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Current Tides A Letter From the Chair

I am pleased, impressed, and honoured to write my second open-
ing to Current Tides during my term as Chair of the Department of 
Oceanography.  This remarkable initiative was conceived of and is 
produced by our graduate students.  Bringing each edition to press 
takes a combination of passion and patience; ambition and atten-
tion; humour and hard work.  The two previous editions of Current 
Tides set a high standard for scholarship and production values, and 
this third edition rises to the same heights.

Current Tides beautifully documents the ongoing and deep com-
mitment to interdisciplinary ocean science that has motivated the 
Department since its inception.  In this issue, our students present 
research that spans the living world from bacteria to whales and the 
geographic world from the continents to the deep sea. Anne dives 
right into the fascinating science of the underwater soundscape, 
which is so important to communication, prey detection, and preda-
tor avoidance in the ocean.  Kevin introduces us to the complexities 
of predator-prey interactions between small organisms, followed by 
Jonathan, who describes his research into the importance of riv-
ers for delivery of life-sustaining nutrients to our productive coast-
al waters.  Alysse takes a different tack by exploring how the co-
pious sediments delivered to the ocean during flash floods, under 
certain circumstances, can be used to reconstruct past episodes 
of flooding on land.  Microbes are next.  Sebastian explains how 
sophisticated measurements of nitrogen isotopes and analysis of 
DNA are being used to unravel how these tiny but incredibly abun-
dant organisms regulate Earth’s nitrogen cycles, with emphasis on 
how low oxygen levels affect the rates and pathways of nitrogen 
cycling.  Liuqian describes how powerful computer models today 
are blended elegantly with increasingly sophisticated ocean obser-
vations to help us to predict the consequences of human activities 
on the marine ecosystems of the Gulf of Mexico.   Francisco’s re-
search centres on coastal sediments, which in many ways serve 
the same purpose as compost piles on land, breaking down dead 
and decaying material so it can support future productivity. Jacoba 
takes us north to the Arctic, where she participated in a multi-year 
effort to improve understanding of the fate of atmospheric carbon 
dioxide as it interacts with the ocean at the top of our planet.  Final-
ly, Danielle guides us through the very timely science of food sup-
ply and acquisition for endangered North Atlantic Right Whales in  
Nova Scotian waters.

Hats off to Editor-in-Chief Lorenza Raimondi, as well as to the ed-
itorial staff and the print and graphic designers, for producing this 
edition of Current Tides.  Your efforts will help to spread the word 
about the wonder and importance of ocean discovery.  Bravo Zulu!

Paul Hill 
Chair of the Department of Oceanography

All article photographs/figures were
provided by authors unless credited
otherwise.  
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Human impacts in Gulf of Mexico

It might be hard to imagine, but a drop of water from the 
small glacial lake known as Lake ,tasca in Minnesota flows 
���� miles ����� kilometres� southwards to the Gulf of 
Mexico �G2M�. 7he lake water, together with many oth-
er sources, constitutes the Mississippi River, which is the 
chief river of the largest drainage system in North Ameri-
ca, covering ��� of the contiguous 8nited States �Figure 
��. 7he freshwater discharge from the river forms a fresher 
and therefore lighter layer on top of the saltier and heavi-
er seawater in the northern G2M �Figure ��. ,n summer, 
the sunlight continuously heats the surface layer, enhanc-
ing the density differences between the surface and deeper 
water layers, thereby strengthening vertical strati¿cation of 
the water column. 7he strong strati¿cation limits the oxygen 
exchange between oxygen-rich surface and oxygen-poor 
bottom water. Additionally, extremely high loads of nutrients 
�for example, nitrate and phosphate� carried by the Missis-
sippi River, mostly from farm runoff and animal waste, are 
released into the gulf water, stimulating large algae blooms 
in the northern G2M. :hen these algae die, they sink to 
the bottom where they are decomposed by bacteria that si-
multaneously consume oxygen. Here, where oxygen supply 
from above is already limited, the continuous consumption 
of oxygen generates a hypoxic �low-oxygen� dead zone in 
the northern G2M �Figure �� that impacts the normal func-
tion of living organisms.  

)Uʝə 'eDɍ =ʝȸes tɛ 2ɵɗ SʠɵɸOs
 Understanding human impacts in the Gulf of Mexico with numerical  

models and data assimilation
Liuqian Yu

_________________________________________________________________________________________
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 Figure1. Satellite image (MODIS sensor) showing the 
plumes from the Mississippi and Atchafalaya Rivers. Red 
area represents approximate size and location of hypoxic 
]one fUoP Podel siPXlation� /eft XppeU FoUneU�  $ Pap of 
the Mississippi River drainage basin (light purple block, 
piFtXUe fUoP 86 (3$�� 6oXUFe 'ata &Uedit� 1$6$� 86 
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Figure 2. Schematic of low-oxygen dead zone formation (adapted from http���www�YiPs�edX�).
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Further off the coast, the deeper waters in the G2M may 
be less impacted by the farm runoff, but are increasing-
ly stressed by the intensive oil and gas exploration in the 
deep G2M. Most recently, the explosion and sinking of the 
offshore drilling rig 'eepwater Horizon in the G2M in April 
���� created the worst oil spill in 8.S. history. 'uring the 
event, an unprecedented �.� million barrels of crude oil 
was released into the G2M at an approximate water depth 
of ���� metres. ,t is estimated that more than half of the 
leaking mixtures rose to the sea surface. Conversely, the 
neutrally buoyant fraction of the oil, meaning it had the 
same density as the surrounding seawater, formed hydro-
carbon-enriched plumes at depths between ���� and ���� 
metres. These deep plumes are estimated to have made up 
to about ��� of the leaking mixture by mass, and comprise 
both water-soluble hydrocarbons and suspended trapped oil 
droplets.  While much of the water-soluble hydrocarbons are 
observed to undergo rapid biodegradation that simultane-
ously consume oxygen, the fate of the suspended hydro-
carbons and their impacts on the deep sea ecology remain 
uncertain.

Efforts are underway to reduce the nutrient inputs into the 
G2M in order to reduce the extent and severity of hypoxic 
conditions in the coastal region here.  To evaluate the ef-
fectiveness of these nutrient management strategies, it is 
essential to Tuantify the importance of different processes 
�such as water column strati¿cation and nutrient-enhanced 
production) in regulating hypoxia development in the north-
ern G2M. 4uantifying these processes is not trivial since 
they interact in non-linear ways and may vary in time and 
space.  Similarly, many efforts have been taken to track the 
hydrocarbon plumes following the 'eepwater Horizon oil 
spill in order to understand and alleviate their negative im-
pacts. Nevertheless, we still have limited understanding of 
where deep-water hydrocarbon plumes are distributed, how 
far they spread, and how fast they degrade. To answer these 
questions and improve our understanding of human impacts 
in the G2M, one invaluable tool is combining the information 
from numerical models and observations.   
 
Combining numerical models and observations

Numerical ocean models are tools that simulate ocean con-
ditions by solving complex mathematical equations with nu-
merical time-stepping procedures. They have been widely 
applied in marine systems to advance our understanding of 
ocean processes, and provide useful information for marine 
management and decision-making.

However, as the great statistician George E.P. Box stated, 
µessentially, all models are wrong, «’. 7he models he re-
ferred to are any simpli¿cation or approximation of reality 
that we construct to understand real world systems. Indeed, 
numerical ocean models are by de¿nition mere representa-
tions of the ocean ecosystems. Models tend to only involve 
a limited number of complex processes that are represented 

as simpli¿ed characterizations� errors that are associated 
with such approximations and assumptions are therefore 
inherent in models.

Nevertheless, µ« some models are useful’, as the second 
half of the Tuote by %ox goes.  7o make the models µuseful’, 
observations are often applied for validating and calibrating 
models and provide an important source of information for 
understanding the ocean.  Past decades have witnessed a 
revolution in global ocean-observing capabilities, providing 
an unprecedented view of marine systems from the ocean 
surface to the ocean interior. Of course, these observations 
also contain errors arising from the way we obtain them (for 
example, error in the sampling procedures, sensor and in-
strumental uncertainty�. Moreover, despite substantially im-
proved data coverage, the ocean is still undersampled with 
respect to its temporal and spatial scales of variability and 
complexity.

,n all, models and observations individually are insuႈcient 
to provide accurate representations of the ocean state; 
combining them is crucial to improve our understanding of 
the ocean system. Methods that combine the information in 
observations and dynamical models provide more accurate 
estimates of the true ocean state and its parameters, and 
are called data assimilation techniques.  One widely applied 
assimilation method is the Ensemble .alman Filter �En.F� 
�Figure ��. 7he idea is to use an ensemble of model sim-
ulations to approximate model uncertainty and update the 
model state by utilizing available observations as the model 
ensemble is integrated forward in time. It consists of two 
steps: forecast and analysis.  During the forecast step, the 
model state variables are integrated forward in time with an 
ensemble of model simulations.  During the analysis step, 
the model outputs and observations are optimally blended 
according to their respective uncertainties. More speci¿cally, 

Mooring

Research Vessel

Satellite

Argo Floats
Gliders

�0ser�aঞons

��lerical �o7el

Data assimilation bridges numerical models  
and observations.
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the more accurate the observation is, the closer the analysis 
will be drawn to the observation.

By applying numerical models and data assimilation meth-
ods, we aim to improve our understanding and prediction 
capability of the processes associated with hypoxia and oil 
spills in the G2M.
 
Applying Our Methods
I. Primary processes controlling hypoxia (a.k.a. 
the dead zone)

 Understanding the occurrence of hypoxia and designing ef-
fective nutrient management strategy in the northern G2M 
requires quantitative knowledge of the processes controlling 
dissolved oxygen concentrations and how they vary in time 
and space. These include physical processes (such as air-
sea exchange of oxygen, and the transport and mixing of 
oxygen in the water column) and biogeochemical processes 
(such as photosynthetic production, water column respiration 
and nitri¿cation, and oxygen consumption in the sediments�. 
To explicitly simulate oxygen and its controlling processes, 
we implement a three-dimensional coupled physical-biogeo-
chemical model.  7he physical model is con¿gured by the 
Regional 2cean Modelling System �R2MS� for the Missis-
sippi�Atchafalaya outflow region, which simulates the phys-
ical processes controlling air-sea exchange, transport and 
mixing of oxygen. The biological model simulates the nitro-
gen and phosphorus cycles that involve oxygen production 
and consumption processes. 

:e ¿rst conduct model-data comparisons to evaluate how 
well the model simulates oxygen and its controlling process-
es (in modelling we call this a “model validation”), and then 
make adjustments to the model to achieve better agreement 
with observations. The validated model is then used to cal-
culate the oxygen budget for different regions and different 
vertical depths to quantify the relative importance of the con-
trolling processes and examine how they vary in space.

Through the budget analyses, we found that the combina-
tion of physical processes and sediment oxygen consump-
tion are responsible for most of the spatial and temporal 
variability of hypoxia in the northern G2M. 7his ¿nding 
highlights the importance of quantifying physical processes 
in regulating hypoxia when designing effective and sound 
nutrient reduction plan, as the physical processes will con-
found the response of hypoxia to river nutrient load reduc-
tions.

To better understand the relative importance of the phys-
ical factors, such as wind speed and direction, and river 
discharge on hypoxia, we use the same physical model 
described above but couple it to a simple oxygen model 
to examine the physical controls on hypoxia generation in 
the northern G2M.  7he simple oxygen model describes 
biological oxygen production and consumption terms us-
ing relationships derived from observations. Namely, the 
model assumes a constant oxygen utilization rate �the 
sum of production and consumption of oxygen) in the wa-
ter column, and an oxygen- and temperature-dependent 

Analysis step  

Forecast step 

Observation 

Time 

Forecast step 

Analysis step  

Forecast ensemble Analysis ensemble 

Figure 3. 6FhePatiF diaJUaP of the (nsePEle .alPan )ilteU pUoFedXUe� 'XUinJ the foUeFast step� an ensePEle of Podel 
simulations (blue) is integrated forward in time until observations are available. The forecast ensemble (empty dots) 
pUoYides an estiPate of the Podel XnFeUtaint\ �UepUesented E\ the ePpt\ ellipse�� whiFh is Xsed in the anal\sis step �.al-
Pan )ilteU Xpdate step� to pUoYide a new anal\sis ensePEle �Àlled dots� with UedXFed XnFeUtaint\ �UepUesented E\ the 
light blue ellipse).  The more accurate the observation is (smaller observation error bar) relative to the model uncertainty, 

the stronger the update strength is, and the closer the analysis ensemble is drawn to the observation.
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oxygen consumption rate in the sediment. Despite its sim-
plicity, we found that the model can reproduce the observed 
variability of dissolved oxygen and hypoxia in the north-
ern G2M. As the model is independent of nutrient loads, 
it allows us to investigate the impacts of physical factors 
on hypoxia generation without the potential confound-
ing effects of a full biogeochemical model like we used for  
calculating the oxygen budget.

II. Tracking the deep-water hydrocarbon plumes

,n the event of a deep-water oil spill like the ���� 'eepwa-
ter Horizon disaster, the ability to predict the movement and 
decay of hydrocarbon plumes in the water column becomes 
very important. To do so requires numerical models that best 
simulate the physical and biogeochemical processes regu-
lating hydrocarbon transport and decay.  To that aim, we de-
velop a coupled physical-hydrocarbon model.  The physical 
model is con¿gured for the whole Gulf of Mexico to simulate 
the transport and mixing of hydrocarbon and oxygen, and 
the hydrocarbon model simulates the hydrocarbon decay in 
the water column that consumes oxygen. 7he En.F meth-
od is implemented into the model to more accurately track 
the hydrocarbon transport. Speci¿cally, we generate an en-
semble of arti¿cial wind forcing ¿les and hydrocarbon decay 
rates to create an ensemble of model simulations. By us-
ing a mean value from the ensemble simulations we obtain 
estimates of ocean ¿elds such as the temperature, salinity, 
sea surface height, hydrocarbon and oxygen, as well as the 
uncertainty of these estimated ¿elds �represented by the en-
semble spread).  Once observations are available at a time 
step, such as satellite observations of sea surface tempera-
ture �SS7� and sea surface height �SSH�, and depth pro¿les 
of temperature, salinity and oxygen, the ensemble model 
simulations stop and correct the simulated ¿elds to reduce 
the model-data difference. 7his process is called an analysis 
or assimilation step as shown in Figure �, after which the en-
semble model restarts from the updated state and run until 
observations are available at the next time.   
 

We found that assimilating satellite-derived surface data 
�SS7 and SSH� signi¿cantly improves model simulated ¿elds 
and predictive skill. The improvement is largely attributed to 
the assimilation of SSH data, due to its tight correlation with 
interior temperature and salinity ¿elds.  :hen assimilating 
temperature and salinity along the water column in addition 
to surface data, model simulated subsurface ¿elds and pre-
dictive skill are further improved, demonstrating the impor-
tance of collecting and utilizing depth pro¿les of ocean ¿elds. 
The fact that we have been able to improve our model sim-
ulated subsurface ¿elds is encouraging since their accurate 
representation is essential for understanding and predicting 
the movement of deep-water hydrocarbons.  Ultimately the 
data-assimilative model developed here will be part of a rap-
id response capability that can be deployed in the event of 
an oil spill to improve mitigation approaches by emergency 
responders and policy makers.

A Tale of Two Oceans

In short, it was the worst of times for ocean systems like the 
Gulf of Mexico that are increasingly stressed by human-in-
duced changes. However, it was also the best of times for 
ocean research. The unprecedented amount and quality 
of observational data, and the rapidly growing capabilities 
of numerical models are a winning combination that helps 
us better understand, predict and protect the ocean in the 
changing times.

THIS RESEARCH :AS FUNDED B< THE NATIONAL 
OCEANIC AND ATMOSPHERIC ADMINISTRATION¶S 
�NOAA� CENTERS FOR SPONSORED COASTAL OCEAN 
RESEARCH �CSCOR� GRANT, THE U.S. INTEGRATED 
OCEAN OBSER9ING S<STEM �IOOS� COASTAL OCEAN 
MODELLING TESTBED, THE GRANT FROM GULF OF 
ME;ICO RESEARCH INITIATI9E �GOMRI�, NO9A SCO-
TIA GRADUATE SCHOLARSHIP, AND PREDICTION AND 
OBSER9ATION OF THE MARINE EN9IRONMENT �POME� 
NOR:EGIAN-CANADIAN E;CHANGE PROGRAMME.

Growing up in a mountainous region of southern China, studying 
the ocean was not among the many childhood dreams of Liuqian. 
%ut she got fascinated by the ocean immediately at her ¿rst visit, 
for its breadth, endless variety, and beautiful seashells that she so 
loved collecting. Having a strong interest in science and a love and 
concern for the environment, Liuqian pursued a Bachelor’s degree 
in environmental science at Sun Yat-sen 8niversity. After gradu-
ation, she worked in a provincial lab focusing on soil greenhouse 
gas emission.  ,n ����, needing more of a challenge, LiuTian came 
to Nova Scotia to pursue a 3h' in biological oceanography at 'al-
housie 8niversity with 'r. .atMa Fennel. :hen not working, LiuTian 
loves spending time with her husband, Nanju, reading books, bak-
ing, running, and hiking.

Liuqian Yu
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“The earth is full of wonders. We may not be 
able to imagine these until we see them, but by 
careful observation and clear-headed reasoning, 
it should be possible for us to understand them.”  

Roger Revelle
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