
SEARCHING FOR THE SUB-ARCTIC

OCEAN RESPONSE TO WINTERTIME

SEA ICE RETREAT

A thesis submitted to the School of Mathematics of the

University of East Anglia in partial ful�lment of the

requirements for the degree of Doctor of Philosophy

Yue ’Virryna’ Wu

September 2022

© This copy of the thesis has been supplied on condition that anyone who

consults it is understood to recognise that its copyright rests with the author

and that use of any information derived there from must be in accordance with

current UK Copyright Law. In addition, any quotation or extract must include

full attribution.





© Copyright 2022

Yue ’Virryna’ Wu





ABSTRACT

Observations have revealed a rapid sea ice decline in polar and sub-polar regions

this century, leading to corresponding changes in the ocean. This thesis explores

the wintertime ocean response to rapid climate change in coupled climate models.

The marginal ice zone of the sub-Arctic Ocean is the focus, including the Barents

Sea, the ocean west-and-north of Svalbard, and the Nordic Seas.

Two coupled climate models HiGEM and HadGEM3 are exploited in this

thesis. The two models provide good representations of historical climate at

high latitudes where observational coverage is still relatively low. In the absence

of anthropogenic forcing, there are complex inter-strait connectivities around

the wider Arctic, which are quasi-balanced by adjustment 
ows through the

straits connecting the Paci�c and Atlantic. These 
ows are modi�ed by local

atmospheric forcing.

Under climate change scenarios, there is substantial warming in the ocean and

atmosphere that leads to rapid wintertime sea ice retreat. This redistributes

the air-sea interactions and therefore the location of convective mixing in the

ocean. To the west and north of Svalbard, where the main branch of West

Spitsbergen Current carries warm and saline Atlantic Water into the Arctic,

increased ocean exposure to the atmosphere associated with sea ice retreat leads

to enhanced mixing encroaching downstream along the Atlantic Water pathway.

The submerged Atlantic origin water then rises in the water column.

The other pathway of Atlantic Water into the Arctic Ocean is through Barents

Sea which acts as a cooling machine. Sea ice retreat is associated with a high

volume transport into the Barents Sea, which is partly due to local wind driven

processes. To the east of Greenland, the mixing becomes deeper in the region

of sea ice retreat as a result of increased heat 
uxes and mechanical driving by

winds. Over the Greenland Sea gyre, further away from the sea ice, the upper

ocean warms signi�cantly. This results in a more strati�ed water column and, as



a consequence, a severe reduction in the depth of convective mixing.

This thesis concludes that sea ice retreat enables a local increase in air-sea

interaction and therefore an increase convective and wind-driven mixing.

However, current and future climate change leads to considerable ocean

warming away from the region of sea ice retreat, which conversely inhibits

mixing here compared with that in the previous century.









ACKNOWLEDGEMENTS

I dedicate this thesis to my mother who born and raised me up for these years,

and always being the �rmest supporter in my life. I would never have gone this

far without her. Love you 3000 mum!

Although cannot list all of people, I sincerely thank everyone who helped and

supported me through my PhD. First of all, I have many thanks to my

supervisors David Stevens, Ian Renfrew and Xiaoming Zhai for their great

supervision. Thank you for guiding me as a real independent researcher, being

always patient and supportive on my work, and for the encouragement and

inspirations when I have problems. I acknowledge China Scholarship Council for

providing funding, University of East Anglia for o�ering full-scholarship, and

UEA HPC, Linux IT, JASMIN for model and technical support for my project.

Thanks to the School of Mathematics for providing funding on every business

trip. I also thank Dr. Agatha de Boer from Stockholm University for giving my

useful suggestions on one chapter.

Thanks to everyone who cheered me up over the past years. Thanks Becky for

being a wonderful friend and supporting me during either normal or tough

pandemic times. To Tracy and Tim, your warmth makes me never feel lonely

abroad. To Jie, for being with me through the worst days after three times

cancellations of my return-home-tickets. To Xuyang, we have so similarities

that you always can understand me and give me timely advice. To Qian,

Wenguo, Yanxin, and Guantong for useful information on my career plans. To

Yinghuamimijidi for happy chats to chill, especially Kah Sin, Peiru, Piinhui and

Ruoxi. To Guanyou Lyu, Huaiwei Lian and Yihang Sun for brightening me.

Finally, I have gratitude to my parents and grandpa, your undoubt and

unconditional support let me walk on this road without worries. Big and big

and big thanks to Mr. Zixuan Li, for being with me remotely, for everything

you did to support, love and brighten me, how lucky to have me as your love.





PREFACE

I was considering whether to write this preface or not, but �nally decided to do

so, as this may be my last time to pursue independently fully-engaged scienti�c

research. With a great sense of ceremony, I will certainly regret it if I do not

write down my thoughts and feelings over these years. I do not want to involve

too much science here, instead, it is more of a story from inside me.

Growing up in a seafront city, I generated a strong a�ection for the ocean which

spontaneously associated me with the mysterious world. The adventure started

in Qingdao where I became aware that my interest was in the polar regions.

Those far and mysterious seas under the cover of sea ice attracted me deeply.

The journey continued and I was lucky to sail far away to Southampton, where I

was professionally trained in the �eld of Arctic oceanography. That was also the

time I found it enjoyable exploring real-and-formulaic oceans and sea ice world,

without the distraction of the tumultuous outside world. However, I was not fully

satis�ed by what I had gained. I started to seek more besides the pure interests

inside me. This is how the adventure continued by taking a PhD in Norwich.

A PhD is still a studying life, with a calm and clean mind digging out answers

to scienti�c problems, comparable with previous experiences. However, there are

quite a few di�erences from before. I thank my supervisors and the training

programme that created a great learning and research environment, in which I

have enough space to get the best out of myself, and moreover, to ponder nature,

science, and life.

Environmental researchers are always humble and grateful for their career. In

front of nature, the only witness of the evolution of all of lives, humans are just

one of them, tiny and transient. Meanwhile, humans are great in the river of

history, as the only high civilization created among all lives so far discovered.

Our ancestors had great fears for this planet which gave birth to us. The

ancient legends and sacri�ces were born from human ignorance, while initial

science germinated among a small group of people who �rstly sensed natural



laws in the crevice of blind worship. It is fantastic that unceasing steps discover

more and more secrets and truths of the planet, as humans created a wonderful

world based on fundamental laws they learnt from nature. It is not only

knowing more about nature, but also knowing more about ourselves, about the

place in which we should be. For thousands of years, we have been exploring

the basic laws of the complexity of the Earth system. Although the correct

attitude should be absolute and objective when conducting scienti�c research,

scientists have a faith in their hearts that all natural phenomena are universal

and should be governed by a simple and aesthetic uni�ed law. I believe this is

the original motivation of most scientists, and of course me, to seek for the

truth continually under the veils of natural phenomena.

As a young-career scientist, I was educated to know about the ocean world

through mathematical and physical ways, however I still like to regard the

ocean as a spiritual life body. The strong or weak pulses under the waves, every

breath gives rise to the tide, while the current functions are the blood that

constantly maintains the vitality of Earth. Such beautiful scenery not only

showcases the gorgeous picture of nature, but also has a huge reserve of secrets

of our planet, which keep inspiring me to delve deeper into this realm. During

these years of study, one regret of mine is not having gone to the real ocean on

a scienti�c research vessel, to appreciate the charm of nature in person. For

most of the time, I sat in front of computer running lines of codes. The model

simulation composes a virtual and perfect-looking ocean, in which noise and

uncertainty are wiped. Even if scientists aim at seeing an essence through facts,

in reality these perturbations are exactly what causes our world to be

unfathomable. This has attracted adventurers for hundreds of years, even

knowing it is dangerous. If there is a wish for my next stage of life, whether

doing research or not, I would still be very eager to go to the far sea, to see the

real ocean di�erent from the simulations, to feel the instinctive human fear in

the face of calm and violent nature.

I sail to the ocean in my small boat, carrying the dreams and hope.
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