). In addition, the availability of prey far
offshore might be unpredictable, so that other parts of the Caribbean might offer
more predictable feeding opportunities, such as the coastal upwelling zones in
the south of the basin. Far offshore, seabirds may have to rely on other predators
that drive fish to the surface, such as large fish or cetaceans. Very few of these
were seen during the survey.

2.5 Summary, discussion and conclusions

We conducted a hydrographic and biological survey of a Caribbean anticyclone to
gain insight into its origin, vertical structure and ecological impact. The 180-km
wide anticyclone was surface intensified with the highest velocities located in the
upper 150 m and along the southern perimeter of the anticyclone. Below 150 m,
weaker velocities were observed, which might be caused by the passage of the
shallow anticyclone above.

The anticyclone originated near Grenada Passage, which is similar to the
anticyclone surveyed by Rudzin et al. (2017). Based on the low salinity and
elevated silicate concentrations in the core of the anticyclone, we suggest that
the anticyclone entrained surface waters originating from the Orinoco River. This
is another source of salinity anomalies than suggested by Rudzin et al. (2017),
who suspected that these anomalies originated from an NBC Ring. Ffield (2005)
showed that the salinity of NBC Rings depends on the position of the Amazon
River plume. The salinity anomalies found in this study as well as in the study
of Rudzin et al. (2017) therefore highlight the importance of the Amazon and
Orinoco River plumes on the formation and properties of Caribbean anticyclones.

The elevated silicate levels in the anticyclone coincided with an elevated
chlorophyll concentration. This surface chlorophyll concentration in the cen-
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ter of the anticyclone was much lower than that in the nutrient-rich upwelling
regions, and lower than that at the deep chlorophyll maximum. This is in agree-
ment with previous observations that the offshore regions in the Caribbean Sea
are oligotrophic (Muller–Karger et al., 1989; Muller–Karger and Castro, 1994).
However, the small surface increase in chlorophyll concentration compared to
the surroundings was significant and highlights that Caribbean anticyclones can
be productive, and thus can transport isolated ecosystems from the eastern to the
western part of the basin.

The deep chlorophyll maximum was located below the mixed layer inside
the barrier layer. The thickest barrier layers, which also contained a strong tem-
perature inversion, were located in the core of the anticyclone. Based on Argo
float profiles, de Boyer Montégut et al. (2007) found that maximum temperature
inversions (0.6 ◦C in the Caribbean) occur in November and December. Although
our survey took place in February, we observed much stronger temperature in-
versions (up to 0.98 ◦C) than found by de Boyer Montégut et al. (2007). Because
temperature inversions form in winter as the mixed layer cools, we suggest that
the expected magnitude of temperature inversions can be larger in late winter
(February) than in early winter (November/December) if the barrier layer is lo-
cated deep enough. This implies that previous estimates might have underesti-
mated the magnitude of temperature inversions, and that the heat trapped in the
barrier layer is higher than expected. This could have important consequences, as
this heat can be released during intense atmospheric forcing (de Boyer Montégut
et al., 2007) and might be an additional energy source for developing hurricanes
in this region.

Below the barrier layer, weak velocities due to isopycnal displacement were
found. Because the sea-level signature of the anticyclone and the tracks of the
Argo floats that were deployed in the core of the anticyclone did not follow simi-
lar paths, it is plausible that waters at 500 dbar were not advected with the anti-
cyclone. Therefore, we approximated the depth of the anticyclone to be 150 m,
at the lower bound where we observed the highest velocities and where the shear
decreases to the background value. This is shallower than the two estimates from
previous observations of Caribbean anticyclones, where Rudzin et al. (2017) and
Silander (2005) estimated depths of 500 m and 1400 m, respectively. Although
these differences seem large, the anticyclone observed by Silander (2005) had a
similar surface-intensified flow structure. Also the velocities of the anticyclone
observed by Rudzin et al. (2017) have a surface-intensified pattern, which re-
veals the possibility that all three anticyclones were shallow and the weak isopy-
cnal displacement at depth was induced by the anticyclone above. Therefore, we
think that most Caribbean anticyclones transport only water in the upper layer,
while the passage of the shallow anticyclone induces a weak depression of the
isopycnals at larger depths.

Below the anticyclone, we observed thermohaline staircases in the TACW
layer. Based on the tracks of the deployed Argo floats, we showed that the ther-
mohaline staircases were not advected with the anticyclone. This is in line with
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the observation that the anticyclone was shallow and that the weak isopycnal dis-
placements in this layer were induced by the presence of the anticyclone above.
This might also explain why we did not find a clear difference in staircase pres-
ence between the core and the periphery of the anticyclone, in contrast to pre-
vious studies (Silander, 2005; Morell et al., 2006; Bebieva and Timmermans,
2016).

The presence of the anticyclone altered the local ecology slightly, as shown
by elevated chlorophyll concentrations in the core. The anticyclone contained
a source of nutrients (Si) and a peak of flying fish was observed at its northern
front. However, it seemed to be too far offshore to attract birds. The low densities
of birds that were observed are a matter of concern and could be related to the
loss of breeding habitat offshore (Van Halewijn and Norton, 1984; Lowrie et al.,
2012; Leopold et al., 2019).
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2.A Distribution of water masses

The Caribbean Sea is highly stratified, and contains six water masses with dis-
tinctive properties (Morrison and Nowlin, 1982; Hernández–Guerra and Joyce,
2000). The surface waters of much of the Caribbean Sea consist of Caribbean
Surface Water (CSW) that is characterized by salinities below 36 psu (Morrison
and Nowlin, 1982). In general, marine nutrients are limited in CSW (Hansell
and Follows, 2008), except during periods of maximum river discharge of the
Amazon and Orinoco Rivers when CSW is mixed with the silicate-rich river out-
flow (Froelich Jr. et al., 1978; Corredor and Morell, 2001). This mixing results in
the dispersal of patches of low salinity anomalies that can be found up to several
hundreds of kilometers from the river outflow and can be identified by an ele-
vated silicate concentrations (Morell and Corredor, 2001; Corredor and Morell,
2001). In our observations, CSW had an average temperature and salinity of
T = 26.9 ± 0.2 ◦C and SA = 35.8 ± 0.1 g kg−1, respectively (Supplementary Fig
2.9a,b).

A strong halocline separates CSW from the saline Subtropical Underwater
(STUW) (Morrison and Nowlin, 1982; O’Connor et al., 2005). STUW is charac-
terized by salinities (SP) exceeding 37 psu. It originates from regions with high
evaporation in the central tropical Atlantic Ocean and enters the Caribbean Sea
in the northeast (Fig. 1.4, Wüst, 1964; Morrison and Nowlin, 1982; Montes
et al., 2016). The depth at which STUW is found decreases towards the Venezue-
lan coast, where it is upwelled and transports nutrients towards the surface
(Rueda–Roa and Muller–Karger, 2013; Montes et al., 2016). In line with Morri-
son and Nowlin (1982) and Hernández–Guerra and Joyce (2000), we found the
highest salinities in the northern part of the basin where the STUW is less diluted
(Supplementary Fig. 2.9b). In addition, we found that the core of the STUW fol-
lowed the σ0 = 25.2 kg m−3 isopycnal and varied in depth over the hydrographic
section between 100 and 150 dbar.

Small patches of Sargasso Sea Water (SSW) enter the Caribbean Sea through
the Anegada-Jungfern Passage at approximately 300 dbar (Fig. 1.4,aging Mor-
rison and Nowlin, 1982). SSW can be identified by (slightly) elevated levels of
oxygen concentrations. The signal weakens along its path towards the southern
part of the basin, because of the aging of this water mass (Kinard et al., 1974). We
identified patches of SSW by oxygen concentrations that were approximately 10
µmol l−1 higher than the surrounding values (Supplementary Fig. 2.9c). These
patches followed the σ0 = 26.4 kg m−3 isopycnal, which sloped upward towards
150 dbar near the Venezuelan coast.

Below the patches of SSW, an oxygen minimum indicated the presence of
Tropical Atlantic Central Water (TACW, Supplementary Fig 2.9c). TACW origi-
nates in the tropical Atlantic Ocean and enters the Caribbean Sea through the
southeastern passages (Fig. 1.4, Kinard et al., 1974; Morrison and Nowlin,
1982). Although the origin of this oxygen depletion in this layer remains unclear,
the mean current pattern suggest that TACW originates near Angola (Portela
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Supplementary Figure 2.9: Section of conservative temperature (T), absolute salinity (SA),
oxygen (O2), phosphate (PO4), silicate (Si) and combined nitrate and nitrite (NO3 + NO2)
along the cruise track. Indicated water masses are AAIW= Antarctic Intermediate Water, CSW
= Caribbean Surface Water, NADW = North Atlantic Deep Water, SSW = Sargasso Sea Water,
STUW= Subtropical Underwater, TACW= Tropical Atlantic Central Water. The white contour
line indicate the isopycnals in the core of a water mass. The black contour lines show positive
(solid) and negative (dashed) anomalies from the depth-averaged mean for O2 (contour drawn
at 15 µmol l−1), PO4 (contour drawn at −0.05 and 0.05 µmol l−1), Si (contour drawn at −0.2
and 0.2 µmol l−1) and NO3 + NO2 (contour drawn at −0.5 and 0.5 µmol l−1)



38 Chapter 2. Hydrographic survey of a Caribbean anticyclone

et al., 2018). We found that the core of TACW (O2 < 120 µmol l−1) was lo-
cated at the σ0 = 27.1 kg m−3-isopycnal at approximately 500 dbar and had a
temperature of 9.3± 1.2 ◦C and a salinity of 35.2± 0.2 g kg−1.

Antarctic Intermediate Water (AAIW) enters the Caribbean Sea through the
same passages as TACW, but at greater depths (Fig. 1.4). AAIW can be identi-
fied by a salinity minimum and a phosphate and nitrate maximum (Morrison and
Nowlin, 1982). This water mass originates from the Southern Ocean and prop-
agates northward into the Atlantic Ocean at depths ranging between 500 and
1000 m (Tsuchiya, 1989). Supplementary Figure 2.9b,d,f shows that the core of
AAIW was located at approximately 700 dbar. The core had an average salinity
of 35.0± 0.02 g kg−1 and a temperature of 6.6± 0.4 ◦C.

The deep waters of the Caribbean Sea consist of strongly diluted North At-
lantic Deep Water (NADW, Joyce et al., 1999). This water mass originates from
the North Atlantic Ocean and enters the Caribbean Sea through Anegada-Jungfern
Passage in the northeast of the Caribbean Sea (Fig. 1.4, Morrison and Nowlin,
1982). Because this deep passage is shallower than the depth of the Caribbean
Sea, the deeper parts of the Caribbean Sea are not in contact with the rest of
the Atlantic Ocean. In line with previous observations (Morrison and Nowlin,
1982; Joyce et al., 1999), we found that NADW was vertically homogeneous be-
low 1800 dbar (Supplementary Fig. 2.9) and had an average temperature of
3.91± 0.03 ◦C and an average salinity of 35.2± 10−3 g kg−1.



Chapter 3

Generation of vorticity by flow-topography interaction:
Anticyclones in the Caribbean Sea

Abstract

Mesoscale anticyclonic eddies dominate the sea-surface height variability in the
Caribbean Sea. Although it is well established that these anticyclones are formed
near the eastern boundary of the Caribbean Sea, which is demarcated by the
Lesser Antilles, the source of their anticyclonic vorticity remains unclear. To gain
insight into this source, we analyze the fluxes of vorticity into the Caribbean at
its eastern boundary using a high-resolution numerical model. We find that the
anticyclonic vorticity in the eastern Caribbean Sea predominantly results from
the interaction of ocean currents with the topography around the Lesser Antilles.
More specifically, St. Lucia and Grenada are hotspots for vorticity generation.
The local generation scales with the amplitude of the volume transport through
the passages between these islands. This finding is in contrast with the view that
anticyclonic North Brazil Current (NBC) rings in the Atlantic Ocean are the main
source of anticyclonic vorticity in the eastern Caribbean Sea. Our analyses reveal
that the direct contribution of the vorticity of the NBC rings is of lesser impor-
tance than the local generation. However, the collision of upstream NBC rings
with the Lesser Antilles increases the volume transport through the passages into
the Caribbean Sea, so that their presence indirectly leads to enhanced local pro-
duction of anticyclonic vorticity. This process is an example of the importance of
vorticity generation by means of flow-topography interactions, which is ubiqui-
tous in the oceans, and expected to be important whenever currents and steep
topography meet.

Parts of this chapter are submitted for publication in Journal of Advances in Modeling Earth Systems
as: van der Boog, C.G., Molemaker, M.J., Dijkstra, H.A., Pietrzak, J.D. & Katsman, C.A.: Generation of
vorticity by flow-topography interaction: Anticyclones in the Caribbean Sea.
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Figure 3.1: Map of the bathymetry of the Caribbean Sea, used in the numerical simulations.
The black box indicates the domain of the first nested grid (CS-nest), the red box indicates
the second nested grid (LA-nest). Typical locations and size of Caribbean anticyclones, North
Brazil Current rings and the North Brazil Current are sketched in white. The inlay zooms in
on the islands of the Lesser Antilles, and indicates the locations of the eastern (dashed line),
middle (green line) and western (solid line) cross sections used in the analyses.

3.1 Introduction

Nearly a third of the ocean’s surface is, at any given time, covered by mesoscale
eddies (Gaube et al., 2019). These eddies dominate the surface variability, and
they redistribute fundamental tracers along their path of propagation (Richard-
son, 1983; Wunsch, 1999; Chelton et al., 2007; Fu et al., 2010). Along these
paths, which can be hundreds of kilometers long (Chelton et al., 2007, 2011b),
mesoscale eddies can collide with the steep topography of island arcs. Well-
known examples of such collisions are the North Brazil Current (NBC) rings that
encounter the Lesser Antilles in the Atlantic Ocean (Fig. 3.1; e.g., Didden and
Schott, 1993; Fratantoni and Richardson, 2006; Jochumsen et al., 2010) and the
eddies that collide with the Kuril Islands in the Pacific Ocean (Rabinovich et al.,
2002; Itoh and Yasuda, 2010; Prants et al., 2016).

When a mesoscale eddy collides with an island arc, the eddy can either
squeeze through the passages (Goni and Johns, 2001), split into smaller eddies
(Richardson and Tychensky, 1998; Richardson, 2005; Cardoso et al., 2020), or
completely disintegrate (Jochumsen et al., 2010). Idealized models (Simmons
and Nof, 2002; Duran-Matute and Fuentes, 2008) and laboratory experiments
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(Cenedese et al., 2005; Tanabe and Cenedese, 2008) indicate that the response
of the eddies depends on multiple factors, such as the size of the eddy, the angle
of approach and the width of the gaps between the islands. While these different
responses imply that not all eddies will continue their path after a collision, it is
possible that filaments of their vorticity are advected downstream of the islands
(Shi and Nof, 1994; Simmons and Nof, 2002). For example, Goni and Johns
(2001, 2003) and Richardson (2005) suggested that vorticity filaments of NBC
rings feed the formation of anticyclones directly downstream of the Lesser An-
tilles. However, others (Chapter 4 of this thesis, Chérubin and Richardson, 2007;
Jouanno et al., 2009) suggested that these filaments of NBC rings are not nec-
essary to obtain a realistic eddy field in the Caribbean Sea. Consequently, the
source of the vorticity of Caribbean anticyclones remains unclear.

Another process that needs to be taken into account is the generation of
vorticity near steep topography (Deremble et al., 2016; Srinivasan et al., 2019).
Multiple studies have shown that such local generation of vorticity can result in
the formation of eddies downstream (Jiménez et al., 2008; Gula et al., 2015;
Molemaker et al., 2015; Johnston et al., 2019). In particular, Jiménez et al.
(2008) found that the eddy generation depends on the flow velocities near the
topography. Despite that these studies all focussed on other regions than the
Lesser Antilles, this type of vorticity generation is generic and expected to be
relevant here, because the topography is steep and the volume transport through
the narrow passages is large (Johns et al., 2002). It is therefore necessary to
account for this process when studying the potential link between NBC rings in
the Atlantic Ocean and anticyclones in the Caribbean Sea.

In this study, we quantify both the generation of vorticity near the Lesser
Antilles and the advection of vorticity filaments from NBC rings to gain insight
into the origin of Caribbean anticyclones. For this, we use a regional model with
a high resolution to accurately represent the eastern Caribbean Sea (Sections 3.2
and 3.3). First, we quantify both the time-averaged and the time-varying vorticity
fluxes near the Lesser Antilles to assess the relative contribution of the advected
and locally generated vorticity near the Lesser Antilles (Section 3.4). To assess
the contribution of the anticyclonic vorticity of NBC rings to the anticyclonic
vorticity in the eastern Caribbean Sea, we study a collision event of one NBC ring
in detail in Section 3.6. The implications of our main result, namely that the bulk
of vorticity flux into the eastern Caribbean Sea is locally generated, are discussed
in Section 3.7.

3.2 Model configuration and methods

3.2.1 Model configuration

We performed a simulation of the eastern Caribbean Sea using the Regional
Oceanic Modeling System (Shchepetkin and McWilliams, 2005, ROMS,). The
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Table 3.1: Grid settings of simulations used in this study: the nominal horizontal grid reso-
lution (∆x, ∆y) and number of vertical levels (N). The minimum and maximum vertical grid
size (∆z) in a water column of 2000 m are shown in the right column.

domain ∆x, ∆y (km) N ∆z (m)
Atlantic Ocean (parent) 7 50 5.2; 106.8
Caribbean Sea (CS-nest) 2 100 2.7 ; 42.2
Lesser Antilles (LA-nest) 0.7 100 2.7 ; 42.2

ROMS model uses terrain-following σ-coordinates to solve the primitive equa-
tions with a full equation of state (Shchepetkin and McWilliams, 2011). We
applied a one-way nesting procedure to force higher resolution regional compu-
tational domains (see Mason et al., 2010). As a parent simulation, we used the
simulation with a nominal resolution of 7 km that covers most of the Atlantic
Ocean (Table 3.1) described in Mason et al. (2011). We refer to that paper for
further details. The first nested grid covered the eastern part of the Caribbean
Sea and had a nominal resolution of 2 km (CS-nest, black box in Fig. 3.1, Table
3.1). This simulation was run for 720 days (2 model years). The second nested
grid, referred to as LA-nest, was located inside the CS-nest around the Lesser An-
tilles (red box in Fig. 3.1), and had a nominal horizontal resolution of 700 m.
This configuration was run for 54 days to study a single collision event of an NBC
ring with the Lesser Antilles in detail (Table 3.1).

The bathymetry of both nests was constructed with the SRTM30-plus dataset1 .
The minimum depth was restricted to 5 m, and land areas were masked using the
coastlines obtained from the GSHHS dataset2 . At these land points, the velocities
were set to zero, which is equivalent to applying a no-slip boundary condition.

It is well known that in models with terrain-following coordinates pressure
gradient errors arise near steep topography, such as near the Lesser Antilles (Fig.
3.2). To mitigate these pressure-gradient errors that are associated with the
terrain-following coordinates of the ROMS, the raw bathymetry data was ad-
justed. First, the raw bathymetry data was smoothed with a Gaussian smoothing
kernel that had a width of 6 times the horizontal grid resolution. Next, the steep-
ness of the slopes was limited by setting the slope-parameter, r, which performs
a logarithmic smoothing to the topography, to r = 0.2 (for further details see
Lemarié et al., 2012). As a final step, the near-surface layers of both nested grids
were flattened over 300 m during the stretching procedure that was applied to
better resolve the surface and bottom boundary layers (Table 3.1).

Besides this adjustment of the bathymetry, the numerical schemes imple-
mented in the ROMS are designed to mitigate the pressure-gradient error as well
(detailed description in Shchepetkin and McWilliams, 2003). In short, two im-
portant steps are taken in the numerics. First, the density and depth are treated
as continuously differentiable polynomial functions in the computation of the

1 http://www.topex.ucsd.edu/WWW_html/srtm30_plus.html
2 http://www.soest.hawaii.edu/pwessel/gshhg/

http://www.topex.ucsd.edu/WWW_html/srtm30_plus.html
http://www.soest.hawaii.edu/pwessel/gshhg/
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Figure 3.2: Bathymetry used in the nested grid of the Lesser Antilles (LA-nest). The white
contour lines corresponds to the isobaths between 0 and 8000 meter at intervals of 1000 m.
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pressure gradient force. In contrast to previous methods with a second order
accuracy, this results in a 4th-order accurate function where special attention
is payed to spatially non-uniform grids. Second, Shchepetkin and McWilliams
(2003) showed that disregarding the compressibility of sea water results in sig-
nificant errors that can even be larger than the classical pressure-gradient errors
due to the hydrostatic inconsistency associated with the terrain-following grids.
These errors are mitigated by accounting for the compressibility of sea water.

At the surface, a climatological forcing of a normal year similar to that applied
by Lemarié et al. (2012) was used. The daily wind stresses were computed with
the QuickSCAT-based daily product of scatterometer wind stresses (Risien and
Chelton, 2008). Monthly-averaged surface heat fluxes were constructed with
CORE (Large and Yeager, 2009). We applied an idealized diurnal cycle to the
incoming shortwave radiation. Monthly-averaged precipitation and evaporation
were obtained from HOAPS (Andersson et al., 2010). The outflow of rivers was
implemented using climatological discharges obtained from Dai and Trenberth
(2002). Different from Lemarié et al. (2012), the discharge of each river was
prescribed by means of an array of point sources near the river mouth. At these
point sources, monthly discharges were prescribed over the full water column
with a salinity of 1 psu and an idealized seasonally varying temperature that
varied with an amplitude of 1◦C around a mean of 28◦C. The velocity imposed
at the river outflow was scaled with the total area of the outflow to get a volume
transport that matched the observed discharges.

At the lateral boundaries of both nested grids, a sponge layer with a width of
1/12 of the domain size was defined to smoothly connect the nested-grid solu-
tions to the prescribed boundary conditions. This sponge layer was implemented
as an explicit lateral viscosity that increased from 0 near the interior to 5 m2 s−1

and 0.1 m2 s−1 at the boundary of the CS-nest and LA-nest, respectively. We ap-
plied the K-profile parameterization (KPP, Large et al., 1994) to parameterize the
vertical mixing of tracers and momentum, and parameterized bottom friction,
using the logarithmic law with a roughness length of 0.01 m. Horizontal mixing
was implicitly parameterized by using a third-order horizontal upstream-biased
advection scheme and a vertical semi-implicit advection scheme (for further de-
tails, see Shchepetkin, 2015). To limit spurious diapycnal mixing, isoneutral
diffusion was applied in the both nested grids (Lemarié et al., 2012).

3.2.2 Methods

For both nests, snapshots of the velocity, temperature, salinity, and sea-surface
height anomalies were saved every 6 hours. The temperature and salinity fields
were converted to conservative temperature and absolute salinity, respectively,
using the TEOS-10 software (McDougall and Barker, 2011) to allow for compar-
ison with data from the World Ocean Atlas 2018 (WOA2018, Locarnini et al.,
2019; Zweng et al., 2019). To validate the magnitude of the volume transports
into the eastern Caribbean Sea against observations from Johns et al. (2002)
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and Kirchner et al. (2008), we defined a cross section through the Lesser An-
tilles (green line in the inlay of Fig. 3.1) and computed the volume transports
perpendicular to this cross section.

We determined the source of the anticyclonic vorticity in the eastern Caribbean
Sea with a computation of the flux of the relative vorticity from the 6-hourly snap-
shots. The relative vorticity, simply referred to as vorticity in the remainder of
this study, was defined as:

ζ=
∂ v
∂ x
−
∂ u
∂ y

, (3.1)

where u and v are the velocities in zonal (x-direction) and meridional (y-direction)
direction, respectively. The terms on the right-hand-side were computed from
snapshots of the 3-dimensional velocities fields on the terrain-following coordi-
nates:
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where the subscripts z and σ indicate the direction along horizontal surfaces
and along the terrain-following surfaces, respectively. In these computations, we
ignored sea-level variations. The resulting 3-dimensional vorticity fields were
used to compute the fluxes of vorticity, where we distinguished between fluxes
of anticyclonic and cyclonic vorticity. The fluxes of anticyclonic vorticity in zonal
and meridional direction were defined as:

FAC
x =

∫ 300m

0

uζH (−ζ) dz, (3.3a)

FAC
y =

∫ 300m

0

vζH (−ζ) dz, (3.3b)

respectively, where the superscript AC indicates that only the anticyclonic vortic-
ity is considered and H is the Heaviside function. The fluxes were only integrated
to a depth of 300 m, because the Caribbean anticyclones have a strong baroclinic
structure (Chapter 2 of this thesis, Rudzin et al., 2017). The flux of cyclonic vor-
ticity was computed in a similar way, but then conditionally sampled for ζ > 0.

The fluxes of vorticity were used to separate the generation of vorticity at the
Lesser Antilles from the vorticity advected from the Atlantic Ocean. To that end,
we shifted the cross section along the Lesser Antilles eastward and westward by
0.25◦ (dashed and solid line in the inlay of Fig. 3.1). The fluxes were computed
perpendicular to these cross sections, where positive values correspond to fluxes
into the Caribbean Sea. In Section 3.4, we will show that the volume transport
through these two cross sections is similar, implying that the divergence of the
volume transport between these cross sections is small. Hence, the difference
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Table 3.2: 2-year averaged volume transports in Sv (1 Sv = 106 m3 s−1) through the passages
between the Lesser Antilles in the model (CS-nest, second column) and in available observa-
tions Johns et al. (2002); Kirchner et al. (2008). Standard errors of the mean are indicated
at the cross section along the Lesser Antilles (the green line in Figure 3.1). Positive numbers
correspond to transports into the Caribbean Sea.

Section CS-nest Johns et al. (2002) Kirchner et al. (2008)

Montserrat - St. Kitts 0.30 ± 0.02
Guadeloupe - Montserrat 0.83 ± 0.03 1.1 ± 1.1
Dominica - Guadeloupe 1.43 ± 0.03 1.6 ± 1.2 0.7 ± 0.5
Martinique - Dominica 1.04 ± 0.06 1.6 ± 1.2 1.6 ± 0.5
St. Lucia - Martinique 2.74 ± 0.04 1.5 ± 2.4 1.2 ± 0.5
St. Vincent - St. Lucia 3.62 ± 0.05 2.9 ± 2.2 3.6 ± 0.5
Grenada - St. Vincent 1.03 ± 0.01
Venezuela - Grenada 4.60 ± 0.06 5.7 ± 2.4
66◦W 21.12 ± 0.54 18.4 ± 4.7

between fluxes of vorticity east and west of the Lesser Antilles can be used as a
measure for the local generation and dissipation of vorticity at the island arc.

3.3 Model validation

3.3.1 Mean flow

The mean flow in the Caribbean Sea is part of the subtropical gyre in the North
Atlantic Ocean and enters the basin through the Lesser Antilles (Johns et al.,
2002). In line with observations (Johns et al., 2002; Kirchner et al., 2008), we
find that the bulk of the modeled flow enters the basin through the passages
between the southern islands (Table 3.2). A smaller fraction of the flow enters the
basin through the northern passages (Table 3.2). The modeled volume transport
through all passages adds up to 21.12 ± 0.54 Sv at 66◦W, which is in line with to
the volume transport of 18.4 ± 4.7 Sv estimated from observations (Johns et al.,
2002).

Also in line with observations (Johns et al., 2002; Kirchner et al., 2008), we
find that the flow into the Caribbean is highly variable (Table 3.2). Previous ob-
servations indicated that part of this variability is driven by the 2 to 7 NBC rings
that propagate towards the Caribbean Sea each year (Goni and Johns, 2003;
Mertens et al., 2009; Mélice and Arnault, 2017). More specifically, Mertens et al.
(2009) showed that, before they reach the Lesser Antilles, the NBC rings de-
crease the volume transport into the Caribbean, while they increase the volume
transport during the actual collision.

To identify whether the flow into the Caribbean Sea contains a realistic rep-
resentation of the water masses, we analyze the time-averaged properties of the
water masses in the model (Fig. 3.3). Because, the Caribbean anticyclones are
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Figure 3.3: Temperature-Salinity diagram of the time-mean conservative temperature and
absolute salinity in the eastern Caribbean Sea (63◦W-66◦W, 13◦N-17◦N, see dashed box in
inlay) for the simulations with the CS-nest (black) and WOA2018 (red). Dots correspond to
depth levels from 0 m to 250 m with intervals of 50 m. The approximate locations of Caribbean
Surface Water (CSW) and Subtropical Underwater (STUW) are indicated.

shallow, and the vorticity fluxes are analysed to a depth of 300 m, we limit our-
selves to the validation of the characteristics of the upper-ocean water masses.
The model contains the two distinctive water masses that are characteristic for
the upper Caribbean Sea: the subsurface properties (i.e. the salinity maximum)
of Subtropical Underwater (STUW) and the surface properties of Caribbean Sur-
face Water (CSW, Morrison and Nowlin, 1982; Hernández–Guerra and Joyce,
2000). A comparison to data from the WOA2018 in the eastern Caribbean Sea
(63◦W-66◦W, 13◦N-17◦N, Fig. 3.3) indicates that the model underestimates the
salinity of the STUW. We find a salinity maximum of S = 36.8 g kg−1 in the
model compared to S = 37.1 g kg−1 in the WOA2018. This underestimation is
seen in both the Atlantic Ocean and the Caribbean Sea. Taking the relatively long
travel distance of STUW from its formation region in the central tropical Atlantic
to the Caribbean Sea into account (Qu et al., 2013; Montes et al., 2016), this
underestimation is likely the result of too much diapycnal mixing in the parent
simulation.

In contrast, the temperature distribution of STUW is adequately modeled
and the surface properties of the CSW are also well represented in the model
(Fig. 3.3). The adequate representation of these surface properties implies that
the surface forcing is well captured by the model and that the model is able to
represent the time-averaged temperature and salinity in this basin.
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Figure 3.4: Sea-surface height (a) in the CS-nest simulation on 13 January and (b) from
satellite altimetry on 4 February 2018. Streamlines of the flow are indicated with black
curves. Green stars highlight the location of anticyclones discussed in Section 3.3.2. The
white line indicates the location of the cross sections depicted in Fig. 3.5. The sea-surface
height from satellite altimetry in (b) is computed from multi-mission altimeter satellite grid-
ded sea-surface heights, downloaded from the Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu).
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3.3.2 Caribbean anticyclones

To assess that the vorticity in the eastern Caribbean Sea is accurately represented
in the model, we analyze the properties of the simulated Caribbean anticyclones
and their vertical structure. Caribbean anticyclones are known to dominate the
sea-surface variability in the Caribbean basin (e.g., Centurioni and Niiler, 2003;
Richardson, 2005), and surface drifter data indicates that approximately 4-8 an-
ticyclones are formed each year (Richardson, 2005). In line with these observa-
tions, we find that 13 anticyclones are formed in the vicinity of the Lesser Antilles
during the 2 years of the simulation. Based on their vertical structure, we can
distinguish two types of Caribbean anticyclones in the model: shallow and deep
anticyclones. The shallow anticyclones have a strong surface-intensified char-
acter with weak velocities below the pycnocline |u| < 0.1 m s−1 as defined in
Chapter 2 of this thesis. The deep anticyclones display stronger velocities below
the pycnocline.

Because the modeled shallow anticyclones have a similar velocity structure
as the in-situ observations that were described in Chapter 2 of this thesis, we
compare these observations to a simulated shallow anticyclone near the location
of this hydrographic survey in the central Caribbean (green stars in Fig. 3.4). As
expected, we find that both anticyclones are intensified at the surface and have
a weak velocity shear below the main thermocline (compare Fig. 2.3b,c and Fig.
3.5a,b). Furthermore, the mixed layer depth of the modeled anticyclone (MLD =
80 m) is about equal to the mixed layer depth of the observed anticyclone, and
the mixed layers in both anticyclones are limited by the halocline (orange lines in
Fig. 2.3d,e and Fig. 3.5c,d). This is typical for the Caribbean Sea in winter, and
indicates the presence of a barrier layer, which is defined as the layer between
the halocline and thermocline (de Boyer Montégut et al., 2004; Mignot et al.,
2007; Rudzin et al., 2017). The fact that the model captures such a barrier layer
suggests that it has a realistic representation of the mixed-layer dynamics.

The deep anticyclones have a similar structure as previously observed by
Rudzin et al. (2017), who performed upper-ocean measurements of a Caribbean
anticyclone and concluded that this example was a coherent vortex down to at
least 500 m depth. These anticyclones have, similar to the shallow anticyclones,
a baroclinic structure, but display stronger velocities below the pycnocline. One
example of a modeled deep anticyclone that was present in summer is shown in
Figure 3.6. During this season, the sea-surface height gradients in the Caribbean
basin are stronger. A comparison to a sea-surface height field obtained from
satellite altimetry indicates that this is also the case for observations (compare
Fig. 3.4b and Fig. 3.6). This is expected, as Caribbean anticyclones tend to be
more energetic in summer than in winter (Jouanno et al., 2012).

The vertical structure of the modeled deep anticyclone is shown in Figure 3.7,
and strong velocities are found below the thermocline (red line in Fig. 3.7a). The
structure of the vertical shear suggests that this anticyclone is deeper than 300 m
(Fig. 3.7b). While the observations of Rudzin et al. (2017) did not capture the
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Figure 3.5: Characteristics of a modeled shallow anticyclone in the Caribbean Sea in winter,
by means of cross sections of the (a) velocity perpendicular to the cross section (m s−1), (b)
vertical shear of this velocity (s−1), (c) conservative temperature (◦C) and (d) absolute salinity
(g kg−1) on 13 January. Contour lines in panel (a) show the isopycnals. The thermocline and
halocline, indicated with the red and orange curve respectively, were computed following
Mignot et al. (2012).

full depth of the anticyclone, their findings indicate that not all Caribbean anti-
cyclones are as shallow as the one described in Chapter 2 of this thesis. Not only
does this imply that the vertical structure of Caribbean anticyclones is diverse, it
also indicates that the model generates anticyclones with realistic characteristics.

3.4 Advective vorticity flux

3.4.1 Mean fluxes

To quantify the fluxes of vorticity into the eastern Caribbean Sea, we compute
the 2-year averaged zonal flux of anticyclonic vorticity (Fig. 3.8, equation 3.3a).
This computation indicates that two different sources of anticyclonic vorticity are
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Figure 3.6: Sea-surface height (m) in the (a) CS-nest on 24 July of year 6 and (b) from satellite
altimetry on 24 July 2017. Streamlines of the flow are indicated with black curves. The
green star highlights the location of anticyclones discussed in Section 3.3.2. The white line
indicates location of cross section of Fig. 3.7. The sea-surface height from satellite altimetry
is computed from multi-mission altimeter satellite gridded sea-surface heights, downloaded
from the Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu).
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Figure 3.7: Characteristics of a modeled deep anticyclone in summer, by means of cross sec-
tions of the (a) u-component of the velocity (m s−1), (b) vertical shear of the u-component of
the velocity (s−1), taken at the location indicated in Fig. 3.6 on 24 July year 6. Contour lines
in panel (a) show the isopycnals. The thermocline and halocline, indicated with the red and
orange line respectively, were computed following Mignot et al. (2012). Note that the vertical
axis of panel (b) extends deeper than the one in Figure 3.5b.

present in the eastern Caribbean Sea: the advection of vorticity from the Atlantic
Ocean, and the generation of vorticity near the Lesser Antilles. The advection
of anticyclonic vorticity includes the westward propagation of anticyclonic NBC
rings, and is visible as a coherent (i.e., westward) flux of anticyclonic vorticity
path from the Atlantic towards the Lesser Antilles (Fig. 3.8). The magnitude of
the flux decreases between Tobago (T) and Barbados (B), which indicates that
part of this anticyclonic vorticity flux is dissipated or redirected in meridional di-
rection there. West of the Lesser Antilles, extreme values (dark blue) are visible
that are not connected to the vorticity fluxes in the Atlantic Ocean. These values
have the largest magnitude near the southern boundaries of the islands, which
is indicative for the local generation of vorticity (dark blue in Fig. 3.8). Espe-
cially near Grenada (G) and St. Lucia (L), we find a clear signal that vorticity is
generated locally (arrows in Fig. 3.8).

Next, we quantify the relative contribution of both sources of vorticity to the
total influx of vorticity. This can be obtained by comparing the vorticity fluxes
on the eastern and western side of the Lesser Antilles. Note that we can use the
difference in vorticity flux as a measure for the generation of the vorticity, be-
cause the volume transport in the eastern and western cross section in Fig. 3.8 is
similar (Fig. 3.9a). West of the Lesser Antilles, a total section-integrated flux of
165 m3 s−2 of anticyclonic vorticity is transported into the Caribbean Sea (solid
line in Fig. 3.9b). Of this flux, 54 m3 s−2 can be attributed to the advection of
anticyclonic vorticity towards the Lesser Antilles from thee east (dashed line in
Fig. 3.9b). The difference of 111 m3 s−2 between these cross sections reflects
the local generation of vorticity between the cross sections (grey shading in Fig.
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Figure 3.8: Zonal component of the anticyclonic vorticity flux integrated over the upper 300
m of the water column and averaged over 2 years model data from CS-nest. Negative values
correspond to a flux in westward direction. Dashed and solid lines indicate the locations of
the cross sections east and west of the Lesser Antilles, respectively. Letters are placed east of
the islands to indicate their location: D = Dominica, M = Martinique, L = St. Lucia, V = St.
Vincent, G = Grenada, T = Tobago, B = Barbados. The yellow curve indicates the location of
the cross section along which the maximum sea-level anomaly is obtained that is used to gain
insight into the passage of NBC rings in Section 3.5 (Fig. 3.10d).
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Figure 3.9: Total (a) volume transport (b) anticyclonic vorticity flux and (c) cyclonic vorticity
flux at the Lesser Antilles integrated along the eastern (dashed lines) and western (black solid
line) cross section (Fig. 3.1) integrated over the upper 300 m of the water column. The grey
shaded area indicates the generation of vorticity between the cross sections. (d) Maximum
sea-level anomaly between Barbados and Tobago along the yellow curve in Fig. 3.8. The
blue shading indicates the collision of an NBC ring with the Lesser Antilles that is described
in Section 3.6. The data is smoothed with a Hanning function with a window of 30 days. 5
October and 19 June indicate the times of minimum and maximum volume transport through
the Lesser Antilles.

3.8b), which comprises 67 % of the total anticyclonic vorticity flux into the east-
ern Caribbean Sea. This is much larger than the contribution of the vorticity that
is advected from the Atlantic Ocean and contains the vorticity of the NBC rings
(33 %).

Similar to what we find for the anticyclonic vorticity flux, the cyclonic vortic-
ity flux into the eastern Caribbean Sea is also dominated by the local generation
of vorticity near the Lesser Antilles (grey shading in Fig. 3.9c). The magnitude
of the cyclonic vorticity flux west of the Lesser Antilles is 159 m3 s−2, of which
69 m3 s−2 is attributed to advection of cyclonic vorticity from the Atlantic Ocean
(solid and dashed lines in Fig. 3.9c, respectively). This implies that 57 % of the
cyclonic vorticity flowing into the Caribbean Sea is generated between the two
cross sections.

Besides quantifying the relative contributions of the advected and generation
of vorticity near the Lesser Antilles, Figure 3.9 also shows that the generation
of vorticity varies latitudinally as is reflected by a strong difference in merid-
ional gradients between the cross sections. From Figure 3.9b, two regions with
enhanced local generation of anticyclonic vorticity can be identified (blue shad-
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ing): south of Grenada and between St. Vincent and Martinique. In contrast, at
latitudes where the meridional gradients in the eastern cross section are similar
to the western cross section, the vorticity flux into the Caribbean Sea is predom-
inantly advected from the Atlantic Ocean. This occurs, for example, between
Grenada and St. Vincent and north of Martinique.

Following Jiménez et al. (2008), we expect that the magnitude of the vor-
ticity generation is related to the flow speed and thus to the magnitude of the
volume transport through the passages. Indeed, passages with a strong volume
transport also have enhanced generation of anticyclonic vorticity (blue shading
in Fig. 3.9a,b). For example, the passages south of Grenada and between St. Vin-
cent and Martinique contain 67 % of the total volume transport into the eastern
Caribbean Sea, and approximately 69 % of the anticyclonic vorticity is generated
here. The volume transport through the other passages (between Grenada and
St. Vincent and north of Martinique), where little anticyclonic vorticity is gen-
erated, is much weaker (4.1 Sv, Fig. 3.9a). Overall, these findings suggest that
the bulk of the anticyclonic vorticity that enters the Caribbean Sea is generated
between the two cross section s. Moreover, these results also indicate that the lo-
cal generation of vorticity is regulated by the magnitude of the volume transport
through the passages.

3.5 Temporal variability of the vorticity flux

To determine the link between the magnitude of the volume transport and vortic-
ity generation in more detail, we analyze the temporal variations of the vorticity
fluxes in this section. Similar to observations of Johns et al. (2002) and Rhein
et al. (2005), we find highly-varying volume transports through the passages of
Lesser Antilles with a minimum modeled volume transport of 3.2 Sv in the upper
300 m of the water column and a maximum of 19.7 Sv (Fig 3.10a). A compar-
ison of these volume transports to the vorticity fluxes at the western side of the
Lesser Antilles confirms that there is a close relation between the magnitude of
the volume transport and the magnitude of the anticyclonic and cyclonic vorticity
fluxes (solid lines in Fig. 3.10b,c). More specifically, the peaks in volume trans-
port coincide with peaks in the anticyclonic and cyclonic vorticity flux into the
eastern Caribbean Sea (solid line in Fig. 3.10b,c). For example, during maximum
inflow on 19 June, the anticyclonic vorticity flux has a maximum of 358 m3 s−2,
while it was much smaller on 5 October (57 m3 s−2), when the volume transport
was weak (2.6 Sv, solid line in Fig. 3.10b). The vorticity flux east of the Lesser
Antilles is at all times smaller than the flux on the western side of the islands.
This shows that anticyclonic vorticity is continuously generated at the Lesser An-
tilles (grey shading in Fig. 3.10b). The same is found for the cyclonic vorticity
flux, of which the magnitude also has a strong connection to the magnitude of
the volume transport.

Figure 3.11 shows a more detailed relation between the total volume trans-
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Figure 3.10: Total (a) transport (b) anticyclonic vorticity flux and (c) cyclonic vorticity flux at
the Lesser Antilles integrated along the eastern (dashed lines) and western (black solid line)
cross section (Fig. 3.1) and over the upper 300 m of the water column. (d) Maximum sea-level
anomaly between Barbados and Tobago along the yellow line in Fig. 3.8. Red lines indicate the
percentage of generated vorticity compared to total vorticity flux into the Caribbean computed
at the western cross section. The grey shaded area corresponds to the vorticity flux that is
generated between the cross sections. The light blue shading indicates the collision studied
in Figures 3.12-3.15. The data is from CS-nest and smoothed with a Hanning window of 30
days.

port through the Lesser Antilles and the generation and advection of vortic-
ity. The advection, which is defined as the 6-hourly snapshots of vorticity flux
through the eastern cross section, scales about linearly with the transport. This
implies that, on average, with stronger volume transport more anticyclonic vor-
ticity is transported into the eastern Caribbean Sea. Similar to the advection,
the generation of vorticity, defined as the difference between the 6-hourly snap-
shots west and east of the Lesser Antilles, also depends on the magnitude of the
transport. Overall, this figure shows that both the advection and generation of
vorticity are proportional to the transport. As expected from Fig. 3.10b,c, the
vorticity flux into the Caribbean Sea is dominated by the locally generated vor-
ticity.
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Figure 3.11: Relation between the total volume transport and the anticyclonic vorticity flux
into the Caribbean Sea, distinguishing the local generation of vorticity (red symbols) and the
advection of vorticity from the Atlantic Ocean (black dots). The local generation of vorticity
is defined as the difference between the 6-hourly snapshots of the vorticity flux west and
east of the Lesser Antilles (similar to grey shading in Fig. 3.10b). The advection of vorticity
corresponds to the anticyclonic vorticity flux east of the Lesser Antilles (similar to Fig. 3.10b).
The thick dots indicate average values per 250 data points, where the error bars correspond
to one standard deviation.

3.6 Event study of the collision of a NBC ring with the
Lesser Antilles

Previous studies suggested that the volume transport into the Caribbean Sea is
regulated by NBC rings (Mertens et al., 2009). These rings are visible as positive
sea-level anomalies. We extract these sea-level anomalies by taking the maxi-
mum sea-level anomaly (max (η−η), where η is the mean dynamic topography)
along the yellow curve in Fig. 3.8. During the 2-year CS-nest model simulation,
approximately 10 rings propagate towards the Lesser Antilles. To investigate if
their presence affects the generation and advection of vorticity, we study a colli-
sion of an NBC ring with the Lesser Antilles in more detail (period indicated by
blue shading in Figure 3.10).

The start of the collision event is defined as the moment when the NBC ring
passes between Tobago and Barbados (peak in sea level in Fig. 3.10d). At that
time, the volume transport into the Caribbean is already increasing (Fig. 3.10a).
This coincides with an increase of the anticyclonic and cyclonic vorticity flux on
the western side of the Lesser Antilles (solid lines in Fig. 3.10b,c). The end of the
collision event is defined as when the anticyclonic vorticity of the NBC ring has
diminished east of the Lesser Antilles. This occurs approximately 25 days later.
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Figure 3.12: Vorticity averaged over the upper 300 m modeled using the CS-nest, scaled with
the local Coriolis parameter ( f = 2Ω sinφ) during a collision event of an NBC ring with the
Lesser Antilles on (a) 2 May, (b) 16 May, (c) 20 May, (d) 14 June. Dashed and solid lines
indicate the locations of the cross sections east and west of the Lesser Antilles, respectively.
Letters are placed east of the islands to indicate their location: D= Dominica, M=Martinique,
L = St. Lucia, V = St. Vincent, G = Grenada, T = Tobago, B = Barbados.
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Figure 3.12: (continued) (e) 28 June, (f) 8 July, (g) 22 July, (h) 10 August.

.
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To determine how the presence of the NBC ring affects the fluxes of vorticity,
we first describe the collision event in Section 3.6.1 using the 6-hourly snapshots
of the vorticity fields. The description starts 40 days before the collision event
with snapshots from the CS-nest (Fig. 3.12a-d). Before the description continues
to approximately 40 days after the event (Fig. 3.12e-h), the collision itself is
described using snapshots from the LA-nest (Fig. 3.13). Subsequently, we analyze
the time-averaged vorticity fluxes of this collision in Section 3.6.2.

3.6.1 Descriptive analysis

Vorticity snapshots of the collision event obtained from the CS-nest are displayed
in Figure 3.12. On 2 May, which is approximately 40 days before the collision,
two NBC rings are present in the Atlantic Ocean (Fig. 3.12a). Both rings have an
anticyclonic core (green shading in Fig. 3.12), of which one has a cyclonic edge
(red shading). Similar to observations of Cruz-Gómez and Vazquez (2018), we
find that the NBC ring with a cyclonic edge stalls south of Barbados (B). Fourteen
days later on 16 May, the two rings merge (Fig. 3.12b). On 30 May, the merged
NBC ring approaches the Lesser Antilles and passes the first ridge between Bar-
bados (B) and Tobago (T, Fig. 3.12c). During this passage, anticyclonic vorticity
is generated near Barbados in the wake of the island. At the same time, the
cyclonic edge of the NBC ring separates the anticyclonic core from the Lesser An-
tilles. This effect is still visible between Tobago (T) and St. Vincent (V) 14 days
later on 14 June (Fig. 3.12d).

To study the interaction between the NBC ring and the Lesser Antilles in even
more detail, we analyze vorticity snapshots from the LA-nest simulation with a
700 m horizontal resolution (Fig. 3.13). On 14 June, a patch of anticyclonic
vorticity, which appears to be generated in the wake of Tobago (T), flows into the
Caribbean Sea (Fig. 3.13a). Similarly, a patch of anticyclonic vorticity develops
farther northward at St. Lucia (L). This patch of anticyclonic vorticity enters the
Caribbean Sea on 19 June (Fig. 3.13b).

The cyclonic vorticity that originates from St. Lucia as well is generated at
the eastern side of this island. Besides the local generation of vorticity near St.
Lucia (L) and Tobago (T), there is also a flux of anticyclonic vorticity into the
Caribbean Sea south of Grenada (G). This flux is clearly visible on 24 June as
a maximum in anticyclonic vorticity in the wake of Grenada (G, Fig. 3.13c).
This patch of vorticity is advected into the Caribbean Sea together with some
remaining anticyclonic vorticity of the NBC ring (Fig. 3.13d).

Because only small remnants of the NBC ring can be found on the eastern
side of the Lesser Antilles on 29 June (Fig. 3.13d), we resume with the snapshots
from the CS-nest (zoomed out map in Fig. 3.12e). At that time, an anticyclone
forms on the Caribbean side of the Lesser Antilles (Fig. 3.12e-f). This anticyclone
consists of merged submesoscale filaments of vorticity that can be traced back to
Grenada (G) and to St. Lucia (L, Fig.3.12c,g). After formation, this anticyclone
propagates along the mean flow in westward direction (Fig. 3.12h).
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3.6.2 Vorticity generation

The snapshots of the vorticity field highlight the two different sources of anti-
cyclonic vorticity that flow into the eastern Caribbean Sea during the NBC ring-
island collision event: advection of vorticity from the Atlantic Ocean and the
local generation of vorticity near the Lesser Antilles. To analyze the contribution
of these sources, we compute the time-averaged vorticity fluxes during the colli-
sion event (Fig. 3.14). For completeness, we show the fluxes of both anticyclonic
(Fig. 3.14a,b) and cyclonic vorticity (Fig. 3.14c,d).

The advection of anticyclonic vorticity from the NBC ring into the eastern
Caribbean Sea is visible on the Atlantic side of the Lesser Antilles. This westward
advection of anticyclonic vorticity from the eastern boundary of the domain to-
wards the Caribbean is minor as, judging from the spatial pattern (blue shading
in Fig. 3.14a), most anticyclonic vorticity appears to be generated at the islands.
At the southern boundaries of Tobago (T) and Barbados (B) we find clear max-
imums of the flux of anticyclonic vorticity, which shows that vorticity is locally
generated there.

Similar to its westward advection, the northward advection of anticyclonic
vorticity indicates locations with enhanced local generation of vorticity (red shad-
ing in Fig. 3.14b). One of these locations is the passage south of St. Lucia (L),
where also some of the anticyclonic vorticity of the NBC rings is advected. Also
part of the cyclonic edge of the NBC ring is advected through this passage, which
is visible by a maximum that extends from the southern boundary towards St.
Lucia (L, Fig. 3.14c,d). Northward of St. Lucia, it splits into an Atlantic branch
and a Caribbean branch.

To quantify the relative contributions of the advection and generation of vor-
ticity, we compute the 25-days averaged volume transport and vorticity fluxes
through the previously defined cross sections during this event (Fig. 3.15). Com-
pared to the time-averaged fluxes (Fig. 3.9), the anticyclonic and cyclonic vor-
ticity flux into the eastern Caribbean are relatively high during the event (Fig.
3.15b,c). These anomalously high fluxes of vorticity coincide with a relatively
high volume transport and are both due to increased advection of vorticity and
enhanced generation of vorticity. Consequently, only 29 % of the vorticity flux
into the Caribbean Sea can be attributed vorticity from the Atlantic Ocean. Recall
that east of the most eastern cross section also vorticity is generated at Tobago
and Barbados (Fig. 3.15). Consequently, the contribution of the vorticity of NBC
rings is at most 29 %.

During the collision event, we obtain a similar latitudinal variation in the
generation of vorticity as found in the two-year averaged fluxes (Fig. 3.9, Fig.
3.15b). Most anticyclonic vorticity is generated locally south of Grenada and near
St. Lucia (light blue shading in Fig. 3.15b). Most cyclonic vorticity is generated
near St. Lucia (Fig. 3.15c). Overall, these results show that also during the
collision of an NBC ring with the Lesser Antilles the bulk of the vorticity flux into
the Caribbean Sea is generated near the topography.
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Figure 3.13: Similar as Figure 3.12, but then for the LA-nest simulation on (a) 14 June, (b) 19
June, (c) 24 June, (d) 29 June.
.
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Figure 3.14: Directional vorticity flux integrated over the upper 300 m of the water column
and averaged between 3 June and 28 June (LA-nest). (a,b) Anticyclonic vorticity flux in (a)
eastward and (b) northward direction; (c,d) Cyclonic vorticity flux in (c) eastward and (d)
northward direction. Dashed and solid lines indicate the locations of the cross sections east
and west of the Lesser Antilles, respectively. Letters are placed east of the islands to indicate
their location: D = Dominica, M = Martinique, L = St. Lucia, V = St. Vincent, G = Grenada,
T = Tobago, B = Barbados.
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Figure 3.15: Same as Fig. 3.9, but then during the collision of an NBC ring with the Lesser
Antilles (3 June to 28 June, as simulated by the LA-nest configuration).

3.7 Discussion and conclusions

In this study, we analyzed the local generation of vorticity near steep topogra-
phy of the Lesser Antilles island arc, which separates the Atlantic Ocean from the
Caribbean Sea, with a high-resolution numerical model. On the Atlantic side of
the Lesser Antilles, the flow is dominated by anticyclonic North Brazil Current
(NBC) rings that collide with this island arc. The flow in the Caribbean Sea is
characterized by the formation of mesoscale anticyclonic eddies in the vicinity of
the islands. Our model results indicate that the vertical structure of these anti-
cyclonic eddies is diverse. Some anticyclones have a strong baroclinic structure
similar to the observations in Chapter 2 of this thesis, while other anticyclones
displayed stronger flow velocities below the thermocline, as was previously ob-
served by Rudzin et al. (2017). We speculate that these different vertical struc-
tures may result from variations in the vorticity flux directly downstream of the
steep topography. However, further research is necessary to clarify what sets the
velocity structure of these anticyclones.

To analyze the local generation of vorticity near the steep topography, we
computed the fluxes of vorticity east and west of the Lesser Antilles. This allowed
us to quantify the relative contributions of the vorticity advected from the Atlantic
Ocean (containing the vorticity of the NBC rings) and the vorticity that is locally
generated. We found that, during the two years of the model simulation, 67
% of the anticyclonic vorticity flux is generated locally. The remaining 33 % of
the vorticity flux is advected from the Atlantic Ocean. The latter contribution
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contains both the vorticity generated locally at the easternmost islands of the
Lesser Antilles (Tobago and Barbados) and the anticyclonic vorticity filaments of
North Brazil Current rings that collide with the islands.

We showed that the local generation of vorticity depends on the magnitude of
the volume transport from the Atlantic Ocean to the Caribbean Sea. In particular,
the passages with the strongest volume transport also contain the strongest local
generation of vorticity. The passages south of Grenada and between St. Vincent
and Martinique, which are known for their strong volume transport (Johns et al.,
2002; Rhein et al., 2005), show this enhanced generation and the bulk of the
locally generated vorticity originates in these regions. These results are supported
by observations (Andrade and Barton, 2000; Richardson, 2005) that show that
most Caribbean anticyclones are formed directly downstream of these passages.

Mertens et al. (2009) showed that the volume transport through the Lesser
Antilles is regulated by the passage of NBC rings. Before a collision event, the
NBC rings first decrease the volume transport, after which they enhance it. In line
with these results, we obtained an enhanced volume transport through passages
of the Lesser Antilles during the collision of an NBC ring. At the same time, both
the vorticity flux from the Atlantic Ocean and the local generation of vorticity
increased. This enhanced inflow resulted in the formation of a Caribbean anticy-
clone downstream. While this anticyclone confirms the presence of a connection
between the presence of NBC rings and the formation of Caribbean anticyclones
as was previously observed (Goni and Johns, 2001, 2003; Richardson, 2005;
Rudzin et al., 2017; van Westen et al., 2018), our model results show that this
connection is indirect, and that Caribbean anticyclones are predominantly gen-
erated in response to the increase in volume transport into the Caribbean Sea.

Overall, the results of this study show that local generation of vorticity near
the steep topography of the Lesser Antilles is a crucial part in the vorticity budget
of the Caribbean Sea. This vorticity is most likely generated by frictional pro-
cesses that takes place in the bottom boundary layer (e.g., Dong and McWilliams,
2007; Vic et al., 2015; Srinivasan et al., 2017). Idealized modeling studies
showed that these frictional processes significantly contribute to the vorticity
budget through the bottom pressure torque (Srinivasan et al., 2019; Jagannathan
et al., 2021). In particular, the no-slip boundary condition generates horizontal
and vertical shear layers in the bottom boundary layer when a flow encounters
a sloping topography (Srinivasan et al., 2019). In turn, these shear layers can
lead to the formation of vortices downstream by a combination of barotropic and
centrifugal instabilities (Molemaker et al., 2015; Gula et al., 2015; Srinivasan
et al., 2019). In this study, we showed that even in an eddy-dominated flow, the
vorticity downstream of steep topography is predominantly locally generated.
Therefore, this study highlights the importance of vorticity generation by means
of flow-topography interactions. Because these interactions are ubiquitous in the
ocean, they are expected to be important whenever currents and steep topogra-
phy meet.





Chapter 4

The impact of upwelling on the intensification of
anticyclonic eddies in the Caribbean Sea

Abstract

The mesoscale variability in the Caribbean Sea is dominated by anticyclonic ed-
dies that are formed in the eastern part of the basin. These anticyclones intensify
on their path westward while they pass the coastal upwelling region along the
Venezuelan and Colombian coast. In this study, we used a regional model to show
that this westward intensification of Caribbean anticyclones is steered by the ad-
vection of cold upwelling filaments. Following the thermal wind balance, the
increased horizontal density gradients result in an increase of the vertical shear
of the anticyclones and of their westward intensification. To assess the impact of
variations in upwelling on the anticyclones, several simulations were performed
in which the northward Ekman transport (and thus the upwelling strength) is
altered. As expected, stronger (weaker) upwelling is associated with stronger
(weaker) offshore cooling and a stronger (weaker) westward intensification of
the anticyclones. Moreover, the simulations with weaker upwelling show farther
advection of the Amazon and Orinoco River plumes into the basin. As a result,
in these simulations the horizontal density gradients were predominantly set by
horizontal salinity gradients. The importance of the horizontal density gradients
driven by temperature, which are associated with the upwelling, increased with
increasing upwelling strength. The results of this study highlight that both up-
welling and the advection of the river plumes affect the life cycle of mesoscale
eddies in the Caribbean Sea.

Parts of this chapter have been published as: van der Boog, C.G., Pietrzak, J.D., Dijkstra, H.A., Brügge-
mann, N., van Westen, R.M., James, R.K., Bouma, T.J., Riva, R.E.M., Slobbe, D.C., Klees, R., Zijlema, M.
& Katsman, C.A.: The impact of upwelling on the intensification of anticyclonic eddies in the Caribbean
Sea. Ocean Science, doi:10.5194/os-15-1419-2019, 2019.
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4.1 Introduction

The circulation in the Caribbean Sea is characterized by the through-flow of
the wind-driven subtropical North-Atlantic gyre (Gordon, 1967), known as the
Caribbean Current. This flow is part of the upper branch of the Meridional Over-
turning Circulation (Johns et al., 2002), and is highly variable, which manifests
itself in meanders and mesoscale eddies. The temporal and spatial variability
of the Caribbean Current is influenced by regional differences in wind (Nystuen
and Andrade, 1993; Andrade and Barton, 2000; Chang and Oey, 2013; de Jong,
Maria, 2017), fresh water inflow from the Amazon and Orinoco River plumes
(Chérubin and Richardson, 2007; Beier et al., 2017), resonating Rossby waves
(Hughes et al., 2016) and, at interannual time scales, by the El Niño Southern
Oscillation (Alvera-Azcárate et al., 2009; Beier et al., 2017).

Surface drifter data show that the mesoscale variability in this region is dom-
inated by anticyclonic eddies (Molinari et al., 1981; Centurioni and Niiler, 2003;
Richardson, 2005). These anticyclones are formed in the eastern part of the basin
and transport low salinity anomalies originating from the Amazon and Orinoco
river plumes westward (Chapter 2 of this thesis, Silander, 2005; Rudzin et al.,
2017). They can be generated from the interaction of the flow with the topog-
raphy (Molinari et al., 1981; Andrade and Barton, 2000), from the meander-
ing current (Andrade and Barton, 2000), from instabilities due to the presence
of the river plume (Chérubin and Richardson, 2007), and from perturbations
caused by the interaction of North Brazil Current Rings (NBC Rings) with topog-
raphy (e.g., Simmons and Nof, 2002; Goni and Johns, 2003; Jochumsen et al.,
2010). Jouanno et al. (2009) used a model to clarify the dominant generation
mechanism, and concluded that the mean flow in the Caribbean Sea is intrinsi-
cally unstable, which means that any perturbation could trigger the formation of
Caribbean anticyclones.

After formation, the Caribbean anticyclones are advected westward with the
mean flow (Gordon, 1967; Andrade and Barton, 2000), and propagate along the
wind-driven upwelling regions at the South-American coast. Based on a hydro-
graphic time series of the upwelling in Cariaco Basin, Astor et al. (2003) found
that the interannual variability of temperatures in the upwelling region is af-
fected by the anticyclones that advect cold filaments of upwelled waters offshore.
This advection affects the ecosystem as it transports larvae and nutrients offshore
(Andrade and Barton, 2005; Baums et al., 2006). The advection of these cold fil-
aments also leads to cooling of the interior of the Caribbean Sea (Jouanno and
Sheinbaum, 2013). The anticyclones leave the Caribbean Sea through Yucatan
Channel. Model studies examining the Yucatan Channel region have shown that
Caribbean anticyclones could influence eddy-shedding events of the Loop Cur-
rent (Murphy et al., 1999; Carton and Chao, 1999; Oey et al., 2005; Candela,
2003; van Westen et al., 2018).

During their propagation, the anticyclones become more energetic (Carton
and Chao, 1999; Pauluhn and Chao, 1999; Andrade and Barton, 2000; Richard-
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son, 2005). Although this intensification is clearly present in observations (Car-
ton and Chao, 1999; Pauluhn and Chao, 1999; Andrade and Barton, 2000; Richard-
son, 2005), only a few studies elaborate (briefly) upon the dynamics of this in-
tensification. Based on surface drifter data, Richardson (2005) suggested that
the anticyclonic shear of the Caribbean Current could amplify the anticyclones.
In contrast, Andrade and Barton (2000) found, based on satellite altimetry data,
a direct relationship between the maximum curl of the wind stress and the west-
ward intensification of anticyclones. This relationship highlights that wind stress
alters the life cycle of the anticyclones. Jouanno et al. (2009) used a regional
model to study the life cycle of Caribbean anticyclones and computed the me-
chanical energy balance of the flow in this region. Although this balance shows
that baroclinic instabilities provide the energy necessary for the westward in-
tensification of the anticyclones, it does not explain what drives the westward
intensification of the anticyclones.

In this study, we hypothesize that this intensification is steered by the offshore
advection of cold upwelling filaments that cool the interior of the basin. The
advection of the filaments results in denser surface waters in the western part of
the basin compared to the eastern part of the basin, suggesting that the density
difference between the relatively light anticyclones and the surrounding waters
will increase. Following the thermal wind balance, it can be expected that the
vertical shear of the anticyclone will increase, and consequently its strength.

To test this hypothesis, we use a regional model in which we only vary the
upwelling strength. To isolate the impact of upwelling on the life cycle of the an-
ticyclones, we kept all other forcing parameters constant. The coastal upwelling
is adjusted by altering the magnitude of the zonal wind stress with a constant.
The curl of the wind stress is kept constant by applying the adjustment over the
full model domain. A description of the model is provided in Section 4.2, and is
followed by a comparison between the modeled flow and observations (Section
4.3). Section 4.4 and 4.5 contain the analysis of the westward intensification of
the anticyclone and how this is related to the advection of upwelling filaments.
The sensitivity of the mean flow and eddy variability to changes in upwelling
strength are discussed in Section 4.6. The results are summarized and discussed
in Section 4.7.

4.2 Model configuration and methods

4.2.1 Model configuration

The numerical simulations were performed with the hydrostatic configuration of
the Massachusetts Institute of Technology (MIT) primitive equation model (Mar-
shall et al., 1997). The computational domain extended from 99◦W to 55◦W and
from 6◦N to 33◦N (Fig. 4.1a), and was set up with a horizontal resolution of
1/12◦, which is well below the internal Rossby radius of deformation in this re-
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gion (60-80 km, Chelton et al., 1998). The same topography as the Operational
Mercator global ocean analysis (Mercator) of the E.U. Copernicus Marine Service
Information was used, where the topography is based on ETOPO1 for the deep
ocean and near the coast on GEBCO8 for the coast and slopes. In this topographic
setup, the majority of the islands of the Lesser Antilles are represented (Fig. 4.1).
The islands that are too small to be captured are modeled as shallow ridges. In
the vertical, the model contained 50 levels in z-coordinates, increasing in depth
from 1 m at the surface towards 459 m at the lower levels.

The time step was 240 s. All simulations had a total duration of 25 years, of
which the first five years were considered as spin-up and were excluded from the
analysis. The model output was saved as 5-day averaged fields. The simulations
were initialized with time-averaged fields for sea-surface height, temperature,
salinity and velocity. These fields were obtained from the years 2007-2017 of
Mercator. The vertical diffusion of tracers was parameterized with the GGL90
mixed layer parameterization (Gaspar et al., 1990). The horizontal diffusion
was parameterized with the Redi-scheme (diffusion coefficient of 125 m2 s−1,
Redi, 1982). The sub-grid scale mixing was parameterized with Smagorinsky
viscosities (Smagorinsky et al., 1993).

All simulations were forced with time-averaged surface and lateral boundary
conditions. A sponge layer with a meridional width of 1.25◦ (15 grid cells) was
applied at the lateral boundaries. There, the velocity fields were relaxed towards
the time-averaged fields of Mercator (years 2007-2017) with a relaxation time
that varied linearly from a month at the offshore side of the domain towards a day
at the domain boundary. At these boundaries, temperature, salinity, and veloci-
ties in zonal and meridional directions were prescribed. At the surface, a fresh-
water flux, temperature restoring and a wind stress were applied (Fig. 4.1b-d).
The temperature was restored towards sea-surface temperature (SST) averaged
over the years 2007-2017 of Mercator with a relaxation time scale of one month.
The surface fresh-water flux was obtained from the diagnosed fresh-water flux
of a 250-year simulation described in Le Bars et al. (2016). The Orinoco River,
Magdalena River and Mississippi River are prescribed as stationary fresh water
fluxes at the open boundaries with discharges based on Fekete et al. (2000).

The reference simulation (Ekman100) is forced by a time-averaged zonal
wind forcing, computed from the wind fields of years 2007-2017 of ERA-Interim
(Dee et al., 2011). Prescribing stationary values implied that the NBC Rings,
which can trigger the formation of the anticyclones (Goni and Johns, 2003;
Richardson, 2005), were not represented at the boundaries. However, Jouanno
et al. (2009) and Lin et al. (2012) showed that a realistic eddy field in the
Caribbean Sea can be obtained without the presence of NBC Rings. Moreover, in
Section 3 we will show that a realistic eddy field is obtained with these boundary
conditions. Therefore, we considered these boundary conditions sufficient for
the purpose of this study.

To investigate the effect of wind-driven upwelling on the westward intensi-
fication of anticyclones, only this zonal wind forcing (τx) was altered between
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Figure 4.1: Setup of the regional model in MITgcm. (a) Bathymetry in m. The sponge layer is
indicated with the dashed line. (b) Magnitude of the wind stress. The direction in indicated
with the vectors. Not all velocity vectors are shown for clarity purposes. (c) Surface tem-
perature field in ◦C used for restoring. (d) Surface fresh water flux in m s−1. Positive values
correspond to a net surface buoyancy loss.
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Figure 4.2: Average zonal wind stress in N m−2 in the southern Caribbean Sea (10.5◦N-12.5◦N,
65◦W-70◦W) in the simulations. The seasonal variation of the zonal wind stress at this loca-
tion, obtained from ERA-Interim (Dee et al., 2011), is shown for reference. Negative values
correspond to easterly winds.

simulations. The magnitude of the zonal wind stress was reduced or increased
in each simulation by the same constant over the entire domain (Fig. 4.2). With
this approach, we ensured that we only change the upwelling strength and not
the curl of the wind stress. The magnitude of the reduction or increase was de-
termined based on the zonal wind stress in the upwelling region in Ekman100.
In Ekman150, the zonal wind stress in the upwelling region was 50 % stronger
than the wind stress in Ekman100, resulting in a theoretical increase of the north-
ward Ekman transport of 50 %. The wind stress along the coast was weaker in
the Ekman50, leading to a theoretical weaker upwelling (50 %) in this simula-
tion compared to Ekman100. The same principle was applied in Ekman75 and
Ekman125.

The adjustment of the zonal wind forcing resulted in changes in mesoscale
variability over the full domain. Because the applied constant was optimized
to alter the northward Ekman transport in the Cariaco and Guajira upwelling
regions, it resulted in unrealistic magnitudes of the zonal wind stress (and thus of
the northward Ekman transport) in some other regions. Therefore, we will only
analyze the impact of the changes in wind forcing on the mesoscale variability
close to the Cariaco and Guajira upwelling regions (Fig. 4.3c), and disregard
other coastal upwelling regions.

The range of τx applied in the simulations covers the seasonal variations
(Fig. 4.2). The magnitude of the stationary zonal wind stress in Ekman50 was
similar to the observed zonal wind stress in fall, while the stronger stationary
zonal wind stress in Ekman125 was comparable to the wind stress during winter
and summer months. The zonal wind stress in Ekman150 was stronger than the
seasonal cycle, but was similar to zonal wind stresses that are observed during
years with anomalously high wind velocities (Whyte et al., 2008).
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4.2.2 Methods

To analyze the behavior of the mesoscale eddies, we analyzed both the eddy
kinetic energy (EKE) and the individual eddies. Following Jouanno et al. (2012),
we calculated the EKE from 5-day averaged velocity fields that were high-pass
filtered with a 125-day running mean. This 125-day period was long enough to
capture the variability of the eddies, which have a characteristic period of 50-100
days (Jouanno et al., 2008), but was shorter than the interannual variability.

To gain insight into the westward intensification of Caribbean anticyclones,
we used the py-eddy tracker to follow them (Mason et al., 2014). The py-eddy
tracker used 5-day averaged sea-level anomaly fields to identify near-circular
features. Anomalies were computed with respect to 20-year averaged fields.
Negative anomalies were identified as cyclones, and positive anomalies as an-
ticyclones. More detailed information about the numerics of the py-eddy tracker
can be found in Mason et al. (2014). We set a minimum life time of 75 days.
Taking into account the average westward propagation velocity of 0.13 m s−1

(Richardson, 2005), the anticyclones propagate approximately 840 km during
this minimum life time.

At the center of the eddies provided by the eddy tracker, we extracted the
amplitude (Aeddy), swirl velocity (uswirl), radius (Reddy) and properties from the
model output to assess their characteristics. The amplitude was defined as sea-
surface height difference between the eddy and the 20-year average sea-surface
height at the center of the eddy. Since the py-eddy tracker identifies circular
anomalies as eddies, we could define the swirl velocity as the average of the
maximum northward and maximum southward velocity of the eddy. The location
of both velocities was used to obtain a robust estimate of the eddy radius (Reddy),
which we defined as half the distance between these locations. To characterize
the local properties (T, S,σ) of the background and the eddies, these variables
were averaged over the upper 50 m. This depth corresponds to the average depth
of the pycnocline in the Caribbean Sea. The latter ensures that these properties
not only reflect variations in surface forcing. The background properties were
defined as the 125-day averaged values of the upper 50 m at the location of the
eddy obtained from the py-eddy tracker. The differences between the properties
of the eddies and the background are computed as ∆= eddy− background.

To gain insight in the geostrophic part of the westward intensification of the
anticyclones in each simulation, we computed the strength of the horizontal den-
sity gradients (|∇σ|). These gradients were calculated over the upper 50 m of
the water column for 5-day averaged density fields as follows:

|∇σ|=

√

√

√

�

∂ σ

∂ x

�2

+
�

∂ σ

∂ y

�2

, (4.1)

where σ corresponds to the density. The contribution of temperature (|∇σT |)
and salinity (|∇σS |) to the horizontal density gradients was computed in a sim-
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ilar manner, where the density differences were calculated assuming a linear
equation of state as ∆σT = ρ0α(T1 − T0) and ∆σS = ρ0β(S1 − S0), respectively.
Here, α, β and ρ0 are constants; α= −3.1×10−4 ◦C−1, β = 7.2×10−4 psu−1, and
ρ0 = 999.8 kg m−3.

Since the focus of this study is to analyze the westward intensification of
the anticyclones, we not only calculate the EKE and strength of the horizontal
density gradients over the full domain, but we also calculate their contribution
associated with the anticyclones only. We estimate the latter by considering the
EKE and density gradients around the core of an eddy at each 5-day averaged
field over a spatial extend of 1.5× Reddy. This procedure allows us to study only
the westward intensification of the anticyclones.

4.3 Performance of the regional model

4.3.1 Mean flow

The modeled surface current in Ekman100 enters the Caribbean Sea through the
southern passages of the Lesser Antilles (Fig. 4.3a), which is similar to what is
seen in observations (Johns et al., 2002). The flow through the Lesser Antilles is
highly variable and depends on variations of the flow upstream and on the wind
forcing (Johns et al., 2002). Based on scarce data, Johns et al. (2002) estimated
the transport at 66◦W at 18.4 ± 4.7 Sv. In our simulation, the transport is more
stable due to the stationary forcing and is on average 13.6 Sv at 66◦W, which is
close to the lower range of the estimate of Johns et al. (2002). Further westward
at 80◦W, the modeled flow accelerates over shallow topography at 17◦N, where
it continues northwestward towards Yucatan Channel into the Gulf of Mexico.

In the southwest of the Caribbean Sea, the modeled surface currents dis-
plays a cyclonic recirculation (Fig. 4.3a). This recirculation is known as the
Panama-Colombia Gyre (PCG) and is wind-driven (Centurioni and Niiler, 2003;
Andrade, 2003). Part of the PCG continues as an eastward subsurface counter-
current, which results from the Sverdrup circulation in the North Atlantic tropical
cell (Andrade, 2003). The countercurrent flows below the upwelling region, and
its depth is related to the wind strength (Andrade, 2003; Andrade and Barton,
2005). The model is able to reproduce the subsurface countercurrent at a depth
of approximately 100 m, which is slightly higher in the water column than at
the 200 m observed by Andrade (2003) and the 150 m observed by Hernán-
dez–Guerra and Joyce (2000); the modeled strength (0.11 m s−1) is comparable
to their observations.

Ekman100 displays a strong meridional density gradient in the mixed layer
that varies between σ = 25.1 kg m−3 in the south (11◦N) and σ = 22.7 kg m−3

in the north (18◦N, Fig. 4.3b). The strongest meridional gradients are close to
the surface and co-located with the Caribbean Current. The location of the dense
waters coincide with the two major upwelling regions: Cariaco and Guajira. The
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Figure 4.3: 20-year near-surface average properties of the Caribbean Sea in Ekman100. (a)
Mean sea-level anomaly (SLA) in m with velocity vectors. Surface current vectors are only
shown every eighth grid cells for clarity purposes. (b) Density (σ = ρ − 1000) in kg m−3,
(c) Temperature in ◦C and (d) Salinity in psu. Properties in panel b-c-d are averages over the
upper 50 m.
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upwelled waters are colder and more saline than the surrounding surface waters
(Fig. 4.3c,d).

The Cariaco upwelling region in the southeast of the Caribbean Sea is located
at 63◦W-65◦W, 10◦N-12.5◦N (Rueda–Roa and Muller–Karger, 2013). The mod-
eled minimum (24.9 ◦C) and maximum temperatures (27.4 ◦C) in Cariaco Basin
are less extreme than the observed temperatures (minimum: 20.3 ◦C, maximum:
30.1 ◦C, Rueda–Roa and Muller–Karger, 2013). Although the model is not able to
capture this seasonal variability, the modeled average SST (25.4 ◦C) is similar to
observations (25.2 ◦C, Rueda–Roa and Muller–Karger, 2013). Note that these
modeled temperatures are lower than the restoring temperature (Fig. 4.1c),
which indicates that the model is able to reproduce coastal upwelling. The Gua-
jira upwelling region is located west of the Cariaco upwelling region, between
69◦W and 74◦W (Andrade and Barton, 2005; Rueda–Roa and Muller–Karger,
2013). Here, the observed average SST is slightly higher (25.5 ◦C) than in
the Cariaco upwelling region (Rueda–Roa and Muller–Karger, 2013). Similar
to these observations, the model displays a temperature difference between the
two upwelling regions (26.1 ◦C in Guajira, Fig. 4.3c). Furthermore, the modeled
temperatures are in line with Andrade and Barton (2005), who found surface
temperatures varying between 25.6◦C and 28◦C in the Guajira upwelling region.

In addition to the meridional density gradient, the model also displays a clear
zonal density gradient in the Caribbean Sea (Fig. 4.3b): the Caribbean Current
is relatively light as it enters the Caribbean Sea. This zonal density gradient is
mainly due to a zonal salinity gradient, and to a lesser extent to a zonal tem-
perature gradient (Fig. 4.3c-d). As mentioned in the introduction, the zonal
temperature and salinity gradients are related to the offshore advection of cold
and saline upwelling filaments (Jouanno and Sheinbaum, 2013). The magnitude
of the zonal density gradient is largest in the surface mixed layer and decreases
rapidly below. According to observations, the zonal salinity gradient is also re-
lated to the dispersal of the Amazon and Orinoco River plumes into the basin
(e.g., Hu et al., 2004; Chérubin and Richardson, 2007). In the model, the Ama-
zon River plume enters the domain at the southern boundary, while the fresh
water of the Orinoco River enters the domain at 61◦W, 9◦N (Fig. 4.1d). The river
plume is advected with the mean flow and becomes more saline through mixing
with the saline (upwelled) surface waters in the basin, and through evaporation.
Overall, the zonal and meridional gradients of salinity and temperature are sim-
ilar to observations, indicating that the model is able to capture the upwelling,
the advection of the river plume water and the relevant mesoscale processes.

4.3.2 Eddy kinetic energy

In line with observations (Andrade and Barton, 2000; Richardson, 2005; Carton
and Chao, 1999), we find that the flow in the Caribbean Sea is highly variable
(Fig. 4.4). In the eastern part of the basin, the modeled surface EKE is relatively
low (100-300 cm2 s−2, Fig 4.4a) and similar to observations of Andrade and Bar-
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Figure 4.4: Eddy kinetic energy (EKE) in cm2 s−2 of Ekman100 obtained from 5-day averaged
velocity fields that are high-passed filtered with a 125-day mean. (a) 20-year average of the
EKE in the upper 50 m of the water column and (b) cross section of EKE at 15◦N over the
upper 400 m.

ton (2000). The EKE increases westward towards a maximum >900 cm2 s−2 at
78◦W. The modeled magnitude of EKE is higher than found in satellite altime-
try (>600 cm2 s−2, Andrade and Barton, 2000; Jouanno et al., 2012), but it is
more similar to estimates obtained from surface drifters (>900 cm2 s−2, Richard-
son, 2005). This is in line with other modeling studies (Jouanno et al., 2008,
2012), and this discrepancy is mainly attributed to the coarse resolution (0.25◦)
of the gridded altimetry data products (Jouanno et al., 2008). The modeled spa-
tial variability of EKE matches analyses of to satellite altimetry well (Jouanno
et al., 2012; Ducet et al., 2000). Corresponding to observations (Silander, 2005,
, Chapter 2 of this thesis), we find that the eddy kinetic energy is surface intensi-
fied (Fig. 4.4b). In line with the modeling results of Jouanno et al. (2008), the
magnitude of EKE at depth also increases towards the west (Fig. 4.4b).

The variability in the Caribbean Sea manifests itself in the presence of meso-
scale eddies (Fig. 4.5). In line with observations (Centurioni and Niiler, 2003),
the mesoscale eddies are predominantly anticyclonic (Fig. 4.5a). As expected,
the surface densities of these anticyclones are lighter than those of the surround-
ing surface waters (Fig. 4.5b). The density differences are due to both tempera-
ture and salinity (Fig. 4.5c,d). Figure 4.5c also displays the northward advection
of a cold filament. Similar filaments have been observed, and it is known that
these can be advected several hundreds of kilometers from the upwelling region
(Andrade and Barton, 2005). This advection results in the offshore cooling of
surface waters (Jouanno and Sheinbaum, 2013).
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Figure 4.5: Near-surface properties of the Caribbean Sea, averaged over a 5-day period during
the final year of the simulation Ekman100. (a) Mean sea-level anomaly (SLA, in m) with
velocity vectors. Surface current vectors are only shown every eighth grid cells for clarity
purposes. (b) Density (σ = ρ − 1000) in kg m−3, (c) Temperature in ◦C and (d) salinity in
psu. Properties in panels are averages over the upper 50 m.
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4.3.3 Eddy characteristics

From the py-eddy tracker (Mason et al., 2014), we found that on average, 8.55
anticyclones and 5.70 cyclones are formed in the reference simulation Ekman100
east of 75◦W, between 12.5◦N-17.5◦N every year. These numbers are in line with
the 8-12 anticyclones per year estimated from surface drifter data (Richardson,
2005). To our knowledge, there are no previous estimates for the formation rate
of cyclones in the Caribbean Sea.

The anticyclones have an average amplitude of Aeddy = 0.17 m and swirl
velocities of uswirl = 0.60 m s−1 between 65◦W-75◦W and 12.5◦N-17.5◦N (Table
4.1). This amplitude and swirl velocity are similar to those found in hydrographic
surveys (Silander, 2005; Rudzin et al., 2017, , Chapter 2 of this thesis), and
similar to velocities obtained from surface drifters (uswirl = 0.5 m s−1, Richardson,
2005). In general, the core of the anticyclones is warmer (∆T = +0.15 ◦C) and
fresher (∆S = −0.18 psu) than the surrounding surface waters (Fig. 4.5c-d).

In the central Caribbean Sea (65◦W-75◦W and 12.5◦N-17.5◦N), the cyclones
are less energetic than the anticyclones, and have an average amplitude of Aeddy =
−0.16 m and swirl velocity of uswirl = 0.50 m s−1. Observations indicate that cy-
clones are generated near topographic features in the Caribbean Sea (Richard-
son, 2005), and can contain upwelling waters (Andrade and Barton, 2005). The
modeled properties of the cyclones are in agreement with these observations. It
appears that the mesoscale eddies are close to geostrophic balance, with an av-
erage Rossby number of 0.15±0.01 (anticyclones) and 0.14 ± 0.03 (cyclones),
where the Rossby number is calculated as Ro= uswirl/(Reddy× f ), in which uswirl is
the swirl velocity of the eddy, Reddy is the radius and f the Coriolis parameter.

There is a strong and significant correlation between the amplitude of the
tracked mesoscale eddies and the surface EKE. This suggests that the westward
increase of EKE is related to the strength of the eddies. We find that 57 of the
anticyclones that are formed in the Caribbean Sea during the 20 years of the sim-
ulation propagate from a region with weak EKE (<65◦W) towards a region with
high EKE (>75◦W). The paths of these anticyclones are indicated with the black
lines in Figure 4.6a. The other 96 anticyclones that are formed in the Caribbean
Sea during the 20 years of the simulation are either generated west of 65◦W or do
not pass 75◦W (grey lines in Fig. 4.6a). In contrast to the anticyclones, cyclones
display relatively short tracks: Only one cyclone passes both 65◦W and 75◦W
(black line in Fig. 4.6b). This is similar to observations of Richardson (2005)
who showed that the cyclones follow a different path than anticyclones.

To assess the contribution of the anticyclones with the long tracks to the total
EKE variability, we calculated their EKE from the zonal and meridional velocity
fields by taking into account the EKE within a region of 1.5× Reddy around each
eddy as described in Section 4.2. The spatial distribution of EKE due to these
long-lived eddies (Fig. 4.6c) is similar to the spatial distribution of the total
EKE (Fig. 4.4a). Notably, the magnitude of the EKE of these selected eddies is
approximately 55 % of the total EKE (Fig. 4.4), while it is computed from only 37
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Figure 4.6: Paths of (a) anticyclones, and (b) cyclones that are identified by the py-eddy
tracker (Mason et al., 2014) in Ekman100 during 20 years of model simulation. The black
lines indicate tracks that pass both cross-sections at 65◦W and 75◦W (green lines). All other
tracks are indicated in grey. (c) Estimate of EKE in cm2 s−2 of the long tracks (black lines in
panels a and b). (d) Estimate of EKE of all other tracks (grey lines in panels a and b).
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% of the eddies (57/153 anticyclones in 20 years). This shows that the modeled
westward increase of EKE is dominated by the westward increase of EKE of a
small number of long-lived eddies, which is also confirmed by the weaker eddy
kinetic energy of the eddies with shorter tracks (Fig. 4.6d). Because our results
show that the eddies with long tracks, dominate the mesoscale variability in the
Caribbean Sea, we will focus on these 57 energetic anticyclones in the remainder
of this study.

4.4 Westward intensification

Figure 4.6 showed that the EKE of the anticyclones with long tracks increases
towards the west. We hypothesized that the intensification of the anticyclones
was governed by a westward strengthening of the horizontal density gradients.
In this section, we evaluate the evolution of the horizontal density gradients of
the anticyclones and the validity of the thermal wind balance.

Figure 4.7 shows the different components of the thermal wind balance ( ∂ V
∂ z ,

g
ρ0 f ∇σ) computed from high-pass filtered density and velocity fields. As in Fig.
4.6c, only the anticyclones with long tracks are taken into account. The vertical
shear of the anticyclones (Fig. 4.7a) increases from the eastern part of the basin
towards the west. The horizontal density gradients of the anticyclones (Fig. 4.7b)
have a similar magnitude and spatial distribution as the vertical shear (Fig. 4.7a).
This indicates that, on average, the anticyclones were close to geostrophy. For
this case, the horizontal density gradients due to salinity (Fig. 4.7d) are slightly
stronger than the horizontal density gradients due to temperature (Fig. 4.7c).

To gain insight into the westward intensification of the anticyclones, we com-
puted the zonal variation of the EKE, vertical shear, density gradients and prop-
erties of the anticyclones (Fig. 4.8). Overall, the meridional maximum of EKE
that is contained in the anticyclones increases from approximately 200 cm2 s−2

at 65◦W towards 530 cm2 s−2 at 75◦W (Fig. 4.8a). These values are similar to
those observed in Andrade and Barton (2000).

Similar to the EKE, the horizontal density gradients and vertical shear of the
anticyclones increases towards the west (Fig. 4.8b). In line with the low Rossby
number of the anticyclones, there is a small difference in magnitude between the
vertical shear and density gradients indicating the presence of small ageostrophic
velocities. As in Fig. 4.7c and Fig. 4.7d, the horizontal density gradients due
to temperature and salinity gradients both increase towards the west. This in-
crease in both temperature and salinity can be explained by the properties of the
upwelled waters, which are both colder and more saline than the background
environment. Note that the density gradients induced by salinity are stronger
than those induced by temperature differences (dashed and dotted lines in Fig.
4.7c-d, respectively). Although the anticyclones become slightly denser on their
path westward through mixing with the surrounding waters (dots in Fig. 4.8c),
this density increase is much weaker than the westward density increase of the



4.4. Westward intensification 83

Figure 4.7: (a) Vertical shear of the anticyclones, averaged over the upper 50 m. (b) Hor-
izontal density gradients of the anticyclones, scaled with g/(ρ0 f ) according to the thermal
wind equation. Horizontal density gradients due to (c) temperature gradients and (d) salinity
gradients of the anticyclones.
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Figure 4.8: (a) Zonal variation of the (a) meridional maximum eddy kinetic energy, and (b)
vertical velocity shear and shear computed from horizontal density gradients between 12.5◦N
and 17.5◦N of the anticyclones with long tracks. The shaded regions indicate the 25th and 75th
percentile. All properties are averaged over the upper 50 m of the water column. (c) Density
anomaly of the background (σbg) and anticyclones (σAC), averaged over the upper 50 m. The
density anomaly of the anticyclones is averaged per degree longitude. (d) The variations of
vertical shear and horizontal density gradients with longitude in westward direction of the
anticyclones with long tracks.



4.5. Offshore advection of dense upwelling filaments 85

surrounding waters (solid line in Fig. 4.8c), suggesting that indeed changes in
properties of the background environment are the dominant factor resulting in
the westward increase of the horizontal density gradients.

Because the westward increase of the horizontal density gradients and verti-
cal shear of the anticyclones (Fig. 4.8b) is not constant, we computed the varia-
tions with longitude in westward direction of these quantities (Fig. 4.8d). From
this, three regions can be identified as locations of more rapid intensification
(64.6◦W, 66.7◦W, 72◦W). Up to 64.6◦W, the westward increase of horizontal
density gradients is not fully balanced by the vertical shear, indicating that the
westward intensification of the anticyclones is not in geostrophic balance at this
stage. The westward intensification becomes more geostrophic towards the sec-
ond peak of rapid intensification at 66.7◦W (Fig. 4.8d). This peak is located near
the Cariaco upwelling region. As the anticyclones move closer towards the Gua-
jira upwelling region, they intensify more rapidly again (at 72◦W in Fig. 4.8d).
Although the third rapid increase is located eastward of the Beata Ridge at 73◦W,
it is possible that this topographic feature has some impact on the westward in-
tensification, as was previously proposed by Andrade and Barton (2000). How-
ever, our model result suggest that all three regions of more rapid increase are
located close to preferred locations of the shedding of upwelling filaments (Fig.
4.5c).

4.5 Offshore advection of dense upwelling filaments

Figure 4.8 showed that the westward increase of EKE coincides with a westward
increase of the vertical shear and density gradients of the anticyclones. This west-
ward density increase of the surrounding surface waters is possibly governed by
the advection of cold upwelling filaments offshore (Jouanno and Sheinbaum,
2013). According to Jouanno and Sheinbaum (2013), these filaments, charac-
terized by strong temperature gradients, are advected by the anticyclones. Since
we found regions with a more rapid increase in horizontal density gradients of
the anticyclones (Fig. 4.8d), we evaluate in this section whether that increase is
related to the advection of cold upwelling filaments.

We defined a measure for the strength of the filaments to study if there is a
relation between the filaments and the eddy kinetic energy of the anticyclones.
Because of their sense of rotation, the filaments are expected on the western
side of the anticyclones, and hence we define this measure as a combination of
the asymmetry of the density gradients around the anticyclone and the density
gradient (induced by temperature) on the western side of the anticyclone. The
asymmetry is defined as the ratio between the strength of the horizontal density
gradient on the western and eastern side of the anticyclone ( |∇σwest|

|∇σeast|
). An asym-

metry larger than one corresponds to a situation where the density gradients on
the western side of the anticyclone are stronger than on the eastern side, which
suggests that an anticyclone advects a filament. Furthermore, we expect that the
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Figure 4.9: (a) Asymmetry of the anticyclones ( |∇σwest |
|∇σeast |

) versus the strength of the horizontal
temperature gradients on the western side of the anticyclones (|∇σT,west|) in Ekman100. The
asymmetry is defined as the ratio between the strength of the horizontal density gradient on
the western and eastern side of the anticyclone between 65◦W and 75◦W. Colors indicate the
EKE of the eastern side of each eddy. Each dot represents one anticyclone, the inlay contains
a schematic of the locations where the properties are calculated. (b) The total life time ver-
sus latitude of each anticyclone. Anticyclones with long tracks (black lines in Fig. 4.6a) are
indicated with dots, anticyclones with short tracks (grey lines in Fig. 4.6a) are indicated with
triangles. Colors denote the asymmetry of the anticyclones. All properties are calculated as
average values between 65◦W and 75◦W from individual anticyclones in all simulations.

anticyclones that advect filaments have strong horizontal temperature gradients
on the western side. These two properties are shown in Figure 4.9a. It displays a
positive correlation between the asymmetry and the strength of the temperature
gradients, so that the most asymmetric anticyclones have the strongest temper-
ature gradients on their western side, corresponding to our hypothesis that the
anticyclones with strong temperature gradients advect cold upwelling filaments.

The relation between the eddy kinetic energy and the advection of filaments
is also shown in Figure 4.9a. The average eddy kinetic energy is computed on
the eastern side of the anticyclone to exclude the kinetic energy associated with
the filament. The EKE of the anticyclone is positively correlated to the strength
of the western temperature gradient of the anticyclone, which denotes that the
anticyclones with strong filaments are more energetic than the anticyclones with
weaker filaments. This means that the westward intensification of individual
anticyclones can be affected by the advection of cold filaments.

To understand this positive correlation between the advection of filaments
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and the strength of the anticyclones, we compared the anticyclones with long
tracks to the other anticyclones that are present in the Caribbean Sea between
65◦W and 75◦W (black and grey lines in Fig. 4.6, respectively). This comparison
between the asymmetry of the anticyclones, their life time and their meridional
location reveals two interesting aspects (Fig. 4.9b). First, the anticyclones with
long tracks (dots in Fig. 4.9b) are located in the southern part of the basin
(<16◦N). Second, the anticyclones with long tracks are in general more asym-
metric than the other anticyclones (triangles in Fig. 4.9b).

The combination of these two aspects suggests a relation between the ad-
vection of filaments and the lifetime of Caribbean anticyclones: Anticyclones
that propagate close to the upwelling region are more likely to advect a cold
filament that increases their western horizontal temperature gradients. Such
offshore advection of dense filaments increases the horizontal density gradients
leading to the westward intensification of the anticyclones. Consequently, these
anticyclones become more energetic and their lifetime increases. In contrast to
the anticyclones with long tracks, the anticyclones with short tracks (triangles in
Fig. 4.9b) are in general more symmetric and located farther north, and thus
apparently do not advect cold filaments. This suggests that anticyclones that do
not advect cold filaments dissipate, deform or merge rather than intensify. This
is in line with the earlier result that the anticyclones with long tracks are more
energetic than the anticyclones with short tracks (Fig. 4.6c,d).

4.6 Impacts of varying upwelling

In the previous section, we found that the westward intensification of Caribbean
anticyclones is characterized by an increase of horizontal density gradients of the
anticyclones, due to the advection of cold upwelling filaments by the anticyclones
themselves. We expect that changes in upwelling strength result in changes in
the properties of the filaments, which would affect the westward intensification
of these anticyclones. To study the impacts of upwelling on this westward inten-
sification of the anticyclones, we performed sensitivity simulations in which we
altered the upwelling strength (Section 4.2). This resulted in differences in both
the mean flow and mesoscale variability.

4.6.1 Changes in upwelling

The zonal wind stress in Ekman50 and Ekman75 was reduced compared to Ek-
man100, such that the wind stress in the upwelling region was 50 % and 25 %
less than Ekman100, respectively. The decrease in zonal wind stress in Ekman50
and Ekman75 results in weaker upwelling and consequently warmer SST in the
Cariaco Basin (Fig. 4.10a,b). The highest coastal temperatures are present in
Ekman50. Sea-surface salinity decreased in both Ekman75 and Ekman50 com-
pared to Ekman100 (Fig. 4.10a-c). This freshening is related to the presence
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of a subsurface salinity maximum in the Caribbean Sea due to the presence of a
water mass, referred to as Subtropical Underwater. This water mass is located
at approximately 100 m depth and leads to more saline upwelled waters com-
pared to the fresher surface waters (Chapter 2 of this thesis). Weaker upwelling
thus results in warmer and fresher surface waters (Fig. 4.10a,b), and stronger
upwelling results in colder and more saline surface waters (Fig. 4.10d,e).

Besides differences in the mean properties (σ, T, S), the width of the up-
welling region also changes in the simulations: In Ekman125 and Ekman150,
the upwelling is confined to a narrower region than in Ekman75 and Ekman50.
Moreover, we find that the core of the subsurface countercurrent is displaced up-
wards in Ekman50 and Ekman75 compared to Ekman100 (red contour in Fig.
4.10). This upward change in line with the observations where the core was
also displaced upwards in weaker wind conditions (Andrade, 2003; Andrade and
Barton, 2005). The increased northward Ekman transport in Ekman125 and Ek-
man150 leads to colder and more saline surface waters. In these simulations, the
core of the subsurface countercurrent is positioned lower in the water column
(red contour in Fig. 4.10). The changing position of the subsurface countercur-
rent and the changes in sea-surface properties in the upwelling regions indicate
that the model is able to reproduce realistic upwelling properties as was also
shown in Section 4.3.

4.6.2 Changes in EKE

The upwelling strength impacts the offshore EKE (Fig. 4.11). In the interior of
the Caribbean Sea, the surface EKE and subsurface EKE decreases (increases) for
weaker (stronger) zonal wind strength. For example, the magnitude of the mean
EKE in the interior of the Caribbean Sea decreases by 27 % in Ekman50 compared
to Ekman100 (Fig. 4.11a). In Ekman75, a slightly weaker decrease of 15 % is
present (Fig. 4.11b). In Ekman125 and Ekman150, the surface EKE increases
with 13 % and 28 %, respectively (Fig. 4.11c,d). Overall, the EKE variations
indicate a positive correlation between the coastal wind stress and the strength of
the mesoscale eddies. A similar correlation is found in the subsurface EKE. This
is in line with the finding that the upwelling was shallower in the simulations
with weaker upwelling and deeper in simulations with stronger upwelling.

To gain insight into the sensitivity of the westward increase of EKE to vari-
ations in upwelling, the maximum of the total EKE between 12.5◦N and 17.5◦N
was computed as a function of longitude (Fig. 4.12a). The largest changes in EKE
are seen in the western part of the basin. In Ekman100, the EKE increased by 123
% from 65◦W to 75◦W, while the weaker upwelling in Ekman50 and Ekman75 re-
sulted in a smaller westward increase of the EKE by 62 % and 97 %, respectively.
Ekman125 and Ekman150 have a stronger westward increase in EKE compared
to Ekman100. Overall, there is a clear positive correlation between the upwelling
strength and the westward increase in EKE.
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Figure 4.10: Cross-section at 66◦W of the 20-year averaged salinity in (a) Ekman100, (b)
Ekman50, (c) Ekman75, (d) Ekman125 and (e) Ekman150 (shading). The solid red line
indicates the position of the subsurface countercurrent (contour line at an eastward velocity
of 0.07 m s−1). The Caribbean Current is indicated with the dashed red line (contour line at
westward velocity of 0.2 m s−1). The black contours shows the 20-year average temperature in
each simulation; the white contour indicates the 20-year average density in each simulation.
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Figure 4.11: EKE anomaly compared to Ekman100 (Fig. 4.4) at the near-surface and at a
cross-section at 15◦N in (a) Ekman50, (b) Ekman75, (c) Ekman125 and (d) Ekman150. Pos-
itive values correspond to enhanced EKE compared to Ekman100. The black box indicates
the interior of the Caribbean Sea (12.5◦N-17.5◦N, 65◦W-75◦W). The dashed line shows the
location of the cross-sections in the lower panels.
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Figure 4.12: (a) Zonal variation of the maximum of EKE between 12.5◦N-17.5◦N, from 65◦W
to 75◦W for each simulation. (b) As (a), but for the anticyclones with long tracks only. The
EKE was averaged over the upper 50 m. Note the difference in scale between the two panels.

4.6.3 Changes in eddy characteristics

Next, we assessed whether the changes in the westward increase in EKE can be
attributed to changes in the eddy field and to changes in the westward intensifi-
cation of anticyclones. To this end, we studied the behavior of individual eddies
in the each simulation with the py-eddy tracker. The number of anticyclones that
are formed each year in the interior of the Caribbean Sea is highly variable and
varies between 8.55 year−1 (Ekman100) and 10.85 year−1 (Ekman50, Table 4.1).
These numbers are in line with a formation rate of 8-12 anticyclones per year as
observed by Richardson (2005). In all simulations, between 34 % and 43 % of
the anticyclones that are formed in the Caribbean Sea have long tracks (Table
4.1). The paths of these anticyclones with long tracks are, similar to Ekman100
(Fig. 4.6a), located in the southern part of the basin (not shown).

Similar to Ekman100, we computed the EKE associated only with the long-
lived anticyclones which were formed in the eastern part of the basin (<65◦W)
and propagate beyond 75◦W (Fig. 4.12b). Similar behavior is visible as for the
total EKE in Figure 4.12a: The EKE increases towards the west in all simulations,
and stronger (weaker) upwelling correspond to a larger (smaller) westward in-
crease. In the simulations with strong upwelling (Ekman100, Ekman125 and
Ekman150), the anticyclones with long tracks (Fig. 4.12b) are responsible for
more than half of the total EKE (Fig. 4.12a), even though they constitute only
34-43 % of the total number of anticyclones in this region (Table 4.1). In Ek-
man50 and Ekman75, the anticyclones with long tracks become less dominant.
In these simulations, the westward increase of EKE is also less pronounced than
in the stronger wind conditions. Overall, this shows that in all simulations, a
substantial part of the EKE and the longitudinal variations therein are governed
by the evolution of a small number of anticyclones, and that this effect is stronger
in simulations with stronger upwelling.

In general, the anticyclones are fresher and warmer than the surrounding
waters in all simulations. The freshest and warmest anticyclones are present in
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Ekman50, while the most saline and coldest anticyclones are found in Ekman150
(Table 4.1). It is interesting to note that the variation of the properties of the
anticyclones is very small in each simulation (see standard deviation of the anti-
cyclone properties in Table 4.1). This suggests that, like shown for Ekman100 in
Fig. 4.8c, also for the simulations in which the upwelling was varied the proper-
ties of the anticyclones remain approximately constant during their propagation
westward.

In line with observations of Centurioni and Niiler (2003), we found less cy-
clones than anticyclones in each simulation (Table 4.1). The lowest average for-
mation rate of cyclones is found in Ekman150 with 4.15 cyclones per year, and
the highest average formation rate is present in Ekman50 with 6.15 cyclones
per year. These formation rates were highly variable, and differences in forma-
tion rates between simulations were not significant. In none of the simulations,
the py-eddy tracker was able to track multiple cyclones from east to west (65◦W-
75◦W). This implies that the cyclones are either deformed or dissipated too much,
such that the py-eddy tracker could not track their sea-level anomaly. Overall, the
behavior of the mesoscale eddies is similar in all simulations and the spatial pat-
tern and magnitude of the surface EKE is governed by the anticyclones with long
tracks. The westward intensification of these anticyclones is discussed in the next
section.

4.6.4 Westward intensification

We showed in Section 4 that the westward increase of EKE in Ekman100 coin-
cided with a westward strengthening of the vertical shear of the long-lived anti-
cyclones (Fig. 4.6c, Fig.4.7a). This increase in vertical shear was related via the
thermal wind relation to the strengthening of the horizontal density gradients at
the western edge of the anticyclone caused by the advection of upwelling fila-
ments (Fig. 4.9a). Here, we analyze the thermal wind relation in the sensitivity
simulations and its relation to the westward intensification of the anticyclones
(Fig. 4.13).

In all simulations, the vertical shear of the anticyclones increases from east to
west (Fig 4.13a). This westward increase in vertical shear is similar to the west-
ward strengthening of the horizontal density gradients (Fig. 4.13b). Similar to
Ekman100, the magnitude of the horizontal density gradients is slightly smaller
than the vertical shear in all simulations, but their variation is similar. In combi-
nation with the low Rossby number of the anticyclones (Table 4.1), this implies
that the anticyclones are in near-geostrophic balance during their evolution.

The anticyclones display the strongest westward intensification in the simu-
lations with stronger upwelling (orange and red lines in Fig. 4.13a,b). These
simulations have relatively low vertical shear at 65◦W. In the simulations with
weaker upwelling, Ekman50 and Ekman75, the anticyclones intensify less than
in Ekman100. Moreover, in Ekman50, the vertical shear even weakens between
70◦W and 73◦W. At the same location, the EKE also does not increase in Ekman50
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Figure 4.13: Zonal variation of the meridional average (12.5◦N-17.5◦N) of the (a) average ver-
tical shear of the anticyclones, (b) horizontal density gradients, (c) horizontal density gradi-
ents induced by temperature gradients and (d) horizontal density gradients induced by salinity
gradients. All properties are computed over the upper 50 m of the water column.

(Fig. 4.12b).
It is remarkable that, at 65◦W, the strongest vertical shear and density gra-

dients of the anticyclones are present in Ekman50, while the weakest gradients
were located in Ekman150 (compare the blue and red lines in Fig. 4.13a,b). This
suggests that the early development (east of 65◦W) of the anticyclones differs be-
tween the simulations. The strong gradients in Ekman50 at 65◦W are surprising,
because we expected stronger gradients in simulations with stronger upwelling.
An explanation for the strong horizontal density gradients at 65◦W in Ekman50
can be found after separating the total horizontal density gradients into density
gradients induced by temperature and salinity (Fig. 4.13c,d). While the density
gradients driven by temperature gradients have a similar magnitude in each sim-
ulation in the eastern part of the basin (Fig. 4.13c), the density gradients driven
by salinity gradients differ substantially between the simulations at 65◦W (Fig.
4.13d) and are negatively correlated to the upwelling strength.

To understand why the salinity gradients in the eastern part of the basin
are stronger for weaker upwelling, we analyzed the average spatial variation
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of the total density gradients. Figure 4.14 shows the magnitude of the time-
averaged horizontal density gradients |∇σ| of Ekman100 (middle column), and
the strengthening or weakening of these gradients in Ekman50 (right column)
and Ekman150 (left column) compared to Ekman100. The strongest horizontal
density gradients are located at the Guajira and Cariaco upwelling regions (Fig.
4.14b). These density gradients are weaker in Ekman50 than in Ekman100 (Fig.
4.14a), and stronger in Ekman150 (Fig. 4.14c).

The horizontal density gradients at the upwelling region are due to both hor-
izontal temperature and salinity gradients (Fig. 4.14e-h). Because upwelling
brings relatively cold and saline waters towards the surface (Fig. 4.10), the
strength of these density gradients increase for stronger upwelling (Fig. 4.14c)
and decrease for weaker upwelling (Fig. 4.14a). In Ekman150, the strength-
ening of the horizontal density gradients is mainly due to temperature induced
density gradients in the upwelling region (Fig. 4.14f,i). In contrast, in Ekman50,
the weakening of the temperature gradients (Fig. 4.14d) and salinity gradients
(Fig. 4.14g) contribute roughly equally to the weakening of the total horizontal
density gradients (Fig. 4.14a).

In the interior of the basin, the horizontal density gradients strengthen in Ek-
man50 compared to Ekman100 (Fig. 4.14a), while they are weaker in Ekman150
compared to Ekman100 (Fig. 4.14c). It appears that this response results from
the increasing importance of the Amazon and Orinoco River plumes for weaker
wind conditions. The wind affects both the propagation and spreading of the
river plume. First of all, the northward Ekman transport advects the river plumes
towards the north as previously observed by Molleri et al. (2010). This northward
Ekman transport is weaker in Ekman50, and consequently the river plumes fol-
lows the mean flow towards the west (Fig.4.14g). The stronger Ekman transport
in Ekman150 results in a more northward path of the river plumes (Fig.4.14i).
The second consequence of changing wind conditions is the impact of the wind-
driven vertical mixing. The strong zonal winds in Ekman150 induce more wind-
driven mixing of the surface waters than the winds in Ekman50. As a result,
salinity anomalies propagate less far westward in Ekman150 than in Ekman50.
The farther advection of the river plume in Ekman50 explains why the anticy-
clones have stronger salinity gradients in Ekman50 than in the other simulations
(Fig. 4.13d).

From this analysis we conclude that a weakening of the zonal wind in Ek-
man50 leads to an increased influence of the Amazon and Orinoco River plume
compared to the other simulations. More specifically, in Ekman50, the upper
ocean density gradients in the interior of the Caribbean Sea are dominated by
salinity gradients (Fig. 4.14j), while the density gradients are predominantly
temperature driven in Ekman150 (Fig. 4.14l). So, depending on the zonal wind
strength, the total horizontal density gradients in the Caribbean Sea are either
driven by temperature or salinity gradients, which suggests that both the river
plumes as well and the upwelling affect the variability in the basin.
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Figure 4.14: (a-c) Average strength of the horizontal density gradients (|∇σ|) in Ekman50,
Ekman100, Ekman150 (see Section 4.2). The middle column shows the magnitude of the
density gradients in Ekman100. Left and right columns contain the difference between Ek-
man50 and Ekman150 and Ekman100, respectively. Red colors indicate an increase of the
horizontal density gradient. (d-f) Average strength of the horizontal density gradients due to
temperature variations (|∇σT |). (g-i) Average strength of horizontal density gradients due to
salinity variations (|∇σS |). The solid black line indicates where S = 35.5 psu. (j-l) Relative
magnitude of density gradients due to salinity compared to density gradients due to temper-
ature ( |∇σS |

|∇σT |+|∇σS |
). All properties are averaged over 20-years and over the upper 50 m of the

water column.
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4.7 Summary and discussion

In this study, we used a regional model of the Caribbean Sea to investigate the in-
teraction between mesoscale anticyclones and the wind-driven coastal upwelling
along the South-American coast. We showed that the westward intensification of
Caribbean anticyclones is driven by an increase in the horizontal density gradient
between their cores and their surroundings (Fig. 4.7). Notably, the increase is
governed by density changes of the surroundings; not by density changes within
the anticyclone (Table 4.1). More specifically, the density of the surroundings
increases through the offshore advection of cold filaments of upwelled water by
the anticyclones, which in turn is governed by the passage of the anticyclones
themselves. This increases the horizontal density gradient between the anticy-
clone and the surroundings on the western side of the anticyclone (Fig. 4.9a). As
a result, its vertical shear increases, and the anticyclone becomes more energetic.
Approximately 2-4 anticyclones per year showed this behavior. The anticyclones
that are not associated with the advection of cold filaments, strengthen this view
that the westward intensification of Caribbean anticyclones is facilitated by the
advection of filaments of upwelled water. These anticyclones were less energetic
and had shorter life spans than the anticyclones that intensified towards the west.

Further support for this view is obtained from the series of simulations in
which the strength of the upwelling was altered by adjusting the zonal wind
stress (and thus the northward Ekman transport). Stronger upwelling leads to
an increase in offshore cooling, and thus to a stronger increase in the horizontal
density gradient between the anticyclones and their surroundings. As a result,
the anticyclones intensify more on their path westward compared to the case of
weaker upwelling. We also found that a decrease of the northward Ekman trans-
port in the basin allows the river plumes to advect further into the basin. This
influences the early development of the anticyclones. This non-linear response
of the evolution of anticyclones to changes in upwelling highlights the fact that
the horizontal density gradients in the Caribbean Sea are predominantly set by
salinity gradients in case of weak wind forcing and by temperature gradients in
case of strong wind forcing.

Previous studies in the Caribbean Sea mainly focussed on either the influence
of the river plumes (e.g., Hu et al., 2004; Chérubin and Richardson, 2007), or
on the influence of the wind (e.g., Oey et al., 2005; Astor et al., 2003; Jouanno
et al., 2009). However, based on our results, we argue that it is important to take
the interaction between the pathway of the river plume and the upwelling into
account when studying mesoscale variability in the Caribbean Sea.

Based on the different wind forcing in the simulations, we can speculate on
the seasonal eddy variability in the Caribbean Sea: the strong zonal wind stress
in winter is similar to Ekman125, and the weaker winds in fall are represented
by Ekman50 and Ekman75. In Ekman150, the anticyclones intensified more than
in Ekman50. This implies that during the strong wind forcing in winter the anti-
cyclones intensify more. Furthermore, during weak wind forcing, we expect that
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2010/2011

Figure 4.15: Year-averaged sea-level variance and coastal zonal wind velocities. Sea-surface
spatial variance is obtained from daily sea-level anomaly fields from years 1993-2017 from
satellite altimetry (CMEMS) and averaged over the interior of the Caribbean Sea (12.5◦N -
17.5◦N, 65◦W - 75◦W). Coastal zonal winds in the upwelling region (10◦N -12.5◦N, 65◦W -
75◦W) are obtained from years 1993-2017 from ECMWF (ERA-Interim, Dee et al., 2011). Each
dot represents one year.

the salinity gradients of the river plume will become dominant. However, the
dispersal of the Amazon and Orinoco River plumes also has a distinct seasonal
cycle (Hellweger and Gordon, 2002; Chérubin and Richardson, 2007), which is
absent in our model and would be an interesting topic for further study.

The results of this study also highlight some aspects of the interannual vari-
ability of the eddy field in the Caribbean Sea. In our simulations, stronger wind
forcing resulted in a higher EKE in the center of the Caribbean Sea. Assuming
that this relation holds on interannual time scales as well, these results suggest a
positive correlation between the wind forcing and eddy variability in the interior
of the basin. Jouanno and Sheinbaum (2013) used a model with seasonally vary-
ing boundary conditions and identified a similar relationship. This is also found
in observations (Fig. 4.15), which show that sea-surface variance is higher in
years with stronger zonal winds. Figure 4.15 also suggests that the response of
the sea-surface variance to the wind stress is non linear: Although 2010 and 2011
were years with weak zonal winds, the sea-surface variance was relatively high.
It is interesting to note that the salinity in the Cariaco Basin was anomalously low
in these years (CARIACO–project, 2018). Taking into account the shallow depth
of this salinity anomaly, it is plausible that it is related to the farther westward
propagation of the river plumes as seen in Ekman50. This supports our view that
both upwelling and the dispersal of the river plumes affect the mesoscale eddy
field in the Caribbean Sea.

Over the past two decades, a weak decreasing trend has been observed in
the coastal wind stress and upwelling strength (Campbell et al., 2011; Lima and
Wethey, 2012; Torres and Tsimplis, 2013). Not only did this have severe ecolog-
ical impacts (Villamizar G. and Cervigón, 2017), it also impacts the mesoscale
variability. Our results suggest that weaker upwelling will lead to less westward
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intensification of Caribbean anticyclones and less mesoscale variability in the
interior of the basin. Furthermore, in weaker wind conditions the offshore ad-
vection of (nutrient-rich) cold filaments is weaker, which results in less offshore
advection of nutrients and biota.

Overall, in this study we showed how the strength of the zonal wind stress in
the Caribbean Sea impact the eddy variability in this basin. We showed how two
processes induced by the northward Ekman transport impact the development
of the most energetic anticyclones. First, the river plume sets the properties of
the anticyclones during their early development in the eastern Caribbean Sea.
Second, the anticyclones intensify themselves by the advection of cold and saline
upwelling filaments. Together these two processes explain some key aspects of
the mesoscale variability in the Caribbean Sea.



Chapter 5

Global dataset of thermohaline staircases obtained from
Argo floats and Ice-Tethered Profilers

Abstract

Thermohaline staircases are associated with double-diffusive mixing. They are
characterized by stepped structures consisting of mixed layers of typically tens of
meters thick that are separated by much thinner interfaces. Through these in-
terfaces enhanced diapycnal salt and heat transport take place. In this study, we
present a global dataset of thermohaline staircases derived from observations of
Argo profiling floats and Ice-Tethered Profilers using a novel detection algorithm.
To establish the presence of thermohaline staircases, the algorithm detects sub-
surface mixed layers and analyses the interfaces in between. Of each detected
staircase, the conservative temperature, absolute salinity, depth and height, as
well as some other properties of the mixed layers and interfaces are computed.
The algorithm is applied to 487,493 quality-controlled temperature and salinity
profiles to obtain a global dataset. The performance of the algorithm is verified
through an analysis of independent regional observations.

Parts of this chapter have been published as: van der Boog, C.G., Koetsier, J.O., Dijkstra, H.A., Pietrzak,
J.D. & Katsman, C.A.: Global dataset of thermohaline staircases obtained from Argo floats and Ice-Tethered
Profilers, Earth System Science Data, doi:10.5194/essd-13-43-2021, 2021.

http://dx.doi.org/10.5194/essd-13-43-2021
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5.1 Introduction

Thermohaline staircases consist of subsurface mixed layers that are separated by
thin interfaces. They are associated with double-diffusive processes, which in
turn result from a two orders of magnitude difference between the molecular dif-
fusivity of heat and that of salt (Stern, 1960). Whenever the vertical gradients of
temperature- and salinity-induced stratification have the same sign, these differ-
ences in molecular diffusivity can enhance the vertical mixing through double-
diffusive convection, leading to effective diffusivities of the order of 10−4 m−2 s−1

(Radko, 2013, and references therein).
It is still a topic of discussion how double-diffusive convection leads to the for-

mation of thermohaline staircases in oceanic environments (Merryfield, 2000).
For example, Stern (1969) argued that small-scale mixing processes trigger the
formation of internal waves. On the other hand, variations in the turbulent heat
and salt fluxes (Radko, 2003) or in the counter-gradient buoyancy fluxes that
sharpen density gradients (Schmitt, 1994) could also lead to the formation of
thermohaline staircases. Lastly, subsurface mixed layers can also arise from ther-
mohaline intrusions (Merryfield, 2000). Although it remains unclear how these
staircases arise, these studies agree that the formation of these subsurface mixed
layers are related to double-diffusive processes.

Based on the Turner angle (Tu), which compares the density component of
the temperature distribution with the density component of the salinity distri-
bution, two regimes of double diffusion can be distinguished (Ruddick, 1983).
Waters with −90◦ < Tu < −45◦ correspond to a stratification where both tem-
perature and salinity increase with depth and belong to the diffusive-convective
regime (DC). Those with 45◦ < Tu< 90◦ correspond to a stratification where tem-
perature and salinity decrease with depth and belong to the salt-finger regime
(SF).

Theoretical and laboratory studies have indicated that diapycnal fluxes of
heat and salt in thermohaline staircases are elevated compared to the background
turbulence (e.g., Schmitt, 1981; Kelley, 1990; Radko and Smith, 2012; Garaud,
2018). These results were confirmed by a tracer release experiment in the west-
ern tropical Atlantic Ocean (Schmitt, 2005). Although these enhanced fluxes
were observed, the importance of these fluxes for the global mechanical energy
budget remain unknown. Moreover, the vertical heat and salt fluxes in thermoha-
line staircases can also affect water-mass properties. In some regions, persistent
thermohaline staircases with layers stretching over a few hundred kilometers
have been observed (Schmitt et al., 1987; Timmermans et al., 2008; Shibley
et al., 2017), which could result in significant diapycnal fluxes between water
masses. For example, the double-diffusive diapycnal fluxes in the Mediterranean
Sea dominate the transport between the deep water masses (Zodiatis and Gas-
parini, 1996; Bryden et al., 2014; Schroeder et al., 2016), and in the Arctic Ocean
and Southern Ocean, an upward heat flux has been observed through staircase
interfaces (Timmermans et al., 2008; Shibley et al., 2017; Polyakov et al., 2012;
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Bebieva and Speer, 2019).
Modeling studies that incorporated parameterizations of double-diffusive flux-

es, indicated that the associated double-diffusive diapycnal fluxes can reduce the
strength of the global overturning circulation (Gargett and Holloway, 1992; Mer-
ryfield et al., 1999; Oschlies et al., 2003). To be able to study this with obser-
vations, we present a global dataset of the occurrence of thermohaline staircases
and their properties. The dataset is based on observations from Argo floats and
Ice-Tethered Profilers. In the following sections we briefly describe the raw data
used to extract the dataset (Section 5.2) and the algorithm we designed to detect
staircase structures (Section 5.3). The sensitivity of this detection algorithm to
the chosen input parameters is assessed in Section 5.4. The dataset is verified in
Section 5.5, followed by some guidelines for the use of the dataset in Section 5.6.

5.2 Data preparation

The dataset contains observations of autonomous Argo floats and autonomous
Ice-Tethered Profilers (ITP). The data of all active and inactive profilers is ob-
tained from http://www.argo.ucsd.edu and http://www.whoi.edu/itp from 13
November 2001 to 14 May 2020. Details on the profilers are described in Krish-
field et al. (2008) and Toole et al. (2011) for the ITP and in Argo (2020) for the
Argo floats. First a quality check is performed, where a profile is excluded from
analysis if it was taken by an Argo float mentioned on the grey list. This grey
list contains floats that may have problems with at least one of the sensors3 . As
thermohaline staircases consist of mixed layers with depths of tens of meters, we
also require that profiles have continuous data up to 500 dbar with an average
resolution finer than 5 dbar. Details on the origin and vertical resolution of the
profiles are depicted in Table 5.1 and Figure 5.1, in which Figure 5.1b confirms
that all profiles have observations deeper than 500 dbar. Furthermore, the av-
erage vertical resolution of the profiles indicates the average resolution is well
below the 5 dbar that was used as a threshold (Fig. 5.1c). After this quality
control, 487,493 vertical temperature and salinity profiles remain. Their global
distribution is shown in Figure 5.2.

Next, the profiles of the Argo floats and ITP were linearly interpolated to a
vertical resolution of 1 dbar from the surface to 2000 dbar so that their data
could be analyzed in a consistent manner. As a result, the small steps in, for
example, Arctic staircases might be missed (see Section 5.5). From these inter-
polated profiles we calculate several variables. Absolute salinity (S) in g kg−1

and conservative temperature (T) in ◦C are computed with the TEOS-10 soft-
ware (McDougall and Barker, 2011). Note that we use conservative temperature
as this is more accurate than potential temperature in computations concern-
ing heat fluxes and heat content (Graham and McDougall, 2013). We apply a
moving average of 200 dbar (Table 5.2) to obtain the background conservative

3 https://www.nodc.noaa.gov/argo/grey_floats.htm

https://www.nodc.noaa.gov/argo/grey_floats.htm
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Figure 5.1: (a) Locations of observations categorized by Data Assembly Centers (DAC) when
obtained by an Argo float. Profiles obtained with Ice-Tethered Profilers are indicated with ITP.
(b) Cumulative fraction of profiles that reached a given pressure in 25-dbar intervals from 0 to
2,000 dbar per DAC. (c) Average number of observations in 25-dbar intervals from 0 to 2,000
dbar. (d) Distribution of detected mixed layer pressures in the salt-finger (red histogram) or
diffusive-convective (blue histogram) regime. (e) Number of detected mixed layers height in
the salt-finger (red histogram) or diffusive-convective (blue histogram) regime. (f) Distribu-
tion of detected mixed layer heights in thermohaline staircases per pressure level. Panels (b)
and (c) were obtained following Wong et al. (2020). Black lines indicate the averages in total
global dataset. More details on abbreviations of DAC can be found in Argo (2019)
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Table 5.1: Number of floats and profiles in the global dataset. Profiles taken with Argo floats
are categorized by the Data Assembly Center (DAC). Profiles taken with Ice-Tethered Profilers
are categorized as ITP. The percentage between brackets indicates the relative contribution to
the total number of profiles in the global dataset (487,493 profiles). More details on abbrevi-
ations of DAC can be found in Argo (2019)

DAC / ITP number of floats profiles
aoml 2,692 312,285 (64.1 %)
bodc 93 11,092 (2.3 %)
coriolis 347 27,134 (5.6 %)
csio 81 15,099 (3.1 %)
csiro 378 42,942 (8.8 %)
incois 65 4,363 (0.9 %)
jma 205 22,919 (4.7 %)
kma 1 1 (0.0 %)
kordi 0 0 (0.0 %)
meds 145 9,285 (1.9 %)
nmdis 0 0 (0.0 %)
ITP 82 42,373 (8.7 %)

Figure 5.2: Observation density of the number of profiles obtained from the Argo floats and
Ice-Tethered Profilers after quality control (in km−2). Observation density is binned per degree
longitude and degree latitude. Empty bins indicate that no data was available at that location.



104 Chapter 5. Detection algorithm for thermohaline staircases

Table 5.2: Input parameters of the data preparation and the algorithm as used in this study.
The sensitivity of the algorithm to the input variables can be found in the Section 5.5. MAW
is moving average window.

parameter description value
MAW chosen to obtain background profiles 200 dbar
∂ σ1/∂ pmax density gradient threshold for 0.0005 kg m−3 dbar−1

detection mixed layer
∆σ1,ML,max maximum density gradient within 0.005 kg m−3

mixed layer
hIF,max maximum interface height 30 dbar

temperature and absolute salinity profiles of the water column and to compute
the thermal expansion coefficient (α in ◦C−1) and the haline contraction coeffi-
cient (β in kg g−1). A consequence of the moving average of 200 dbar is that the
upper 100 dbar and lower 100 dbar of each profile is omitted in the remainder
of the analysis. The Turner angle is computed using profiles that were smoothed
with a moving average of 50 dbar instead of 200 dbar, which is similar to Shibley
et al. (2017), following Ruddick (1983), from

Tu= tan−1
�

α
∂ T
∂ p
− β

∂ S
∂ p

,α
∂ T
∂ p
+ β

∂ S
∂ p

�

, (5.1)

where the vertical gradients are approximated with a central differences scheme.

5.3 Detection algorithm

After the data pre-processing, we apply a detection algorithm that exploits the
vertical structure of staircase profiles (Fig. 5.3). The benefit of using the vertical
structure, instead of using assumptions based on the Turner angle, is that we
can use this angle to verify the results. The detection algorithm consists of five
steps. First the algorithm detects all data points that are located in the subsurface
mixed layers (ML, green dots in Fig. 5.3) by identifying weak vertical density
gradients in conservative temperature and absolute salinity. Next, the properties
of any layer lying between the mixed layers (the interfaces, IF, orange dots in Fig.
5.3) are assessed by applying a minimum in temperature and salinity variations.
Third, the height of the interface and variations within the interface are limited.
The fourth step determines the regime of double diffusion (diffusive convection
or salt fingers), and the fifth step is the identification of sequences of interfaces,
which eventually characterizes the thermohaline staircases. The different steps
of the algorithm applied to three example profiles are shown in Supplementary
Figures 5.9-5.11. In the following subsections, each algorithm step is described
in more detail.
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Figure 5.3: Schematic of a typical temperature profile with staircases, indicating the defini-
tions of the quantities used to detect the thermohaline staircases (green: mixed layer; orange:
interface). The overbar indicates layer-averaged properties.

5.3.1 Mixed layers

The first step of the detection algorithm is the identification of the mixed layers.
Preferably, this is done by assessing a density difference relative to a reference
pressure, which is the most reliable method to detect a mixed layer (Holte et al.,
2017). However, in the case of a thermohaline staircase it is necessary to detect
subsurface mixed layers, because the reference pressure is unknown beforehand.
To determine this reference pressure, a threshold gradient criterium is applied
first (Dong et al., 2008). In this criterium, vertical density gradients are identified
as a mixed layer whenever the gradients are below a certain threshold.

We apply the gradient criterium on the vertical gradients of the potential
density anomaly at a reference pressure of 1000 dbar (σ1). We used a threshold
of ∂ σ1/∂ pmax =0.0005 kg m−3 dbar−1 (Table 5.2), which is similar to mixed layer
gradients used by Bryden et al. (2014). Furthermore, this threshold gradient
is slightly larger than the threshold used by Timmermans et al. (2008), who
used 0.005◦C m−1 (which corresponds to ∂ σ1/∂ pmax =0.00036 kg m−3 dbar−1).
The threshold gradient method is applied on both conservative temperature and
absolute salinity profiles, i.e.,

�
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�

αρ0
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�
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≤ 0.0005 kg m−3dbar−1,
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≤ 0.0005 kg m−3dbar−1.

(5.2)

Also the vertical density gradients from the combined temperature and salinity
effects must satisfy this condition:

�

�

�

�

∂ σ1
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�
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�

�

≤ 0.0005 kg m−3dbar−1. (5.3)



106 Chapter 5. Detection algorithm for thermohaline staircases

These three conditions ensure that the vertical conservative temperature, abso-
lute salinity and potential density gradients are all below the threshold value. At
each pressure level where all three conditions are met the datapoint is identified
as a mixed layer. Next, for each continuous sequence of data points, the algo-
rithm computes the average pressure. This is then used as a reference pressure,
which is required to be able to apply the mixed layer detection.

At every reference pressure, a maximum density range is required within
the mixed layers to identify the full vertical extent of each mixed layer. To al-
low for small variations of conservative temperature and absolute salinity in the
mixed layer, but to exclude variations in the interface, we use a threshold of
∆σ1,ML,max =0.005 kg m−3 for density variations within each mixed layer (Table
5.2). This density range corresponds to the density range used by Holte et al.
(2017) for the detection of surface mixed layers. The applied density range al-
lows for mixed layers with heights of the order of 10 m assuming gradients of
∂ σ1/∂ pmax =0.0005 kg m−3 dbar−1. To ensure separation between individual
mixed layers, the upper and lower datapoint of each mixed layer are removed.
Note that this results in a minimum interface height of 2 dbar, which could result
in false negatives in for example the Arctic Ocean (Section 5.5)

After applying the threshold for density range, the algorithm defines each
continuous set of data points as a mixed layer and computes the average pressure
(pML), average conservative temperature (T ML), average absolute salinity (SML),
mixed layer density ratio (Rρ = α

∂ T
∂ p /

�

β ∂ S
∂ p

�

), average Turner angle (TuML) and
height (hML) for each mixed layer.

5.3.2 Interfaces: conservative temperature and absolute salinity
variations

The algorithm defines an interface as the part of the water column between two
mixed layers. In addition, to ensure a stepped structure the algorithm requires
that the conservative temperature, absolute salinity and potential density varia-
tions within each mixed layer should be smaller than the variations in the inter-
face (Fig. 5.3):
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(5.4)

where the subscripts 1 and 2 correspond to the mixed layer directly above and
below an interface, respectively. It appears that most data points that meet these
requirements (orange histograms in Fig. 5.4a-c) have Turner angles in the two
double-diffusive regimes. This dependence of the variations in the interfaces
on the Turner angle is in line with expectations that staircase-like structures are
mostly found within double-diffusive regimes. In total, 28 % of all detected
interfaces meet all three requirements (Fig. 5.4d).
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Figure 5.4: Histogram of the number of detected interfaces as a function of the Turner angle
(Tu) by applying a criterion for (a) conservative temperature, (b) absolute salinity, (c) poten-
tial density and (d) all three properties given in equation 6.7 (orange shading). Each panel
shows the data remaining compared to the raw interface data (grey). Vertical shaded bands
correspond to Turner angles in the diffusive-convective (blue) and salt-finger (red) regime.
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5.3.3 Interface: height

The next step in the staircase detection algorithm is to limit the height of the
interface to ensure that the mixed layers are separated from each other by a
relatively thin interface (Fig. 5.3). We require

hIF <min
�

hML,1, hML,2

�

, (5.5)

i.e. the interface height is smaller than the height of the mixed layers directly
above and below the interface. In total, 27 % of the interfaces that fulfilled the
conservative temperature and absolute salinity requirements meet this require-
ment (Fig. 5.5a). Note that this part of the algorithm defines the top and bottom
of a sequence of a staircase in a profile. Furthermore, the tallest observed inter-
faces are found in the Mediterranean Sea with heights up to hIF =27 m, where
they separate mixed layers of over 100 m (Zodiatis and Gasparini, 1996; Radko,
2013). To prevent false detection of large vertical interfaces of up to hundreds of
meters, we limit the interface height to hIF,max =30 dbar (Table 5.2, Fig. 5.5b).
This only affects the classification of 1 % of the interfaces (Fig. 5.5b).

To solely detect step-like structures that are associated with the presence of
thermohaline staircases, the algorithm also removes all interfaces with conser-
vative temperature or absolute salinity inversions. This is done by limiting the
number of local minima and maxima of the conservative temperature and ab-
solute salinity allowed in each interface to two (Fig. 5.5c). The combination
of all three interface height requirements is met by 27 % of the interfaces de-
tected based on the conservative temperature and absolute salinity requirements
discussed in the previous section (Fig. 5.5d).

5.3.4 Interface: double-diffusive regime

After the algorithm has selected all the interfaces with a step-like structure, the
double-diffusive regime of each interface is assessed (Fig. 5.6a). In case both con-
servative temperature and absolute salinity of the mixed layers above and below
the interface increase with pressure, the interface is classified as the diffusive-
convective regime. If the conservative temperature and absolute salinity of the
mixed layers above and below the interface both decrease with pressure, the in-
terface belongs to the salt-finger regime. The algorithm detects more interfaces
in the salt-finger regime (27 %) than in the diffusive-convective regime (11 %,
Fig. 5.6a). As expected, most interfaces with diffusive-convective characteristics
have Turner angles between −90◦ < Tu< −45◦ (blue histogram in Fig. 5.6a) and
most salt-finger interfaces have Turner angles between 45◦ < Tu < 90◦ (red his-
togram in Fig. 5.6a). This implies that these interface properties are consistent
with the background stratification.
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Figure 5.5: Histogram of the number of detected interfaces as a function of the Turner angle
(Tu) by applying a criterion for (a) height, (b) maximum height, (c) inversions and (d) all three
height limitations (yellow shading). Each panel shows the data remaining compared to the
interfaces detected based on the conservative temperature and absolute salinity requirements
shown in Fig. 5.4d (orange shading). Vertical shaded bands correspond to Turner angles in
the diffusive-convective (blue) and salt-finger (red) regime.
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5.3.5 Sequences of interfaces

The final step of the detection algorithm is to only select vertical sequences of
at least two interfaces in the same double-diffusive regime that are separated
from each other by one mixed layer (Fig. 5.6b). This step removes most thermo-
haline intrusions, as these are characterized by alternating mixed layers in the
diffusive-convective and salt-finger regime (Bebieva and Timmermans, 2017). In
this final step, the algorithm also removes also salt-finger interfaces and diffusive-
convective interfaces outside their favorable Turner angle (compare Fig. 5.6a and
Fig. 5.6b).

After applying this final step of the algorithm, we obtain a global dataset
consisting of 166,141 interfaces in the salt-finger regime and 119,619 interfaces
in the diffusive-convective regime. The distribution of the pressure levels and
height of the mixed layers at these interfaces is displayed in Fig. 5.1. In general,
mixed layers in the diffusive-convective regime are found at lower pressure levels
than mixed layers in the salt-finger regime (Fig. 5.1d). At the same time, the
height of the mixed layers in the diffusive-convective regime are smaller, which
is in line with previous observations (Fig. 5.1e, e.g., Radko, 2013). Recall that
the algorithm required a minimal interface height of 2 dbar, which implies that,
following equation 5.5, the minimal mixed layer height is 3 dbar and that the
detection of interfaces is cut off below these limits. Consequently, the interfaces
with smaller heights are missed by the algorithm. Figure 5.1e indicates that
this is more problematic for interfaces in the diffusive-convective regime than for
interfaces in the salt-finger regime.

Examples of thermohaline staircases, which were selected based on their
high number of interfaces, are shown in Figure 5.7. In line with previous re-
sults (Rudels, 2015), staircases in the diffusive-convective regime (Fig. 5.7a) are
mainly detected on the thermocline with the conservative temperature increas-
ing with depth. These staircases are predominantly located in the Arctic Ocean
at a depth between 300-400 m, which is between the warm and saline Atlantic
Water and cold and fresh surface waters (Rudels, 2015). Figure 5.7a also in-
dicates that the deepest mixed layer of some thermohaline staircases is located
at the temperature maximum, which suggests that this lowest layer might be
the result of thermohaline intrusions (Ruddick and Kerr, 2003). There, the al-
gorithm identified a mixed layer, because temperature and salinity stratification
were weak enough (see Section 5.3.1). Furthermore, both conservative temper-
ature and absolute salinity in this mixed layer are larger than in the mixed layer
above. While both are typical for a staircase in the diffusive-convective regime,
the algorithm does not detect whether this mixed layer is a temperature maxi-
mum, which could indicate that arose from thermohaline intrusions. Note that
this only concerns the deepest mixed layers of the staircases, and that only the
characteristics of the interfaces in between mixed layers are labelled as part of a
staircase by the algorithm.

Thermohaline staircases with a high number of steps in the salt-finger regime
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Figure 5.6: Histogram of the number of detected interfaces as a function of the Turner angle
(Tu) after (a) classification of the double-diffusive regime and (b) selection of sequences of the
interfaces. Each panel shows the data remaining compared to the interfaces detected based
interface height requirement shown in Fig. 5.5d (yellow shading). Vertical shaded bands
correspond to Turner angles in the diffusive-convective (blue) and salt-finger (red) regime.

are detected on the main thermocline where the conservative temperature de-
creases with depth (Fig. 5.7b). Compared to the staircases in the diffusive-
convective regime, these staircases are located slightly deeper at 400-700 m.
While the locations of these staircases vary, they are located above the cold and
fresh Antarctic Intermediate Water, which is observed below 700 m (Tsuchiya,
1989; Fine, 1993; Talley, 1996).

For each thermohaline staircase, characteristics of the interfaces and mixed
layers, such as their conservative temperature, absolute salinity and height, are
available in the dataset. An overview of the provided variables is given in Sup-
plementary Table 5.4. The detection algorithm is verified by comparing our data
to independent observations in three regions in Section 5.5.
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5.4 Robustness of the detection algorithm

The algorithm requires four input parameters: the moving average window, a
threshold for the maximum density gradients of the mixed layers, the maximum
density difference of the mixed layers and the maximum height of the interface
(Table 5.2). In this section, the sensitivity of the algorithm to each input param-
eter is assessed (Fig. 5.8).

The moving average window is used by the algorithm to compute the thermal
expansion coefficient (α), the haline contraction coefficient (β) and the density
ratio (Rρ). We varied the moving average window between 50 dbar and 350
dbar to assess the sensitivity of the outcomes of this choice (Fig. 5.8a). We find
that the varying moving average window does not result in large variations in
detected mixed layers (Fig. 5.8a).

In contrast to the moving-average window, the detection algorithm is sensi-
tive to the value set for the density gradient threshold of the mixed layer (Fig.
5.8b), which is used to obtain a reference pressure for the sub-surface mixed lay-
ers (Section 5.3.1). Not surprisingly, we detect more (less) interfaces when we
increase (decrease) the allowed threshold density gradient. A small value allows
for only the strongest mixed layers to be detected, which are usually referred
to as well-defined staircases, while a large density gradient also allows for the
detection of rough staircases (e.g., Durante et al., 2019). Although the number
of detected interfaces depends on the value set for this density gradient, the de-
tected interfaces remain confined to the two double-diffusive regimes, indicating
a robust outcome of the algorithm for the choice of this input parameter.

Similar to the variations of the maximum density gradient, the variation of
the maximum density difference allowed within the mixed layer results in a dif-
ferent number of detected interfaces (Fig. 5.8c). The number of detected mixed
layers increases when we decrease the maximum density difference allowed
within the mixed layer. This effect is mostly visible in the diffusive-convective
regime, as we obtained a decrease of 54 % of detected interfaces in the diffusive-
convective regime compared an decrease of 31 % of detected interfaces in the
salt-finger regime in case we doubled the density difference in the mixed layer
(∆σ1,max = 10 × 10−3 kg m−3). This difference between the regimes is due to
relatively small interface variations in the diffusive-convective regime compared
to the salt-finger regime (Radko, 2013) and can be explained as follows: When
a too large density difference is applied, the relatively small density gradients in
the interfaces of the diffusive-convective regime are detected as mixed layers by
the algorithm. Consequently, multiple mixed layers can be identified as a single
mixed layer. However, if the applied density difference is too small, this could
result in the detection of multiple mixed layers per staircase step.

The last input parameter of the detection algorithm concerns the interface
height (Fig. 5.8d). As expected from Fig. 5.5b, variations of this input parameter
do not result in large differences in the number of detected interfaces. If we omit
this input parameter by setting it to infinity, we obtain a total increase of detected
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Figure 5.8: Number of detected interfaces obtained with the detection algorithm for different
input parameters. Each sub-panel shows the sensitivity of the algorithm to one input parame-
ter: (a) moving average window, (b) density gradient of the mixed layer, (c) density difference
within the mixed layer and (d) the maximum height of the interface. The grey histograms cor-
respond to the default parameters (Table 5.2). The colored lines correspond to the varying
parameter. Shaded regions indicate Turner angles in the diffusive-convective (blue) and salt-
finger (red) regime.
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interfaces of 17 %.
Overall, the detection algorithm gives robust results as it predominantly de-

tects interfaces within the double-diffusive regime (Fig. 5.8). In line with expec-
tations, the detection algorithm is most sensitive to the threshold value for the
maximum density gradient in the mixed layer and the density variations within
the mixed layers. The four input variables allow for optimization of the detection
algorithm based on the regime and characteristics of the staircases.

5.5 Regional verification

The characteristics of thermohaline staircases obtained with the detection algo-
rithm are compared to those obtained from previous observational studies for
three major staircase regions: the Canada Basin in the Arctic Ocean, the Mediter-
ranean Sea, and the C-SALT region in the tropical Atlantic Ocean. An overview
is given in Table 5.3.

In the Canada Basin (135◦W-145◦W, 75◦N-80◦N), the algorithm detects ther-
mohaline staircases in the diffusive-convective regime in 90 % of the profiles
(Table 5.3). Both the occurrence and depth range are comparable to what was
reported by Timmermans et al. (2008) and Shibley et al. (2017), who analyzed
thermohaline staircases from several Ice-Tethered Profilers, demonstrating that
our detection algorithm indeed detects thermohaline staircases at the right lo-
cation. Microstructure observations suggested that the thermohaline staircases
in Canada Basin have interfaces heights of approximately hIF = 0.15 m (Padman
and Dillon, 1987; Radko, 2013). Due to the vertical resolution of the profiles and
the design of the algorithm (recall that the mixed layers are separated from each
other by removing the upper and lower datapoint of the mixed layer, Section
5.3.1), the method is not capable of detecting very thin interfaces (Supplemen-
tary Figure 5.9). As expected from these limitations for the detection of the
interface heights, the algorithm detects conservative temperature and absolute
salinity steps (∆TIF and ∆SIF, respectively) in the gradients layers that are in the
upper ranges of earlier observations (Padman and Dillon, 1987; Timmermans
et al., 2003, 2008; Shibley et al., 2017).

In the Mediterranean Sea, thermohaline staircases are characterized by rel-
atively thick mixed layers that are separated by thick interfaces of up to 27 m
(Zodiatis and Gasparini, 1996). In this region (0◦E-15◦E, 30◦N-43◦N), the detec-
tion algorithm detected thermohaline staircases with interfaces up to 21 dbar in
6 % of the profiles, which is comparable to previous observations (Table 5.3). An
example of the detection of a Mediterranean staircase is shown in Supplemen-
tary Figure 5.10. We find that the depth at which the thermohaline staircases
occur is underestimated by the detection algorithm. This could be explained by
the fact that most Mediterranean observations are obtained by the Coriolis DAC
(Fig. 5.1a). From this DAC, approximately 50 % of the profiles have observa-
tions that are deeper than 1000 dbar (Fig. 5.1b), which means that the coverage
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below 1000 dbar is limited in the Mediterranean Sea. Although the Argo floats,
and consequently the detection algorithm, do not cover the full extent of the
staircases (Fig. 5.1), the conservative temperature and absolute salinity steps
that are found are similar to previous observations (Table 5.3). Note that the
conservative temperature and absolute salinity steps of the staircases increase
with depth (Zodiatis and Gasparini, 1996), which explains why the conservative
temperature and absolute salinity steps detected by the algorithm are slightly
smaller than those observed in the deeper observations (Zodiatis and Gasparini,
1996; Durante et al., 2019).

In the C-SALT region in the western tropical North Atlantic Ocean (53◦W-
58◦W, 10◦N-15◦N), the algorithm detected thermohaline staircases in the salt-
finger regime in 60 % of the profiles (Table 5.3). Similar to previous studies
(Schmitt et al., 1987; Schmitt, 2005; Fer et al., 2010), the algorithm detected
thermohaline staircases on the main thermocline (see example in Supplementary
Fig. 5.11). Again, the interface height is slightly overestimated by the detection
algorithm, but the algorithm obtained conservative temperature and absolute
salinity steps comparable to previous studies.

Overall, the comparison between the outcomes of the detection algorithm
with previous studies indicates that the detection algorithm performs well. The
small overestimation of the interface height can be attributed to the limited ver-
tical resolution and the limitation imposed by the detection algorithm to avoid
detection of false positives. Despite this overestimation, the interfaces are de-
tected at the correct depths with conservative temperature and absolute salinity
steps within realistic ranges. Therefore, we conclude that the detection algorithm
is very suitable for the automated detection of thermohaline staircases in large
and quickly growing datasets like the Argo float and Ice-Tethered Profilers data.

5.6 Conclusions

In this study, we presented an algorithm to automatically detect thermohaline
staircases from Argo float profiles and Ice-Tethered Profiles. As these thermo-
haline staircases have different mixed layer heights and temperature and salin-
ity steps across the interfaces in different staircase regions, the design of the
detection algorithm is based on the typical vertical structure and shape of the
staircases (Fig. 5.3-5.5). Note that by formulating the algorithm solely on this
vertical structure of the staircases, we could use the Turner angle of the detected
staircases for verification. Using this Turner angle, we showed that the struc-
tures are within the two double-diffusive regimes: the salt-finger regime and the
diffusive-convective regime (Fig. 5.6).

We optimized the input of the algorithm such that it provides a global overview
and limits the number of detected false positives. As a result, the regional ver-
ification in Section 5.5 indicated that the data pre-processing and data analysis
have some limitations. For example, the vertical resolution of 1 dbar in the pro-
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files is too course to capture all staircase steps in the Arctic Ocean. In the Mediter-
ranean, the Argo floats did not dive deep enough to capture the full depth of the
staircase region. However, the fact that (i) the algorithm detects thermohaline
staircases at realistic depth ranges, with (ii) conservative temperature and ab-
solute salinity steps across the interfaces, and in (iii) the same double-diffusive
regime as previous studies (Table 5.3), indicates that the algorithm itself per-
forms well. Therefore, when considering an individual staircase region, we rec-
ommend optimizing the input variables of the algorithm for that specific region
and applying the algorithm on additional data, for example high-resolution CTD
or microstructure profiles, where available.

A sensitivity analysis to different input parameters showed that the results
of the detection algorithm are robust; the detected staircase interfaces are con-
fined to the double-diffusive regimes. Furthermore, the comparison between the
detected interface characteristics of thermohaline staircases in three prevailing
staircase regions and previous observations, suggested that the detection algo-
rithm accurately captures both double-diffusive regimes. The algorithm detected
correct magnitudes of the conservative temperature and absolute salinity steps in
the interfaces, which allows for adequate estimates of the effective diffusivity in
thermohaline staircases.

The global dataset resulting from the detection algorithm contains proper-
ties and characteristics of both mixed layers and interfaces. Combined with their
locations, this data allows for a statistical analysis of thermohaline staircases
on global scales. For example, the global occurrence of thermohaline staircases
could give insight in the contribution of double diffusion to the global mechan-
ical energy budget. Moreover, the interface characteristics can be used to vali-
date model and laboratory results on how double-diffusive mixing impacts the
regional ocean circulation.



5.A. Example profiles with steps of the algorithm 119

5.A Example profiles with steps of the algorithm

Supplementary Figure 5.9: Steps of the detection algorithm applied on a profile in the Arctic
Ocean, where steps are indicated on separate (a) conservative temperature and (b) absolute
salinity profiles. Each profile is shifted for clarity. Similar to Figures 5.4-5.6, an interface is
not considered by the detection algorithm when the interface characteristics did not meet the
requirements of a previous step. Original profile is taken from Ice-Tethered-Profiler ITP64
at 137.8◦W and 75.2◦N on 29 January 2013. The details of the data preparation and the
algorithm steps are discussed in Section 5.2 and Section 5.3, respectively.
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Supplementary Figure 5.10: as Supplementary Figure 5.9, but for a profile in the Mediter-
ranean Sea. Original profile is taken from Argo float 6901769 at 8.9◦E and 37.9◦N on 31
October 2017.
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Supplementary Figure 5.11: as Supplementary Figure 5.9, but for a profile in the western
tropical North Atlantic. Original profile is taken from Argo float 4901478 at 53.3◦W and 11.6◦N
on 9 August 2014.



Supplementary Table 5.4: Metadata of all variables that are saved in the dataset.

variable unit description
floatID float identification number of ITP or Argo float
lat ◦E latitude of observation
lon ◦N longitude of observation
juld days Julian date of observation
ct ◦C conservative temperature (full profile)
sa g kg−1 absolute salinity (full profile)
MLSF mask with mixed layers in the salt-finger regime
MLDC mask with mixed layers in the diffusive-convective regime
pML dbar average pressure of the mixed layer
hML dbar height of the mixed layer
TML

◦C average conservative temperature of mixed layer
SML g kg−1 average absolute salinity of mixed layer
TuML

◦ average Turner angle of mixed layer
RML average density ratio of the mixed layer
hIF dbar height of the interface
TuIF

◦ Turner angle at the center of the interface
RIF density ratio at the center of the interface
∆TIF

◦C conservative temperature difference within the interface
∆SIF g kg−1 absolute salinity difference within the interface



Chapter 6

Double-diffusive mixing makes a small contribution
to the global ocean circulation

Abstract

Double-diffusive processes enhance diapycnal mixing of heat and salt in the open
ocean. However, observationally-based evidence of the effects of double-diffusive
mixing on the global ocean circulation is lacking. Here we analyze the occurrence
of double-diffusive thermohaline staircases in a dataset containing over 480,000
temperature and salinity profiles from Argo floats and Ice-Tethered Profilers. We
show that about 14 % of all profiles contains thermohaline staircases that ap-
pear clustered in specific regions, with one hitherto unknown cluster overlying
the westward flowing waters of the Tasman Leakage. We estimate the combined
contribution of double-diffusive fluxes in all thermohaline staircases to the global
ocean’s mechanical energy budget as 7.5 GW [0.1 GW; 32.8 GW]). This is small
compared to the estimated energy required to maintain the observed ocean strat-
ification of roughly 2 TW. Nevertheless, we suggest that the regional effects, for
example near Australia, could be pronounced.

Parts of this chapter have been published as: van der Boog, C.G., Dijkstra, H.A., Pietrzak, J.D. &
Katsman, C.A.: Double-diffusive mixing makes a small contribution to the global ocean circulation, Com-
munications Earth and Environment, doi:10.1038/s43247-021-00113-x, 2021.

http://dx.doi.org/10.1038/s43247-021-00113-x
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6.1 Introduction

Double diffusion arises in the ocean when either the temperature- or salinity-
induced stratification is statically unstable, while the overall density stratifica-
tion is statically stable (Stern, 1960). Two regimes of double diffusion are dis-
tinguished: the salt-finger regime characterized by a destabilizing salinity strat-
ification, and the diffusive-convective regime with a destabilizing temperature
stratification. The release of potential energy stored in the stratification of the
unstable component drives the double-diffusive mixing, resulting in a counter-
gradient buoyancy flux that restratifies the water column (Radko, 2013). An-
other aspect typical for double-diffusive mixing is an inequality between the den-
sity components of the resulting vertical salt and heat fluxes; the density flux
ratio γ = FT/FS 6= 1, where FT is the vertical heat flux and FS is the vertical salt
flux (Schmitt, 1979).

Ocean general circulation models that incorporate parameterizations of double-
diffusive mixing indicate that it induces a weakening of the ocean’s meridional
overturning circulation (Gargett and Holloway, 1992; Merryfield et al., 1999;
Oschlies et al., 2003). This decrease could either arise from the counter-gradient
diapycnal mixing or from the modification of water masses through the differen-
tial vertical fluxes of heat and salt. First, the diapycnal mixing caused by double
diffusion contributes to the mechanical energy budget in the deep ocean. In to-
tal, approximately 2 TW is required to maintain the abyssal stratification (Munk,
1966; Munk and Wunsch, 1998; Ferrari and Wunsch, 2009). Double-diffusive
mixing can occur in the open ocean and enhances interior mixing locally (Radko,
2013). However, the magnitude of its resulting contribution to the global me-
chanical energy budget is so far unknown.

Second, observations indicate that the double-diffusive vertical fluxes of heat
and salt could modify oceanic properties (Johnson and Kearney, 2009; Schroeder
et al., 2016). For example, the waters in the southern Indian Ocean became
more susceptible to double diffusion over the last decades (Johnson and Kear-
ney, 2009). Observations (Johnson and Kearney, 2009) indicated that this could
lead to stronger double-diffusive fluxes, which in turn provides an explanation
for the observed changes in the water masses in this period. Also in the Mediter-
ranean Sea the vertical transport of heat and salt between the Levantine Interme-
diate Water and Mediterranean Deep Water seems to be dominated by double-
diffusive fluxes (Zodiatis and Gasparini, 1996). Over the past decades, these
fluxes increased the salinity of the Mediterranean Deep Water, which in turn af-
fected the salt and heat input into the Atlantic Ocean (Schroeder et al., 2016).
Furthermore, due to the inequality of the strength of the vertical heat and salt
fluxes associated with double diffusion, it is thought to be the major consumer of
spiciness in the ocean (Schmitt, 1999; Chassignet and Verron, 1998).

Although many studies have highlighted the importance of double-diffusive
mixing in the ocean, an observationally-based analysis of the impact of these
processes on the global ocean circulation is lacking. In this study, we analyze the
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global distribution of thermohaline staircases, which arise from double-diffusive
processes. Thermohaline staircases are stepped structures in the temperature
and salinity stratification consisting of a sequence of subsurface mixed layers
separated by thin interfaces with sharp temperature and salinity gradients. The
mixed-layer heights of thermohaline staircases range from several meters in the
Arctic Ocean (Timmermans et al., 2008; Shibley et al., 2017) to several hundreds
of meters in the Tyrrhenian Sea and Black Sea (Radko, 2013). In contrast to the
microstructure of the double-diffusive mixing itself, the vertical length scales of
the mixed layers of thermohaline staircases are larger so that they can be cap-
tured by Argo floats and Ice-Tethered Profilers (Schmitt, 2005; Guthrie et al.,
2017, see Section 6.2). Based on our global distribution of thermohaline stair-
cases (Chapter 5 of this thesis), we compute the effective diffusivity of heat and
salt in each step of a thermohaline staircase and use that to quantify the total
contribution of double-diffusive mixing to the global mechanical energy budget.

6.2 Methods

We use the global dataset of thermohaline staircases that is obtained with an algo-
rithm to automatically detect these structures (Chapter 5 of this thesis). In short,
the staircase detection algorithm is applied on vertical temperature and salinity
profiles obtained from Ice-Tethered Profilers and Argo Floats between 13 Novem-
ber 2001 and 14 May 2020. The data is obtained from http://www.whoi.edu/itp
and http://www.argo.ucsd.edu for the Ice-Tethered Profilers and Argo floats, re-
spectively. The average coverage is 1.4×10−3 observations in km−2 (Aocean ≈
3.6×108 km−2), with the highest observation density of 2.5 km−2 in the Arctic
Ocean (83◦N and 99◦W), and smallest observation density in the centers of the
subtropical gyres (Fig. 5.2). This variation in data coverage results in a (small)
overestimate of the occurrence of diffusive-convective staircases as these pre-
dominantly occur at high latitudes. Moreover, the Arctic Ice-Tethered Profilers
generally follow the ice floe and not the flow at the depth of the staircase, which
results in a randomized field of staircase observations in this region. After a qual-
ity control, profiles that have an average resolution exceeding 5 dbar and contain
observations below 500 dbar are selected, which results in a dataset consisting of
487,493 profiles. Their average vertical resolution is relatively high (finer than
2.5 dbar) in the upper 1000 m of the water column (Chapter 5 of this thesis),
where most thermohaline staircases are found (Radko, 2013). Deeper in the wa-
ter column, the average vertical resolution of the profiles is approximately 2.5
dbar. Afterwards, the profiles are subsequently linearly interpolated from 0-2000
dbar with a vertical resolution of 1 dbar. The algorithm itself consists of five steps
that detect sequences of interfaces in each temperature and salinity profile:

1. Mixed layers are identified by selecting layers with density gradients below
5x10−4 kg m−3 dbar−1. Where this criterion is met, the mixed layers are
defined as the layer within a density interval of 5x10−3 kg m−3.
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2. The interfaces, defined as the layers between these mixed layers, should
have larger temperature, salinity and density variations than those found
within the adjacent mixed layers.

3. The interfaces are required to be thinner than the adjacent mixed layers,
and the maximum interface thickness is limited to 30 dbar. Furthermore,
interfaces are required to contain no temperature or salinity inversion.

4. The double-diffusive regime of each interface is determined: When the
temperature and salinity of a mixed layer below an interface are higher
(lower) than the temperature and salinity of the mixed layer directly above,
the regime of the interface is classified as diffusive-convective (salt-finger)
regime.

5. Sequences of interfaces that are of the same double-diffusive regime are
detected; each sequence of interfaces consisting of more than one step (>2
mixed layers) is classified as a thermohaline staircase.

A detailed description of the algorithm to obtain this dataset and tests of its
robustness can be found in Chapter 5 of this thesis. A sensitivity test performed
for the chosen input parameters of the detection algorithm shows robust results
(Chapter 5 of this thesis). As an example, the sensitivity of the occurrence of
thermohaline staircases to the value of the mixed layer criterion (step 1 of the
algorithm) is shown in Fig. 6.1. It clearly shows that while it affects the number
of detected steps, the same spatial pattern emerges. Due to the vertical resolution
of the observations and the linear interpolation by the algorithm, it cannot detect
very thin interfaces (Chapter 5 of this thesis). This particularly plays a role for
staircases in the diffusive-convective regime in the Arctic Ocean, where interfaces
can be as thin as 0.1 m (Padman and Dillon, 1987; Radko, 2013). The minimum
layer height that can be detected by the algorithm is 2 dbar (Chapter 5 of this
thesis). Consequently, the smallest interfaces are missed by the algorithm and
the average temperature and salinity steps in the diffusive-convective interfaces
are overestimated (Chapter 5 of this thesis). However, the algorithm detects
an accurate staircase occurrence for staircases in the diffusive-convective regime
(nDC) in this region (Chapter 5 of this thesis). Because thermohaline staircases
in the salt-finger regime have larger vertical length scales and are therefore more
easily detected by the algorithm, the staircase occurrence for staircases in the salt
finger regime (nSF) is also considered reliable.

At each staircase interface, the effective diffusivities of heat (KT ), salt (KS)
and buoyancy (Kρ) are computed. Taking into account that the detection algo-
rithm mainly detects interfaces that arise from double-diffusive mixing (Chapter
5 of this thesis), we assume that all detected interfaces result from either diffusive
convection (DC) or from salt fingering (SF). To limit detection of thermohaline
intrusions, the detection algorithm only detects sequences of interfaces within the
same regime (step 5 of the algorithm) as intrusions induce interfaces that alter-
nate in both different regimes (Bebieva and Timmermans, 2017). Although it is
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Figure 6.1: Sensitivity of the number of staircases detected resulting for different input param-
eters of the staircase detection algorithm (Chapter 5 of this thesis). (a) ∂ σ1/∂ pmax = 2.5x10−4

kg m−3 dbar−1 (b) ∂ σ1/∂ pmax = 7.5x10−4 kg m−3 dbar−1. For each profile, the number of steps
per staircase in the salt-finger regime (red dots) and diffusive-convective regime (blue dots)
is plotted. Profiles with the largest numbers are plotted last for clarity. Figure 6.2 shows the
same for the standard value of ∂ σ1/∂ pmax = 5.0x10−4 kg m−3 dbar−1

expected that such intrusions have a limited impact on the results, the detection
of thermohaline intrusions could result in an underestimation of the computed
fluxes through an interface by 50 % (Bebieva and Timmermans, 2017).

To compute the effective diffusivities in the diffusive-convective regime, we
apply a similar flux law (Turner, 1965). Although empirical evidence suggests
that it is reasonable to extrapolate these flux laws to the oceanic environment,
uncertainties do exist about the magnitude of most variables within these flux
laws (Kelley et al., 2003). In general, the flux laws proposed by Kelley (1990)
agree well with observations (Robertson et al., 1995; Timmermans et al., 2008;
Shibley et al., 2017); we therefore choose to apply these in this study. How-
ever, it should be noted that there are some indications, mainly from numerical
simulations, that fluxes computed with these relations (Kelley, 1990) could un-
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derestimate observed heat fluxes by 50 % (Flanagan et al., 2013). Following
Kelley (1990), we compute the effective diffusivity of heat:

KDC
T = 0.0032e4.8R0.72

ρ

�αgκ
Pr

�
1
3
(∆TIF)

4
3

�

∂ T
∂ z

�−1

, (6.1)

where Rρ is the density ratio (Rρ =
�

α ∂ T
∂ z

� �

β ∂ S
∂ z

�−1
, which is limited to 0 < Rρ <

1), κ the molecular diffusivity of heat in m2 s−1, α the thermal expansion coef-
ficient in ◦C−1, g the gravitational acceleration in m s−2, Pr the Prantle number
and ∆TIF the conservative temperature difference across an interface in ◦C . The
vertical gradients of conservative temperature are computed with a central differ-
ences scheme from temperature profiles that are smoothed with a 50 dbar mov-
ing average. Recall that the average magnitude of the temperature differences
across the interfaces is overestimated by the algorithm (Chapter 5 of this thesis).
Therefore, the effective diffusivity should be considered as an upper bound. We
convert the effective diffusivity of heat to heat fluxes (FH) as: FH = ρcpKDC

T
∂ T
∂ z ,

where ρ is a reference density and cp the specific heat of seawater. The effective
diffusivity of salt follows from the effective diffusivity of heat in combination with
the flux ratio γ:

KDC
S = KDC
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, (6.2)

where the density flux ratio (γ) computed following Kelley (1990) as:
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In contrast to the diffusive convection, the flux laws cannot be extrapolated
to oceanic environments for thermohaline staircases in the salt-finger regime, as
they are known to lead to a significant overestimation of the effective diffusivities
(Taylor and Veronis, 1996; Kelley et al., 2003; Radko, 2005, 2013). Therefore,
we use an empirical estimate (Radko and Smith, 2012) to compute the effective
diffusivities of salt and heat instead:

KSF
S =
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− 62.75



κRρ, (6.4)

with a density ratio limit of 1 < Rρ < 10. The effective diffusivity of heat is
computed as follows:

KSF
T = KSF

S
γSF

Rρ
, (6.5)

where γSF is computed as γSF = 2.709e−2.513Rρ +0.5128 (Radko and Smith, 2012).
Note that, in contrast to the diffusive-convective regime, the effective diffusivi-
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ties in the salt-finger regime do not depend on the temperature or salinity jumps
across the interfaces. A comparison of our results to tracer-based oceanic ob-
servations in the western tropical Atlantic Ocean obtained by Schmitt (2005)
indicates that we obtained lower effective diffusivities than found in these obser-
vations (Fig. 6.3). However, because these observations most likely also include
mixing in the vicinity of topography, these high estimates are most likely a com-
bination of double-diffusive mixing and turbulent mixing. Finally, the effective
diffusivity of buoyancy is computed separately for both regimes from the com-
bined effective diffusivities of heat and salt:

Kρ = −KT
1− γ−1

R−1
ρ − 1

, (6.6)

where γ is the flux ratio.

6.3 Results

6.3.1 The global distribution of thermohaline staircases

The global distribution of thermohaline staircases obtained using the methods
outlined in Section 6.2, indicates that thermohaline staircases are formed in spe-
cific regions depending on regional water-mass characteristics (Fig. 6.2). In total,
the global dataset comprises 39,469 profiles with thermohaline staircases in the
salt-finger regime (nSF = 8.1 % of all 487,493 profiles) and 31,053 profiles with
thermohaline staircases in the diffusive-convective regime (nDC = 6.4 % of all
profiles).

In general, thermohaline staircases in the diffusive-convective regime occur
at high latitudes where fresh and cold surface waters overlie warmer and more
saline waters. Especially the Canada Basin that is located within the Arctic Ocean
is known for its persistent occurrence of thermohaline staircases (Timmermans
et al., 2008; Shibley et al., 2017). There, thermohaline staircases with a high
number of steps are observed (dark blue areas in Fig. 6.2). Previous studies esti-
mated the double-diffusive upward heat transport at 0.004-0.3 W m−2, which is
an order of magnitude smaller than the mean surface mixed layer heat flux (Pad-
man and Dillon, 1989; Timmermans et al., 2008). In line with this estimate, we
find an upper bound of the average heat fluxes of 0.5 W m−2 (at 135◦W-145◦W,
75◦N-80◦N, Fig. 6.3a). Besides the Canada Basin, other regions in the Arctic
Ocean and Southern Ocean also reveal the presence of thermohaline staircases
in the diffusive-convective regime (Muench et al., 1990; Polyakov et al., 2012;
Bebieva and Timmermans, 2019; Bebieva and Speer, 2019).

At lower latitudes, double diffusion is predominantly in the salt-finger regime
(red in Fig. 6.2). Using the automated detection algorithm, we identify thermo-
haline staircases in all well-known formation regions: in the western tropical
Atlantic Ocean (Schmitt, 2005; Schmitt et al., 1987), the Caribbean Sea (Merry-
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Figure 6.3: Effective diffusivities (per profile) computed in each profile with a thermohaline
staircase. For each profile, the average diffusivities per staircase in the salt-finger regime (red
dots) and diffusive-convective regime (blue dots) are plotted. Panels show the average effec-
tive diffusivity of (a) heat (KT ) and (b) salt (KS) and (c) buoyancy (Kρ) per profile.
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field, 2000, Chapter 2 of this thesis), below the Mediterranean outflow (Tait and
Howe, 1971), within the Mediterranean Sea (Zodiatis and Gasparini, 1996; Du-
rante et al., 2019) and along the equator (Lee et al., 2014). These thermohaline
staircases have, in general, thicker mixed layers and interfaces than staircases in
the diffusive-convective regime (Radko, 2013), which allows for more accurate
estimates of the temperature and salinity steps across interfaces (Chapter 5 of this
thesis). Using a previous empirical estimate (Radko and Smith, 2012), we obtain
an average effective diffusivity of salt of KSF

S = 1.92× 10−5 m2 s−1 [2.5× 10−7 m2

s−1; 1.0×10−4 m2 s−1], where the values between brackets correspond to the 2.5
and 97.5 percentile ranges (Fig. 6.3b).

Besides these well-known regions with thermohaline staircases, the global
analysis presented here also reveals a newly-discovered staircase region in the
Great Australian Bight (Fig. 6.2, Fig. 6.4a,b). There, the warm and saline Sub-
tropical Surface Water overlies the cold and fresh Antarctic Intermediate Water
(Fig. 6.4a,b). This interface is susceptible to double-diffusive mixing with Turner
angles varying between 45◦ <Tu< 90◦ (Ruddick, 1983). As expected the mixed
layers of the staircases are located at this interface (Fig. 6.4c). Thermohaline
staircases appear abundant in this region (32◦S-42◦S, 125◦E-145◦E): in total,
62% of the 2,241 profiles contain staircases (Fig. 6.4d). The alignment of the
temperature and salinity data of each mixed layer (alignment in Fig. 6.4e) in-
dicates that the mixed layer properties and vertical structure of the staircases
are similar across multiple profiles. To gain insight in the lateral coherence of
these similarities of the properties, we quantify using the aligned data points as
an example (red dots in Fig. 6.4e). We obtain a lateral coherence over a re-
gion of several hundreds of kilometers that persisted for almost 2 years, which
is similar to what is seen in other major staircase regions (Schmitt et al., 1987;
Timmermans et al., 2008). The slopes of these aligned points correspond to the
density flux ratio and confirm a downward salt and heat transport within the
thermohaline staircases (γSF < 1).

Part of Antarctic Intermediate Water in the Great Australian Bight, known as
Tasman Leakage (Speich et al., 2002), propagates westward towards the Agulhas
region through the southern Indian Ocean (Drijfhout, 2005; Speich et al., 2007).
Our results show that thermohaline staircases occur over the entire southern In-
dian Ocean (Fig. 6.2, red histograms in Fig. 6.5a) and that the characteristics
of the thermohaline staircases change from east to west. In the east, the ther-
mohaline staircases found contain more steps (Fig. 6.5b). However, the part of
the water column that is susceptible to strong salt-fingering (71.6◦ <Tu< 90◦ or
Rρ >2, depths between thick white contour in Fig. 6.5a) (Ruddick, 1983) is rel-
atively constant from east to west. This illustrates that strong salt fingering most
likely occurs along this cross-section in the southern Indian Ocean.
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Figure 6.4: Properties of thermohaline staircases in the Great Australian Bight (32◦S-42◦S,
125◦E-145◦E). (a) Example temperature and (b) salinity profile with a thermohaline staircase
obtained by an Argo float (float-id: 5905189) at 37.6◦S, 135.1◦E on 8 April 2019. The inlays
show a zoom of the profiles between 200 and 500 dbar. (c) Distribution of mixed layers over
depth (grey bars) and the average Turner angle (Ruddick, 1983) in the Great Australian Bight
(dashed line). The red shading indicates Turner angles corresponding to the salt-finger regime
(45◦ < Tu < 90◦). (d) Distribution of number of steps per profile in percentage. (e) Scatter
plot of the temperature and salinity of the mixed layers of the detected staircases, where red
dots indicate mixed layers that are used to compute the lateral coherence. Data in panels
(c), (d) and (e) is obtained between 23 April 2007 and 13 May 2020. Inlay in (d) shows the
considered region.

6.3.2 Contribution to the ocean energy budget

To estimate the combined contribution of double-diffusive fluxes in thermoha-
line staircases to the global mechanical energy budget, we compute the average
effective diffusivity of buoyancy in each detected interface based on the tempera-
ture and salinity steps between mixed layers (Radko, 2013; Nakano and Yoshida,
2019). A comparison between the characteristics of temperature and salinity
steps found by the algorithm and those found in previous studies on thermoha-
line staircases indicated that the global dataset contains temperature and salinity
steps of the correct magnitude in the salt-finger regime and provides an upper
bound for steps in the double-diffusive regime (see Section 6.2). Because the
density flux ratio is different in the two regimes (γDC > 1 and γSF < 1), the ef-
fective diffusivities and thus their contributions to the global mechanical energy
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Figure 6.5: Thermohaline staircases in the southern Indian Ocean. (a) Red histograms show
the vertical distribution of number of detected mixed layers in thermohaline staircases per
10 degrees longitude. The thick (thin) white contour corresponds to Turner angles (Ruddick,
1983) of Tu = 71.6◦ (Tu = 45◦), indicating the susceptibility of the water column to double
diffusion in the salt-finger regime (45◦ < Tu < 90◦). Background shading indicates the mean
vertical salinity profile obtained from the World Ocean Atlas 2018 (Zweng et al., 2019). The
inlay shows the considered region: 45◦E-145◦E, 32◦S-42◦S. (b) Occurrence of number of steps
per profile in per 10 degrees longitude (note the logarithmic vertical axis).

budget are computed separately.
To estimate the contribution of diffusive convection to the global mechanical

energy budget, we compute the effective diffusivity of density with flux laws
(Kelley, 1990) (see Section 6.2). This yields an upper bound for the average
effective diffusivity of KDC

ρ = −1.47 × 10−5 m2 s−1 [−7.5 × 10−5 m2 s−1; −1.6 ×
10−7 m2 s−1] (Fig. 6.3c). Next, we use this effective diffusivity to compute the
dissipation (DDC) from Munk and Wunsch (1998), using their equation for the
vertical fluxes through any depth level in the ocean:

DDC = Γ−1KDC
ρ gA∆ρ, (6.7)

where Γ is the mixing efficiency. We use standard values for the gravitational
acceleration (g = 9.8 m s−2), area of the ocean (A = 3.6 × 1014 m2) and verti-
cal density difference (∆ρ = 1 kg m−3) (Munk and Wunsch, 1998). The mixing
efficiency of double-diffusive mixing approaches Γ = −1, because it is driven by
the release of potential energy and the production term of the turbulent kinetic
energy budget becomes negligible (Osborn, 1980; Radko, 2013). In equation
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6.7, Munk and Wunsch (1998) assumes that the mixing in the ocean is evenly
distributed. To account for the fact that thermohaline staircases do not occur
everywhere (Fig. 6.2), we multiply equation 6.7 with the fraction of the stair-
case occurrence (nDC). Moreover, because the depth of thermohaline staircases is
variable (Chapter 5 of this thesis), equation 6.7 is considered as an upper bound.
Using these numbers, we obtain a value of DDC = 3.3 GW [0.0 GW; 16 GW] for
dissipation by diffusive-convective thermohaline staircases.

We use a similar method to estimate the contribution of thermohaline stair-
cases in the salt-finger regime to the dissipation (DSF). However, because the
flux laws based on laboratory experiments are known to overestimate salt-finger
fluxes in the real ocean by an order of magnitude (Taylor and Veronis, 1996;
Radko, 2005), we compute the effective diffusivity of buoyancy in the salt-finger
regime based on an empirical estimate (Radko and Smith, 2012). Using this
estimate (Radko and Smith, 2012), we obtain an effective diffusivity of KSF

ρ =
−1.47× 10−5 m2 s−1 [−6.2× 10−7 m2 s−1;−5.6× 10−5 m2 s−1], which yield a con-
tribution of salt fingers to the global mixing energetics of DSF = 4.2 GW [0.2 GW;
18 GW]. Similar to the dissipation obtained in the diffusive-convective regime,
this should be considered as an upper bound, because the depth of the thermo-
haline staircases is variable.

Our estimate for the total contribution of double diffusion to the global me-
chanical energy budget by diffusive convection and salt fingers combined thus
adds up to D =7.5 GW [0.1 GW; 32.8 GW]. Due to the high mixing efficiency
of double diffusion (Γ = −1) compared to turbulent mixing (Γ turb = 0.2), double
diffusion is able to mix five times more than down-gradient turbulence with the
same amount of energy. Notably, the mixing by double diffusion restratifies the
water column in contrast to the mixing by down-gradient turbulence. Conse-
quently, double-diffusive mixing contributes to the mechanical energy necessary
to maintain the stratification. Depending on its location, the double-diffusive
mixing can thus either enhance the downwelling in regions with deep convec-
tion in the North Atlantic Ocean or it can prevent the upwelling at lower latitudes
(Radko, 2013). This implies that a part of the double-diffusive mixing in down-
welling regions is already contained in the estimates for the amount of abyssal
mixing that were previously computed (Munk and Wunsch, 1998). Therefore,
we conclude that the contribution of double-diffusive mixing to the global me-
chanical energy budget is limited.

6.4 Summary and global implications

In this study we presented a global analysis of thermohaline staircases identified
in profiles of Argo floats and Ice-Tethered Profilers. The global distribution of
thermohaline staircases shows that thermohaline staircases are confined to spe-
cific regions determined by the local water-mass characteristics: thermohaline
staircases in the diffusive-convective regime are predominantly found at high lat-
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itudes, while staircases in the salt-finger regime dominate at low latitudes. Our
analysis revealed a new staircase region in the Great Australian Bight and south-
ern Indian Ocean. Because the waters in the southern Indian Ocean are likely
to become more susceptible to double-diffusive mixing (Johnson and Kearney,
2009) and previous studies showed that double-diffusive fluxes in thermohaline
staircases can modify water-mass characteristics (Zodiatis and Gasparini, 1996;
Schroeder et al., 2016), we speculate on the potential implications of this new
staircase region.

The thermohaline staircases in the southern Indian Ocean overlie the waters
of the Tasman Leakage. Because the salt content of the Tasman Leakage wa-
ters is considered to affect the stability of the Atlantic Meridional Overturning
Circulation (AMOC) (Gordon, 2003; Speich et al., 2007), the double-diffusive
salt fluxes in this region might impact AMOC stability. This impact can be de-
termined qualitatively by using an indicator of AMOC stability, usually referred
to Mov, measuring the freshwater transport of the AMOC at 35◦S in the Atlantic
(Rahmstorf, 1996; de Vries and Weber, 2005; Dijkstra, 2007; Castellana et al.,
2019). When Mov > 0, the AMOC transports salt out of the Atlantic and it is
less sensitive to North Atlantic surface freshwater anomalies (Rahmstorf, 1996;
de Vries and Weber, 2005; Dijkstra, 2007; Castellana et al., 2019). For Mov < 0,
the AMOC imports salt and can undergo transitions to a weak AMOC state due
to the positive salt advection feedback. Further research is necessary to quantify
whether stronger double-diffusive salt fluxes in a future climate (Johnson and
Kearney, 2009) can increase the salt content of the Tasman Leakage waters and,
consequently, have a destabilizing effect on the AMOC by changing the Mov.

By analyzing the occurrence and properties of the thermohaline staircases,
we also estimated the impact of double-diffusive mixing in this study. Of each
thermohaline staircase, we estimated the effective diffusivity of buoyancy based
on both flux laws (diffusive convection, Kelley, 1990) and empirical estimates
(salt fingers, Radko and Smith, 2012). Although there are some uncertainties
regarding the diffusivities obtained from these computations that most likely
result in an overestimation of the magnitude of these diffusivities (see Section
6.2, Flanagan et al., 2013; Bebieva and Timmermans, 2017), these computations
are necessary to obtain an observationally-based estimate of the contribution of
double-diffusive mixing to the global mechanical energy budget. Using these val-
ues, we estimated an upper bound of the contribution of double-diffusive mixing
to the global mechanical energy budget (7.5 GW [0.1 GW; 32.8 GW]), which
is relatively small (< 1 %). The robustness of these results to different input
variables of the detection algorithm that was used to obtain the global dataset is
confirmed by a sensitivity analysis (Table 6.1). Hence we conclude that the direct
effect of double-diffusive mixing to the maintenance of the abyssal stratification
is negligible.

However, the global distribution of thermohaline staircases indicated that
double-diffusive mixing is widespread. This implies that in a large part of the
ocean the magnitudes of the effective diffusivity of heat and salt differ from each
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Figure 6.6: Relative magnitude of the effective diffusivity of salt compared to the combined
effective diffusivities of heat and salt (KS/(KS + KT )). Thermohaline staircases in the salt-
finger regime (KS > KT ) are denoted by red dots and thermohaline staircases in the diffusive
convection regime (KT > KS) are denoted by blue dots

Table 6.1: Percentage of profiles with thermohaline staircases in the global dataset and dissi-
pation computed for different input parameters of the detection algorithm (Chapter 5 of this
thesis). One input variable is varied per computation compared to the standard setting (MA:
moving average window; ∂ σ1/∂ pmax: threshold for mixed layer density gradient; ∆σ1,max:
maximum density difference over the extent of of the mixed layer; hmax,IF: maximum interface
height). The 2.5 and 97.5-percentile values are given between brackets.

input occurrence (%) D (GW)
MA: 50 dbar 14.3 8.2 [0.1; 34.4]
MA: 100 dbar 14.5 8.5 [0.1; 34.5]
MA: 300 dbar 13.9 6.4 [0.1; 28.1]
MA: 350 dbar 13.4 5.8 [0.1; 24.8]
∂ σ1/∂ pmax = 0.5x10−4 kg m−3 dbar−1 1.2 6.3 [0.0; 20.7]
∂ σ1/∂ pmax = 2.5x10−4 kg m−3 dbar−1 6.6 4.0 [0.0; 15.8]
∂ σ1/∂ pmax = 7.5x10−4 kg m−3 dbar−1 21.2 9.8 [0.2; 42.7]
∂ σ1/∂ pmax = 10x10−4 kg m−3 dbar−1 27.5 18.1 [0.3; 48.8]
∆σ1,max = 0.5x10−3 kg m−3 18.5 12.3 [0.2; 41.8]
∆σ1,max = 2.5x10−3 kg m−3 17.4 8.9 [0.2; 39.2]
∆σ1,max = 7.5x10−3 kg m−3 11.8 8.4 [0.1; 28.4]
∆σ1,max = 10x10−3 kg m−3 9.8 7.9 [0.1; 24.9]
hmax,IF = 10 dbar 14.1 7.2 [0.1; 31.6]
hmax,IF = 20 dbar 14.3 7.5 [0.1; 33.3]
hmax,IF = 40 dbar 11.4 5.2 [0.1; 23.4]
hmax,IF = infinity 14.5 7.6 [0.1; 33.5]
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other. By including an inequality of these effective diffusivities in global ocean
models based on the characteristics of thermohaline staircases, double-diffusive
mixing can in principle be parameterized in ocean models (Fig. 6.6). Especially
in regions with high staircase occurrence, this is expected to yield more realistic
model results on both regional and global scales.



Chapter 7

Double-diffusive fluxes densify Antarctic Intermediate
Water in the Caribbean Sea

Abstract

The stability of the Atlantic Meridional Overturning Circulation is partly regu-
lated by the freshwater content of Antarctic Intermediate Water (AAIW). How-
ever, the impact of double-diffusive salt fluxes induced by thermohaline stair-
cases on this freshwater content remains unknown. Here, we show that double-
diffusive fluxes can explain the observed time-averaged spatial variation of the
temperature and salinity of AAIW and hence the freshwater content of this water
mass in the Caribbean Sea. To do so, we define advection-diffusion equations for
temperature and salinity and implement the flux ratio (γ = αFT

βFS
= 0.8) and the

occurrence rate of thermohaline staircases (7 % in the Caribbean Sea). Overall
these results show how double-diffusive processes modify water mass properties
in the Caribbean Sea.

Parts of this chapter are submitted for publication in Geophysical Research Letters as: van der Boog,
C.G., Dijkstra, H.A., Pietrzak, J.D. & Katsman, C.A.: Double-diffusive fluxes densify Antarctic Intermediate
Water in the Caribbean Sea.
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7.1 Introduction

Antarctic Intermediate Water (AAIW) is one of the major water masses in the
Atlantic Ocean. This water mass, characterized by a pronounced salinity min-
imum, propagates northward through the Atlantic Ocean, where it contributes
to the northward flowing branch of the Atlantic Meridional Overturning Circula-
tion (Tsuchiya, 1989; Talley et al., 2011). Along its path, the salinity minimum
of AAIW gets eroded through mixing in lateral and vertical directions (Tsuchiya,
1989). As a result, the characteristic salinity minimum can only be traced as far
north as 20◦N (Tsuchiya, 1989).

In the North Atlantic, AAIW mixes laterally with Mediterranean Under Water
(Tsuchiya, 1989; Machín and Pelegrí, 2009; Talley et al., 2011). Simultaneously,
vertical mixing induced by double-diffusive mixing in the salt-finger regime in
the layer above could also affect the properties of AAIW (You, 1999; St. Lau-
rent and Schmitt, 1999; Schmitt, 2005). Double-diffusive mixing occurs because
the molecular diffusivity of heat is two orders of magnitude larger than that of
salt (e.g., Radko, 2013). In the North Atlantic and Caribbean Sea, this mix-
ing arises between the cold and fresh AAIW and the overlying warm and saline
Subtropical Underwater (STUW). In this case, a disturbed water parcel from,
for example, STUW will cool relatively fast, while its salt content remains the
same. This results in an increase of the water parcels’ density and the formation
of double-diffusive salt fingers (Stern, 1960). When this double-diffusive mix-
ing takes place, thermohaline staircases can be formed: sequences of subsurface
mixed layers separated by thin interfaces (e.g., Stern, 1960; Radko, 2013). At
these interfaces, the downward salt flux typically exceeds the downward heat flux
(Lambert and Sturges, 1977; Schmitt, 2005), resulting in a flux ratio (γ = αFT

βFS
,

where αFT and βFS are the density components of the heat and salt fluxes, re-
spectively) below unity (e.g., Radko, 2013). This implies that double-diffusive
mixing is, in contrast to regular turbulent mixing, characterized by a negative
effective diffusivity of buoyancy.

The strength of the mixing processes in both lateral and vertical directions is
affected by variations in the properties of water masses and in their spreading on
inter-annual and decadal time scales. Remarkably, in the North Atlantic Ocean,
AAIW became warmer and more saline in the last decades, while it became
warmer and lighter in the South Atlantic Ocean (Arbic and Brechner Owens,
2001; Sarafanov et al., 2007; McCarthy et al., 2011; Schmidtko and Johnson,
2012; Fu et al., 2018). The South Atlantic trend has been attributed to warming
trends near the AAIW formation region and to the decadal variability of the Ag-
ulhas Leakage (Schmidtko and Johnson, 2012; Lübbecke et al., 2015; Hummels
et al., 2015). In contrast, the trend in the North Atlantic appeared to coincide
with a slower northward and westward spreading of AAIW in this region (Fu
et al., 2018, 2019). Another difference between the trends in the two hemi-
spheres is that the salinity trends of AAIW are not uniformly positive in the South
Atlantic, while this is the case in the North Atlantic (Curry et al., 2003; Durack
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and Wijffels, 2010; McCarthy et al., 2011; Schmidtko and Johnson, 2012; Fu
et al., 2018).

These different trends might, in part, be attributed to double-diffusive mix-
ing, as (i) thermohaline staircases are more pronounced in the North Atlantic
than in the South Atlantic Ocean (Chapter 6 of this thesis), and (ii) the slower
northward spreading of AAIW in the North Atlantic Ocean (Fu et al., 2018, 2019)
results in a longer exposure of the AAIW core to the double-diffusive salt fluxes.
As a consequence, the salinity of AAIW would increase more in the North At-
lantic than that of its counterpart in the South Atlantic Ocean. However, it re-
mains unclear to what extent the double-diffusive salt fluxes are able to modify
the properties of AAIW. Therefore, we assess here, for the first time, whether the
observed spatial variations of AAIW in the Caribbean Sea can be explained by
double-diffusive mixing induced by thermohaline staircases in the layer above.
To that end, we use advection-diffusion equations for temperature and salinity,
which are discussed in detail in Section 7.5.

7.2 Approach

The characteristics of AAIW are studied by computing its time-averaged spatial
variations in the western tropical North-Atlantic Ocean and in the Caribbean Sea
(40◦W-100◦W and 0◦N-33◦N). We use a monthly-averaged isopycnal climatology
(MIMOC) provided by Schmidtko et al. (2013). The temperature and salinity
fields are averaged in time to obtain a year-averaged isopycnal climatology. Sim-
ilar to Fu et al. (2019) and Schmidtko and Johnson (2012), we define AAIW
as the salinity minimum between the neutral density ranges of 27.38 kg m−3

to 27.82 kg m−3. We convert these neutral density ranges to potential density
anomalies (27.2 kg m−3 < σ0 < 27.6 kg m−3) using Fig. S15 of Abernathey et al.
(2016). To obtain the salinity minimum of AAIW, we first interpolate the temper-
ature and salinity between the σ0-layers of the climatology with a cubic spline
interpolator and then extract the salinity minimum from the interpolated curve.

In the remainder of this study, we interpret the spatial variations of temper-
ature and salinity in the core of AAIW as the average trends of AAIW along its
propagation path. That is, we assume that the time-averaged spatial variations
of this subsurface water mass are solely induced by lateral and vertical mixing.
This assumption is valid when the advective time scale of the AAIW propagation
is much larger than the adjustment time scale of the AAIW salt distribution to
the double-diffusive salt flux (L/U � S0/Q). In this case, we can use a spatial
scale of L > O

�

106 m
�

, a velocity of AAIW of U = O
�

5× 10−2 m s−1
�

follow-
ing Fu et al. (2019), a reference salinity of S0 ≈ 35 g kg−1 and a salt flux of
Qmax = O

�

10−7g kg−1 s−1
�

as estimated by Lambert and Sturges (1977). Because
multiple studies (Taylor and Veronis, 1996; Radko, 2005) showed that this esti-
mate of Lambert and Sturges (1977) is at least order of magnitude too large, this
implies that indeed L/U � S0/Q. Hence the assumption that the time-averaged
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spatial variations of this subsurface water mass are solely induced by lateral and
vertical mixing is considered valid.

To analyze whether the along-path property variations of AAIW can be ex-
plained by double-diffusive fluxes, we use a global dataset of thermohaline stair-
cases obtained from Argo float profiles (Chapter 5 of this thesis). The thermo-
haline staircases in this dataset are detected with an algorithm that exploits the
vertical structure of staircase profiles. This algorithm first detects subsurface
mixed layers, and then analyzes the properties and height of the interfaces in be-
tween. Next, sequences of mixed layers are identified as thermohaline staircases.
Further details on the algorithm can be found in Chapter 5 of this thesis. We ex-
tracted all 21,916 Argo float profiles that were located in the Caribbean Sea and
western tropical North Atlantic from this global dataset to obtain the information
necessary for this study.

We study 1,565 Argo float profiles that are located in the Caribbean Sea
(62◦W-82◦W and 10◦N-18◦N) in more detail. In particular, we analyse the tem-
perature and salinity of the mixed layers in the thermohaline staircases. We find
that, similar to other staircase regions (Schmitt et al., 1987; Timmermans et al.,
2008), the mixed-layer properties of different profiles are aligned (see Section
7.4). The relation between the aligned temperature and salinity are referred to
as the lateral density gradients. These lateral density gradients can be used as a
measure for the flux ratio inside the staircase layer (Schmitt et al., 1987; Tim-
mermans et al., 2008). McDougall (1991) validated this relation for a staircase
region in the tropical North Atlantic Ocean. He found that there, the lateral den-
sity gradients of the mixed layers result from a combination of the salt-finger
fluxes and the vertical motion of the layer. The latter can be interpreted as a ver-
tical flux divergence, which appears to be an effective mechanism to convert the
properties of water masses (McDougall, 1991). Following previous examples of
Schmitt et al. (1987) and McDougall (1991) near the Caribbean Sea, we assume
that the lateral density ratio (Rx,ρ = αTx/(βSx)) of the mixed layers is equal to
the flux ratio (γ). In this expression, α and β are the thermal expansion and ha-
line contraction coefficients, respectively, and the subscript x indicates the spatial
derivative.

7.3 Spatial variations of AAIW

The time-averaged properties of AAIW are used to analyze the spatial variations
of this water mass in the North Atlantic Ocean and Caribbean Sea (Fig. 7.1). Re-
call that we assumed that these spatial gradients represent the average temporal
variation of AAIW along its propagation path. We therefore assess the proper-
ties AAIW along the main branch, following Tsuchiya (1989) who identified this
branch by analysing the silica concentrations in the Atlantic Ocean.

The main branch of AAIW crosses the equator along the western boundary
of the Atlantic Ocean (A in Fig. 7.1a). From there, the branch continues north-
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Figure 7.1: (a) Salinity of the AAIW core obtained from MIMOC (Schmidtko et al., 2013).
The dashed box (62◦W-82◦W and 10◦N-18◦N) is used to compute properties of AAIW in the
Caribbean Sea. (b) Conservative temperature and absolute salinity of AAIW core averaged per
2◦x2◦. Location of the data points are indicated with black dots in panel (a). Grey contours
highlight the isopycnals (σ0). Letters A-D correspond to the path of AAIW in the Atlantic
Ocean; Numbers 1-4 correspond to the path of AAIW in the Caribbean Sea.



144 Chapter 7. Thermohaline staircases in the Caribbean Sea

ward along the continental slope. Along this path (A-D in Fig. 7.1a), both the
temperature and salinity of AAIW increase. At first, these variations follow ap-
proximately the σ0 = 27.3 kg m−3-isopycnal (A-B in Fig. 7.1b), but the density
of AAIW increases as it approaches the Caribbean Sea (B-D in Fig. 7.1b). This
density increase results from a relatively strong salinity increase accompanied by
weaker warming, implying that the flux ratio into AAIW along this path is below
unity.

Next, AAIW deflects towards the west and passes the Lesser Antilles (Tsuchiya,
1989). During this passage, enhanced turbulent mixing changes the properties
of AAIW (Garrett, 2003; Kunze and Llewellyn Smith, 2004; Whalen et al., 2012).
The effects of turbulent mixing at the Lesser Antilles are visible as a warmer and
more saline AAIW in the Caribbean Sea compared to the North Atlantic Ocean. In
contrast to double-diffusive mixing, this turbulent mixing predominantly induces
changes along the isopycnal, as the density of AAIW in the Atlantic Ocean (D in
Fig. 7.1b) is similar to the density of AAIW in the Caribbean (1 in Fig. 7.1b).

The density of AAIW increases again in the direction of the mean flow in the
Caribbean Sea (1-4 in Fig. 7.1b). Similar to the density increase in the Atlantic
Ocean, the density increase in the Caribbean Sea is dominated by an increase
in salinity. Moreover, the temperature also increases along this path, which re-
sults in a flux ratio is below unity. We quantify these temperature and salinity
variations by correlating the temperature with the salinity in the Caribbean Sea
(62◦W-82◦W, 10◦N-18◦N, dashed box in Fig. 7.1a), and obtain a correlation with
a slope of TxS−1

x = 3.4 ◦C kg g−1, where Tx and Sx are the horizontal gradients in
temperature and salinity, respectively. This correlation is significant on a confi-
dence interval of 90 %. The properties were averaged per 2◦ × 2◦ (black dots in
Fig. 7.1a). This tendency to warmer and more saline properties of AAIW are in
line with expectations that the properties of this water mass could be modulated
by double-diffusive mixing.

7.4 Double-diffusive fluxes in the staircase layer

Next, we assess whether these spatial variations of AAIW could be related to
double-diffusive mixing in thermohaline staircases. To analyze this, we extract
their distribution, occurrence rate, and properties of the mixed layers of the
Caribbean staircases from the global dataset of thermohaline staircases (Section
7.2).

An example of a thermohaline staircase in the Caribbean Sea is shown in
Figure 7.2a. This staircase is located on the main thermocline and halocline
between STUW and AAIW (Fig. 7.2b). This depth is typical for all thermohaline
staircases in the Caribbean Sea, as all mixed layers are located at similar depth
ranges (Fig. 7.2c). To confirm that these mixed layers are indeed double-diffusive
thermohaline staircases, we compute the Turner angle (Tu), which is an indicator
for whether the water column is susceptible to double-diffusive mixing (Ruddick,
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Figure 7.2: (a) Temperature and (b) salinity profile of Caribbean staircase obtained with Argo
float 4901720 at 75.5◦W and 13.9◦N on 9 November 2018. (c) Depth of detected mixed layers
of all thermohaline staircases in the Caribbean Sea (62◦W-82◦W and 10◦N-18◦N, dashed box
in Fig. 7.1) obtained from the global dataset of thermohaline staircases (Chapter 5 of this
thesis). (d) Average Turner angle (Ruddick, 1983) computed from 1565 Argo float profiles
in the Caribbean Sea. The dashed lines correspond to one standard deviation from the mean
Turner angle. The (dark) red shading corresponds to Turner angles that are susceptible to
(strong) salt fingering. The upper and lower bound of the Turner angles with strong salt-
fingering are indicated by the horizontal lines in all panels. The density ratios that correspond
to these Turner angles are indicated on the upper axis. The inlays show a zoom over 250 dbar
and 5◦C and 0.7 g kg−1 of the thermohaline staircase. The approximate locations of Antarctic
Intermediate Water (AAIW) and Subtropical Underwater (STUW) are indicated in panel (b).

1983), for all profiles in the Caribbean Sea, with:

Tu= tan−1
�

α
∂ T
∂ p
− β

∂ S
∂ p

,α
∂ T
∂ p
+ β

∂ S
∂ p

�

. (7.1)

Here the vertical gradients of the background temperature and salinity profiles
are approximated with a central differences scheme after these were smoothed
with a Hanning window of 100 dbar. We find that indeed most mixed layers are
located at depth ranges with strong salt fingering (71.3◦ < Tu < 90◦, Fig. 7.2d,
Ruddick, 1983). This confirms that the thermohaline staircases in the Caribbean
Sea are adequately captured in the global dataset. We refer to Chapter 5 of this
thesis for a more detailed validation of this dataset.

The spatial distribution of thermohaline staircases in the Caribbean Sea (Fig.
7.3a) is in line with expectations based on previous observations (Chapter 2 of
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this thesis, Lambert and Sturges, 1977; Morell et al., 2006). In total, 7 % of
the profiles in the Caribbean Sea contain staircases. The staircases appear to be
clustered in two regions: one around 70◦W and one in the Panama Colombia
Gyre (PCG) in the southwest of the basin. Another staircase region is present in
the adjacent part of the North Atlantic Ocean. The latter is known as the C-SALT
region, and, notably, coincides with a region where the average density of AAIW
also increases along its path (point B-D in Fig. 7.1a).

When staircases are persistent in time and space, the temperature and salinity
in each mixed layer increase due to the vertical heat and salt flux through the
interface above (Schmitt et al., 1987; McDougall, 1991). This gradual increase
of the temperature and salinity, visible by the alignment of the properties of each
subsequent mixed layer, is the lateral density ratio (see Section 7.2). Based on the
findings of McDougall (1991), we assume that this lateral density ratio equals the
flux ratio. Because the Caribbean staircases show such alignment (Fig. 7.3b), we
can compute the flux ratio inside this layer. We find that the flux ratio decreases
with depth from γ = 0.83 in the warmest layer towards γ = 0.79 in the coldest
layer.

7.5 The effective diffusivity of salt in AAIW

In this section, we combine the results obtained in the previous sections in steady-
state advection-diffusion equations for temperature and salinity to assess whether
double-diffusive fluxes induced by thermohaline staircases can quantitatively ex-
plain the time-averaged spatial variations of AAIW. To obtain these equations, we
define the relation between the effective diffusivity of heat (KT ) and the effective
diffusivity of salt (KS) following Kelley (1990):

KT = γR−1
ρ KS , (7.2)

where Rρ is the density ratio, defined as Rρ = αTz/(βSz). In this expression,
the subscript z indicates the vertical derivative. Moreover, following Toole et al.
(1994), we assume that turbulent mixing in the ocean interior, represented by
an effective diffusivity for heat and salt (K turb = 10−5 m2 s−1), is limited. For
simplicity, we assume that double-diffusive mixing does not occur simultaneously
with turbulent mixing. To distinguish between double-diffusive and turbulent
mixing, we use the occurrence of thermohaline staircases (a = 0.07) as a measure
for the occurrence of double diffusion. This results in the following steady-state
advection-diffusion equation for salt:

USx = aKSSzz + (1− a)K turbSzz, (7.3)

and for heat:
U Tx = aγR−1

ρ KS Tzz + (1− a)K turbTzz, (7.4)
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Figure 7.3: (a) Occurrence of thermohaline staircases in the Caribbean Sea and North Atlantic
Ocean averaged per 2◦ × 2◦ and obtained from a global dataset of thermohaline staircases
(Chapter 5 of this thesis). Only data points containing more than 10 observations are shown.
Dashed box (62◦W-82◦W and 10◦N-18◦N) is used to compute the occurrence of staircases
in the Caribbean Sea. Numbers 1-4 and Letters A-D indicate the same locations as in Fig.
7.1. (b) Temperature and salinity in the thermohaline staircases with more than 4 steps in
the Caribbean Sea (dashed box in panel a); grey contour lines highlight the isopycnals (σ0).
Numbers indicate the slope the aligned points, corresponding to the lateral density ratio (Rx,ρ)
and are approximately equal to flux ratio (γ). The locations of the Panama Colombia Gyre
(PCG) and C-SALT and indicated in panel (a).
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where U is the advective velocity of AAIW and Tx and Sx correspond the time-
averaged spatial derivatives of AAIW temperature and salinity that were obtained
in Section 7.3 (TxS−1

x = 3.4 oC kg g−1). The second order vertical derivatives of
temperature and salinity are indicated with Tzz and Szz, respectively.

Using these two equations, we can estimate the magnitude of KS (see Sec-
tion 7.A). To study how the vertical variations of temperature and salinity affect
the effective diffusivity, we computed the dependence of KS on these parameters:
the flux ratio and the ratio between the second derivatives of salinity and tem-
perature b = SzzT−1

zz (Fig. 7.4). The observed values of b and Rρ yield effective
diffusivities of salt of 3.7×10−8 m2 s−1 < KS < 1.3×10−3 m2 s−1 (Fig. 7.4b). The
most frequently obtained values (orange shading in Fig. 7.4b) are very similar
to effective diffusivities of salt that were directly observed within the staircase
layer (Schmitt, 2005, green line in Fig. 7.4). This implies that our computed
effective diffusivities of salt are in the right order of magnitude. Moreover, these
results suggest that we can explain the time-averaged property changes of AAIW
by considering vertical fluxes only.

7.6 Discussion

In this study, we explored whether double-diffusive fluxes from thermohaline
staircases in the Caribbean Sea can explain the time-averaged spatial variabil-
ity of AAIW along its pathway from the North Atlantic through the Caribbean
Sea. We found that the temperature, salinity and density of AAIW increase along
its path of propagation and that these increases are consistent with changes in-
duced by double-diffusive processes. We provide the first observationally-based
evidence that the vertical fluxes from turbulence and double-diffusive mixing
can fully explain the observed variations in AAIW properties in the Caribbean
Sea. We do this by estimating the magnitude of all the terms in steady-state ad-
vection diffusion equations. This estimate indicates that double-diffusive fluxes
from thermohaline staircases, in combination with background turbulence, can
induce water-mass transformation of AAIW in the Caribbean Sea of the observed
magnitude.

In the last decades, AAIW became warmer and more saline in the North At-
lantic (Curry et al., 2003; Durack and Wijffels, 2010; McCarthy et al., 2011).
Because this trend was analyzed east of the Caribbean Sea, we project our results
to the C-SALT staircase region to speculate on the potential impact of double
diffusion on AAIW properties in this region (C-D in Fig. 7.3a). There, the loca-
tion of the density increase of the main branch of AAIW also coincides with the
staircase region, which suggests that double-diffusive mixing affects AAIW prop-
erties there, as was also suggested by Schmitt et al. (1987). The weak northward
transport of AAIW at this location during the last decades (Fu et al., 2019) im-
plies a longer exposure to double-diffusive fluxes from the staircase above. Con-
sequently, this would yield a salinity and temperature increase in AAIW that is in
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Figure 7.4: (a) Histogram of values of b obtained from observations from Argo floats profiles
between 600 and 750 dbar. (b) Effective diffusivity of salt (KS) as a function of b and Rρ.
The green line corresponds to observations of (Schmitt, 2005).The orange shading shows the
number of observations with values of b and Rρ. (c) Histogram of values of the density ratio,
Rρ, obtained from Argo floats profiles between 600 and 750 dbar. Dashed lines in panel (b)
indicated the 25th and 75th percentile of the values in panels (a) and (c). The ranges of the
axes in panels (a) and (c) correspond to the 5th and 95th percentile of the observed values of
b and Rρ. Details on the computations of Rρ, KS , and b can be found in the Section 7.A

line the long-term changes seen in observations (Curry et al., 2003; Durack and
Wijffels, 2010; McCarthy et al., 2011).

Besides the longer exposure of AAIW to the double-diffusive fluxes, their
strength may also have changed in the past years due to changes in the salin-
ity stratification (e.g., Johnson and Kearney, 2009). More specifically, the wa-
ters overlying AAIW became fresher, while the waters below AAIW became more
saline (Durack and Wijffels, 2010). This trend towards more saline waters of
STUW will decrease the density ratio (Rρ). In turn, this will increase the diffu-
sivity of salt (Fig. 7.4). These changes are worth investigating in future research.
For example, the decadal variability of KS can be assessed using the advection-
diffusion equations with estimates of the decadal variability of each term in the
equations.
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Overall, the results of this study provide a plausible explanation for the ob-
served long-term trends of AAIW. Moreover, these results are in line with previ-
ous findings in other regions that double-diffusive fluxes in thermohaline stair-
cases may adjust the properties of water masses (Johnson and Kearney, 2009;
Schroeder et al., 2016). This implies that they double diffusion might affect
the density of water masses (such as AAIW) in and downstream of regions with
thermohaline staircases. Therefore, we speculate that double-diffusive mixing
may adjust the strength and direction of the geostrophic flow in the ocean. To
study these impacts with ocean models, adequate parameterizations of double-
diffusive mixing are necessary. We argue that the approach and results of this
study provide a starting point for these parameterizations. For example, the
quantities that depend on the vertical variation of temperature and salinity (b
and Rρ) can be obtained directly from the ocean model. In combination with the
occurrence of thermohaline staircases obtained from the global dataset of ther-
mohaline staircases, the effective diffusivity of salt can be computed using the
large-scale vertical temperature and salinity gradients. As a result, the effects
of double-diffusive mixing are captured in an ocean model, and the large-scale
impact of double-diffusive mixing can be studied.
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7.A Computation of the effective diffusivity of salt

To compute the effective diffusivity of salt, we rewrite equation 7.3 as a rela-
tion for advective velocity:

U = T−1
x

�

aγR−1
ρ KS Tzz + (1− a)K turbTzz

�

(7.5)

and substitute that into equation 7.4 to obtain an expression for the effective
diffusivity of salt:

KS =
(1− a)K turb

a

1− S−1
x TxSzzT−1

zz

S−1
x TxSzzT−1

zz − γR−1
ρ

=
(1− a)K turb

a

1− bS−1
x Tx

bS−1
x Tx − γR−1

ρ

. (7.6)

In equation 7.6, the remaining unknowns are: the density-flux ratio (γ), the
density ratio (Rρ) and the ratio between the second derivatives of salinity and
temperature b = SzzT−1

zz . We use a value of γ = 0.8 for the density-flux ratio,
as obtained in Section 7.4. To compute Rρ and b, we analyze the properties in
the layer between the core of AAIW and below the core of the staircase layer
(600-750 dbar, see Fig. 7.2) as this is the depth range where the salt would be
transported downward towards the AAIW core. To that end, we use the data from
the Argo float profiles in the Caribbean Sea that were smoothed with a Hanning
window of 100 dbar (dashed box in Fig. 7.1a, Fig. 7.4c). Because the second
vertical derivatives of salinity and temperature are noisy, we use the mean value
of Tzz and Szz of each profile to compute b (Fig. 7.4a).
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7.B Horizontal mixing

In the computations in Section 7.5 and Section 7.A, we assumed that all mixing
was caused by vertical mixing, and horizontal mixing was absent. To gain confi-
dence that it are indeed vertical fluxes that modify the properties of AAIW, this
assumption needs to be validated by an order of magnitude analysis. We estimate
the magnitude of the horizontal salt fluxes with:

FH = KHSxx, (7.7)

where KH is the horizontal effective diffusivity and Sxx is the second horizontal
derivative of the salinity. The effective diffusivity has a typical value in the order
of KH = O (102 m2 s−1) (Groeskamp et al., 2020). We estimated the average Sxx

from the WOA2018 in within AAIW core at Sxx = O (10−13 g kg−1 m−2). This
results in FH ≈ O

�

10−11g kg−1 s−1
�

Next, we use a similar approach to estimate the vertical mixing:

FV = KSSzz. (7.8)

For KS we use KS = O (5× 10−5 m2 s−1), as found in Figure 7.4. Using a similar
approach as in Section 7.A, we obtain an average value of Szz of the order of
O (10−5 g kg−1 m−2) with a 5 and 95 percentile of 6.3 × 10−7 g kg−1 m−2 and
2.0× 10−5 g kg−1 m−2, respectively. This results in FV ≈ O

�

5× 10−10g kg−1 s−1
�

.
A comparison between these estimated magnitudes of the horizontal and vertical
mixing indicates that the vertical fluxes into AAIW are roughly up to one order of
magnitude larger than the horizontal mixing. Note that, due to the wide range
of values of Szz, the vertical mixing could in principle be smaller than horizontal
mixing. However, these computations indicate that, on average, this is not the
case.
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Conclusions and recommendations

The aim of this thesis is to gain insight in the dynamics and mixing in the
Caribbean Sea with the focus on mesoscale anticyclonic eddies and double-diffusive
mixing. In total, six research questions have been formulated in the Introduction
(Chapter 1 of this thesis) and answered in the previous chapters. In this chapter,
the answers to each research question are summarized first. Next, the results are
combined and discussed. The chapter concludes with a few recommendations
for further research.

8.1 Answers to the research questions

What is the vertical structure of Caribbean anticyclones and where
do they originate?

To gain insight in the vertical structure of a Caribbean anticyclone, we performed
a hydrographic survey. This hydrographic survey resulted in the first observations
of the full depth of an anticyclonic eddy in the Caribbean Sea. The results were
presented in Chapter 2 of this thesis. We found that this anticyclone was strongly
intensified at the surface and that the highest velocities were located in the up-
per 150 m and along the southern perimeter of the anticyclone. The anticyclone
originated near Grenada Passage. The low salinity and elevated silicate concen-
trations in the surface waters of the anticyclone, suggested that the anticyclone
entrained surface waters originating from the Orinoco River. Below the surface,
the anticyclone contained a strong and thick barrier layer with a temperature
inversion. While the results of this survey contain only one example of an anticy-
clonic eddy in the Caribbean Sea, we showed that some Caribbean anticyclones
have strong surface-intensified velocity structure.

Are Caribbean anticyclones remnants of NBC rings?

Because it was unclear whether Caribbean anticyclones should be considered as
remnants of NBC rings, we studied this in more detail using a realistic setup of
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the eastern Caribbean Sea in Chapter 3 of this thesis. The high resolution of this
model allowed for an accurate representation of the complex island bathymetry
of the Lesser Antilles. We showed that during a collision of an NBC ring with
the Lesser Antilles the bulk of the vorticity influx into the Caribbean Sea that
allows for the formation of Caribbean anticyclones is generated locally at the
islands. Consequently, a smaller part is governed by the advection of anticyclonic
vorticity from the NBC rings themselves. A further analysis of two years of model
data indicated that most vorticity in the Caribbean Sea is generated locally at St.
Lucia and Grenada. Therefore, we concluded that Caribbean anticyclones are not
remnants of NBC rings.

Is the westward intensification of Caribbean anticyclones governed
by upwelling?

It was hypothesized in the Introduction (Chapter 1 of this thesis) that the advec-
tion of cold upwelling filaments strengthens the horizontal density gradients of
the anticyclones. This strengthening is necessary for their observed westward in-
tensification. Using an idealized model, This hypothesis was confirmed in Chap-
ter 4 of this thesis. We showed that the anticyclones that advect upwelling fila-
ments dominated the eddy kinetic energy in the Caribbean Sea. The westward
intensification of these anticyclones was steered by an increase of the horizontal
density gradients between the core and the background. These increased density
gradients resulted from the advection of the cold upwelling filaments and that
this, in turn, increased the vertical shear in the anticyclones.

Which characteristics and properties of thermohaline staircases
can be used to detect them?

The Caribbean Sea is a well-known formation site of thermohaline staircases.
This was, for example, seen during the survey described in Chapter 2 of this the-
sis, where 12 out of 15 observations contained staircases. To study the staircases
in more detail, we developed an algorithm in Chapter 5 of this thesis to automat-
ically detect thermohaline staircases in vertical temperature and salinity profiles.
In this algorithm, we use typical characteristics of the stepped structure of the
staircases to distinguish them from other vertical variations. More specifically,
the combination of the weak gradients in the mixed layers and the nearby large
gradients are unique for thermohaline staircases. A validation using the Turner
angle indicated that the detection algorithm can indeed successfully detect stair-
cases are within double-diffusive regimes. We applied the detection algorithm
to 487,493 temperature and salinity profiles to obtain a global dataset with the
distribution and properties of thermohaline staircases.
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What is the contribution of double diffusion to the global mechan-
ical energy budget?

We used the global dataset of thermohaline staircases to estimate the contribution
of double-diffusive mixing to the global mechanical energy budget in Chapter 6
of this thesis. We concluded that double-diffusive mixing does not contribute sig-
nificantly to this global mechanical energy budget. Our estimated contribution
of 7.5 GW is much smaller than the 2 TW of turbulent mixing necessary to com-
pensate for the sinking branch of the Atlantic Meridional Overturning Circulation
(Munk, 1966). However, this does not imply that the impact of double-diffusive
mixing can be neglected. In particular, our analysis revealed multiple hot-spot re-
gions where double-diffusive mixing is persistent, including in a so-far unknown
staircase region overlying the Tasman Leakage Waters.

Can double-diffusive fluxes explain the observed variations of the
properties of AAIW in the Caribbean Sea?

Double-diffusive mixing has a counter-gradient buoyancy flux that restratifies the
water column. Previous studies hypothesized that in theory this buoyancy-flux
could affect the properties of the layers above and below (Schmitt, 2005; Radko,
2013). However, this buoyancy flux had not yet been quantified. In Chapter 7
of this thesis, we assessed whether thermohaline staircases in the Caribbean Sea
affect the properties of the underlying Antarctic Intermediate Water based on
observations. We computed the staircase occurrence and the flux ratio in these
layers. Using steady-state advection-diffusion equations of the temperature and
salinity, we showed that double-diffusive fluxes from thermohaline staircases can
explain the spatial variability of Antarctic Intermediate Water in the Caribbean
Sea.

8.2 Summary and discussion

In the previous section, short answers to the six research questions that were for-
mulated in the Introduction (Chapter 1 of this thesis) were presented. The first
three research questions concern the life cycle of Caribbean anticyclones, while
the other research questions concern the impact double-diffusive mixing on re-
gional and global ocean circulation. In this section, we discuss the insights that
we obtained from the both sets of research questions. A summarizing schematic
of the new insights regarding the anticyclones is depicted in Figure 8.1. Using ob-
servations and numerical models, we showed that these Caribbean anticyclones
originate at the Lesser Antilles. There, the anticyclonic vorticity, which is neces-
sary for the formation of such anticyclones, is generated locally at the islands.
This generation is regulated by the magnitude of the transport through the pas-
sages between the islands, which is, in turn, regulated by the collision of NBC
rings with the Lesser Antilles.
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Figure 8.1: Schematic illustrating the main conclusions of the first part of this thesis containing
the life cycle of Caribbean anticyclones.

During their formation, Caribbean anticyclones can entrain water from the
Amazon and Orinoco River plumes. This results in a negative surface salinity
anomaly inside the core of the anticyclones. The combination of these salinity
anomalies with the slighter weaker temperature anomalies in the anticyclone
compared to its surroundings determines their horizontal density gradients of the
anticyclones in the eastern part of the basin. These horizontal density gradients
appear to strengthen during the westward propagation of the anticyclones. This
strengthening is the result of the advection of cold and saline upwelling filaments
by the anticyclones themselves and could explain why the anticyclones intensify.

We also showed that not all anticyclones intensify on their path westward:
Most energetic anticyclones advect upwelling filaments, while less energetic an-
ticyclones do not. The anticyclone observed during the hydrographic survey be-
longed to the latter category, judging on a visual inspection of the sea-surface
temperatures in the Caribbean Sea. In contrast to previous surveys (Silander,
2005; Rudzin et al., 2017), this anticyclone was shallow. These contrasting ob-
servations of the vertical extent of Caribbean anticyclones were captured by the
realistic model in Chapter 3 of this thesis, which showed contained both shallow
and deep anticyclones. This suggests that it is likely that the Caribbean anti-
cyclones can have different vertical structures. We hypothesize that this might
be related to the advection of upwelling filaments by the anticyclones, as, it is
expected that this advection will adjust the vertical shear of the anticyclones.

The last three research questions concerned the global and regional impact
of double-diffusive mixing. We developed an algorithm to automatically detect
thermohaline staircases in vertical temperature and salinity profiles, and applied
this algorithm on more than 480,000 observations to obtain a global dataset (Fig.
8.2). Using this global dataset, it was shown that the contribution of double-
diffusive mixing to the global mechanical energy budget is very limited.
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Figure 8.2: Figure summarizing the major conclusions of the second part of this thesis. The
inlay schematizes the vertical transport in heat (T), salt (S) and density (ρ) between the
staircase layer and Antarctic Intermediate Water (AAIW).

Moreover, the global dataset of thermohaline staircases also resulted in the
discovery of a so-far unknown staircase region in the Great Australian Bight
and Tasman Leakage (Fig. 8.2). In this region, the staircases overlie Antarctic
Intermediate Water that is transported westwards towards the Atlantic Ocean.
Although it remains unclear whether the double-diffusive fluxes can adjust the
properties of AAIW in this region, we showed that double-diffusive mixing could
have this capability in the Caribbean Sea. There, the vertical fluxes due to double-
diffusive mixing are estimated to be larger than fluxes due to the horizontal
mixing. These vertical double-diffusive fluxes can explain the observed spatial
variation of the properties of Antarctic Intermediate Water.

Interaction between thermohaline staircases and Caribbean anti-
cyclones

A combination of the results of the first three research questions with the results
of the last three research questions reveals some aspects of the potential inter-
actions between anticyclones and thermohaline staircases in the Caribbean Sea.
The interaction between eddies and staircases could occur through a depression
of the isopycnals or through enhanced shear (Morell et al., 2006; Radko, 2013):
The depression of the isopycnals can facilitate the formation of thermohaline
staircases below (Morell et al., 2006), and the enhanced shear of an eddy may
increase the turbulence at depth which can break up the staircase (e.g., Radko,
2013).

During the survey presented in Chapter 2 of this thesis, thermohaline stair-
cases were present below both the core and flanks of the anticyclone (Fig. 2.7).
Remarkably, other eddy surveys in the Caribbean Sea showed different results
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(Silander, 2005; Morell et al., 2006) as these studies indicated that the ther-
mohaline staircases were better developed at the flanks of the eddy. Because
the vertical shear and the isopycnal displacements in the staircase layer induced
by the anticyclone could affect the development of the thermohaline staircases,
one possible explanation for these different observations might be that Caribbean
anticyclones have different vertical structures. In particular, the anticyclone sur-
veyed by Silander (2005) had a deep structure and better defined staircases at the
flanks, while the anticyclone surveyed in this thesis was shallow and contained
staircases below both core and flanks of the anticyclone.

In a more detailed analysis of the thermohaline staircases in the Caribbean
Sea, Koetsier (2019) showed that the passage of Caribbean anticyclones coin-
cided with the destruction of thermohaline staircases. This might also explain
why only 7 % of the profiles in the Caribbean Sea contain staircases as was found
in Chapter 7 of this thesis. Although we cannot draw firm conclusions on this
topic based on the results in this thesis, these findings highlight how the thermo-
haline staircases and Caribbean anticyclones might interact.

The Caribbean Sea in a changing climate

A motivation to study the dynamics of the Caribbean Sea is to be able to predict
how the dynamics in the Caribbean Sea might be affected by climate change.
Although it is impossible to precisely determine how climate change will affect
the basin, it is possible to discuss the observed trends in light of the findings in
this thesis and to qualitatively consider the potential future of the Caribbean Sea.

The most remarkable recent change in the Caribbean Sea is of ecological
nature: the inundation of massive amounts of Sargassum algae (Gower et al.,
2013; Wang and Hu, 2017; Putman et al., 2018; Johns et al., 2020). These algae
have been appearing since 2011, and have negatively impacted the local fisheries
and tourism (Gower et al., 2013; Wang and Hu, 2017; Resiere et al., 2018). A
part of the Sargassum algae is transported towards the Caribbean by NBC rings
(Putman et al., 2018). Based on the results in this thesis, it seems that the NBC
rings are destroyed at the Lesser Antilles. During this interaction, the Sargassum
algae contained in these rings could be entrained in the Caribbean anticyclones
that are formed on the Caribbean side of the islands. Moreover, because both
Caribbean cyclones and anticyclones entrain river water from the Orinoco River
(Chapter 2 of this thesis, Corredor et al., 2004; Chérubin and Richardson, 2007),
this river water could provide an additional source of nutrients to the Sargassum
algae captures in these eddies. Not only could lead to the additional growth of
the Sargassum in the Caribbean Sea (Johns et al., 2020), the pathways of the
Caribbean eddies might also determine to a certain extent the pathways of the
Sargassum algae.

Furthermore, the results in this thesis also highlight which climatic changes
might impact the dynamics of the Caribbean Sea more than others. We found, for
example, that stronger upwelling winds directly resulted in more variability in the
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western part of the basin through the strengthening of the anticyclones (Chapter
4 of this thesis). While this strengthens the temperature gradients along the path
of the anticyclones, the initial density difference between the anticyclone and
its surrounding appeared to be dominated by salinity differences. This initial
density difference highlights the importance of the river plumes of the Amazon
and Orinoco Rivers in the Caribbean Sea, as was also mentioned by, for example,
Hellweger and Gordon (2002) and Chérubin and Richardson (2007). These river
plumes decrease the salinity of the surface layer, which benefits the formation of
barrier layers that arise in regions with strong vertical salinity gradients (Pailler
et al., 1999; Foltz and McPhaden, 2009).

In this thesis, it is shown that the observed anticyclone entrained river water
and that it contained a relatively thick barrier layer compared to its surroundings,
which is similar to observations of Rudzin et al. (2017). Because we found in
Chapter 4 of this thesis that the horizontal salinity gradients in the anticyclones
are determined at the Lesser Antilles, where the anticyclones entrain river water
during their formation, changes in the availability of fresh river water at the
Lesser Antilles might affect the strength of the Caribbean anticyclones. Although
it is unclear whether the salinity of the river plume at the Lesser Antilles will
decrease in a future climate due to a weakening of the wind forcing (Campbell
et al., 2011; Lima and Wethey, 2012; Torres and Tsimplis, 2013) or change due to
a stronger seasonal cycle of the precipitation over South America (Aguilar et al.,
2005; Liang et al., 2020), we hypothesize that changes in the salinity of the river
plume could affect the surface dynamics in the Caribbean Sea.

Climate change might also impact the subsurface waters in the Caribbean
Sea, as the properties of the subsurface water masses depend on atmospheric
variations in their formation regions (e.g., Speer and Tziperman, 1992; Ganachaud,
2003). An example of how minor changes in the properties of the subsurface
water masses affects the abyssal mixing is given in Chapter 7 of this thesis. In
that case, the diapycnal mixing depends on the ratio of the second derivatives of
temperature and salinity, which is very sensitive to the properties of the water
masses. Recent studies have shown that the properties of both STUW and AAIW
are variable on decadal time scales (Arbic and Brechner Owens, 2001; Yu et al.,
2018; Fu et al., 2018; Liu et al., 2019). For example, a salinity increase of Sub-
tropical Underwater affects the stratification. This could result in an increase of
the Turner angle, which would in turn make the water column more favorable for
the formation of thermohaline staircases. Because these thermohaline staircases
affect the vertical fluxes of heat and salt, changes in the salinity of Subtropical
Underwater could affect the magnitude of the vertical mixing as well.

Moreover, multiple studies suggested that the strength of the volume trans-
port of the AMOC could decrease in the future (e.g., Robson et al., 2014; Mc-
Carthy et al., 2015). This weaker transport of the AMOC is associated with a
weaker inflow into the Caribbean Sea. This could not only affect the interaction
of the ocean currents with the Lesser Antilles, but also the advection of upwelling
waters by the anticyclones. Furthermore, it might weaken the inflow of deeper
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water masses as well. For example, a decrease of the flow is expected to result
in less mixing at the Lesser Antilles, where we found distinctive changes in the
properties of Antarctic Intermediate Water (Chapter 7 of this thesis). Overall,
this broad range of possible consequences of climate change indicate that the
Caribbean Sea is a highly dynamical basin, where the dynamics of the flow are
set by both upstream variability as well as the forcing within the basin.

8.3 Recommendations

In this thesis, the dynamics of mesoscale anticyclones and double diffusion have
been assessed. In this section, we provide some recommendations for future
research. The first suggestions contain recommendations for studies in other re-
gions based on the findings presented in this thesis. These recommendations are
based on the assumption that other ocean basins should contain similar dynamics
as found in the Caribbean Sea. For example, approximately 40 % of the ocean is
susceptible to double-diffusive mixing (You, 2002) and that nearly one-third of
the ocean surface is covered by mesoscale eddies at any given time (Gaube et al.,
2019). Therefore, the analyses and results in this thesis can be useful to clarify
some aspects of the flow in other basins. The last two recommendations describe
possible directions for further research in the Caribbean Sea.

Eddy-island interaction

First of all, the interaction of eddies with islands is not unique and there are
numerous regions that show this type of interaction (e.g., Schouten et al., 2000;
Wang and Dewar, 2003; Johnson and McDonald, 2005; Rennie et al., 2007).
In the case of the Caribbean Sea, it turned out that the anticyclonic vorticity of
Caribbean anticyclones originates from the interaction of the flow with the Lesser
Antilles. The anticyclonic vorticity in remnants of NBC rings that is advected
into the basin seems of lesser importance. Because these findings highlight the
importance of vorticity generation near topography, we suggest to revisit the
eddy-island interaction in other ocean basins and apply a similar approach to
quantify the vorticity generation in those regions.

Barrier layers

Also the formation of barrier layers is not a unique feature of the Caribbean Sea
(Sprintall and Tomczak, 1992; de Boyer Montégut et al., 2004). In this thesis, the
hydrographic survey revealed that the barrier layer in the anticyclone was thicker
and contained a stronger temperature inversion than the waters surrounding the
anticyclone. This is in line with previous observations (Rudzin et al., 2017) and
suggests that anticyclones can potentially store extra heat below the surface. Be-
cause thick barrier layers, and especially those with strong temperature inver-
sions, are associated with rapid intensification of tropical cyclones (Foltz and
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McPhaden, 2009; Wang et al., 2011; Balaguru et al., 2012), the relationship be-
tween anticyclones and barrier layers deserves more attention. This will increase
the understanding of the variation and impact of barrier layers, not only in the
Caribbean, but also in all other regions, in for example the Indian Ocean and
Pacific Ocean (de Boyer Montégut et al., 2004), that contain barrier layers.

Intensification of anticyclones

The analysis of the westward intensification of the Caribbean anticyclones re-
vealed that part of the intensification could be explained by a variation of the
background properties. In particular, the anticyclones are formed in the eastern
part of the basin, where the waters are relatively light. They travel towards the
west, where the surface waters are denser due to the wind-driven upwelling in
the southern part of the basin. This intensification is not unique for the Caribbean
Sea, and anticyclones in other ocean basins also have the tendency to grow over
time (Dewar and Killworth, 1995; Yavneh et al., 1997; Koszalka et al., 2009;
Chen and Han, 2019). Similar to the Caribbean Sea, the anticyclones at other
locations have, on average, longer tracks than cyclones (Chelton et al., 2011b).
The results of this thesis highlight the importance to study also the surroundings
of ocean eddies to explain their behavior.

Water-mass changes induced by double-diffusive mixing

The analysis of the double-diffusive mixing in the Caribbean Sea indicates a
mechanism through which thermohaline staircases could affect the water masses
below the staircase layer. Studies of the Mediterranean (Bryden et al., 2014;
Schroeder et al., 2016) indicate that the Caribbean Sea is not the only basin
where this mechanism takes place, and it is plausible that also water masses
in other regions with a frequent staircase occurrence are modulated by double-
diffusive mixing. As argued in Chapter 6 of this thesis, it is important to quantify
these vertical fluxes in, for example, the Tasman Leakage, because these waters
are known to affect the stability of the Atlantic Meridional Overturning Circula-
tion (Gordon, 2003; Speich et al., 2007).

Implementation of the effects of double-diffusive mixing in ocean
models

In most ocean models, the role of double-diffusive mixing is neglected. Although
our results suggest that this is valid regarding the global mechanical energy
budget, it most likely not valid regarding local water mass transformation by
double-diffusive fluxes. Using the global analysis of the staircase occurrence, re-
gions where the mixing is dominated by double diffusion are identified. In these
regions, the heat and salt flux do not have the same magnitude, and double-
diffusive fluxes can modulate the regional climate as illustrated by changes in
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AAIW (Chapter 7 of this thesis). This, consequently, is expected to impact the
ocean circulation. The most simple way to account for double-diffusion in global
ocean models, is to modify the ratio of the effective diffusivities in these spe-
cific regions, which is expected to result in a more accurate representation of the
ocean circulation.

Double diffusion and Atlantic Meridional Overturning Circulation

The discovery of the thermohaline staircases in the Tasman Leakage region and
the fact that double-diffusive fluxes in thermohaline staircases can modify Antarc-
tic Intermediate Water raises the question whether double diffusion impacts the
stability of the Atlantic Meridional Overturning Circulation (AMOC). To resolve
this question, inverse models can be used to extract average effective diffusivities
of heat and salt in regions with high staircase occurrence. The ratio between
the effective diffusivity of heat and salt will give insight into whether double-
diffusion affects the salt content of the Tasman Leakage Waters, which in turn
are associated with the stability of the AMOC.

River outflow of the Amazon and Orinoco Rivers

The river plumes of the Amazon and Orinoco Rivers are advected into the Carib-
bean Sea. The arrival of the combined Amazon-Orinoco river plume coincides
with an increase of the eddy kinetic energy (Chérubin and Richardson, 2007).
Because the two river plumes arrive simultaneously at the Lesser Antilles, it re-
mains unknown how each river plume affects the surface flow in the Caribbean.
The discharge of the Amazon River exceeds the discharge of the Orinoco River,
but the mouth of the Orinoco River is located at the Lesser Antilles. This im-
plies that the Orinoco River plume is most likely fresher than the Amazon River
plume, but has a much smaller area. To understand the interaction between these
two river plumes better, it would be interesting to identify how each river plume
affects the surface dynamics in the Caribbean Sea.

Eddies and staircases

In his master thesis, Koetsier (2019) analyzed four Argo floats deployed during
the hydrographic survey presented in Chapter 2 of this thesis. He suggested
that Caribbean anticyclones might have the capability to destroy thermohaline
staircases. In particular, he found that the passage of a strong anticyclonic eddy
coincided with the destruction of a staircase structure. It would be interesting
to explore this connection in more detail and extend the analysis towards the
staircase region in the western tropical Atlantic Ocean, where the surface flow is
dominated by the passage of large North Brazil Current rings.
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