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Abstract

In recent years, there has been a significant sea ice retreat in the Pacific sector of the Arctic.

One possible cause is the increase in ocean heat flux amplified by the ice-albedo feedback.

This paper looks at vertical ocean heat transport from waters of Pacific origin and solar

heat into the mixed layer and their impact on the sea ice mass balance in the Community

Earth System Model - Large Ensemble (CESM-LE). To this end, we focus on two specific

periods with observational hydrographic data from the Arctic Ice Dynamics Joint Exper-

iment (1975-76) and Ice-Tethered Profiler (2004-2018). A comparison between simulated

and observed salinity and potential temperature profiles highlights two key model bi-

ases in all ensemble members: an absence of Pacific Waters in the water column and a

deepening of the winter mixed layer in opposition to observations that show a reduc-

tion in depth of the mixed layer and a stronger increase in stratification. Results from a

one-dimensional vertical heat budget show that remnant solar heat trapped beneath the

halocline is mostly ventilated to the surface by mixing before the following melt season,

while vertical advection associated with Ekman pumping, even in early fall when the

winds are strong and the pack-ice is weak, only has a small effect on the vertical heat

transport. Furthermore, we estimate from the 1D heat budget a reduction of 1.4 m winter

ice growth over three years (the residence time of ice in the Beaufort Gyre) associated

with the missing Pacific Waters.
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Abrégé

Ces dernières années, on a assisté à un recul important de la glace de mer dans le secteur

Pacifique de l’Arctique. Une des causes possibles est l’augmentation du flux de chaleur

océanique amplifié par la rétroaction glace-albédo. Cet article étudie le transport vertical

de la chaleur de l’océan à partir des eaux d’origine pacifique et de la chaleur solaire dans

la couche mixte et leur impact sur le bilan de masse de la glace de mer dans le Com-

munity Earth System Model - Large Ensemble (CESM-LE). À cette fin, nous nous con-

centrons sur deux périodes spécifiques avec des données hydrographiques d’observation

provenant du Arctic Ice Dynamics Joint Experiment (1975-76) and des Ice-Tethered Profil-

ers (2004-2018). Une comparaison entre les profils de salinité et de température potentielle

simulés et observés met en évidence deux biais clés du modèle dans tous les membres

de l’ensemble : une absence des eaux du Pacifique dans la colonne d’eau et un appro-

fondissement de la couche mixte hivernale en opposition aux observations qui montrent

une réduction de la profondeur de la couche mixte et une plus forte augmentation de

la stratification. Les résultats d’un bilan thermique vertical unidimensionnel montrent

que la chaleur solaire résiduelle piégée sous l’halocline est principalement ventilée vers

la surface par le mixage vertical avant la saison de fonte suivante, tandis que l’advection

verticale associée au pompage d’Ekman, même au début de l’automne lorsque les vents

sont forts et que le pack-ice est faible, n’a qu’un faible effet sur le transport thermique

vertical. En outre, nous estimons à partir du bilan thermique 1D une réduction de 1,4 m

de la croissance de la glace d’hiver sur trois ans (le temps de résidence de la glace dans le

mer de Beaufort) associée aux eaux manquantes du Pacifique.
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Chapter 1

Forward

This Master’s Thesis will be adapted to a paper that will be submitted to the Journal of

Geophysical Research in the summer of 2021. All of the required elements for a thesis are

included: an introduction with a comprehensive review of the relevant literature, a data

& methodology section, research findings with a comprehensive scholarly discussion and

a conclusion.

1.1 Manuscript Information

Title: Simulated and observed vertical hydrography in the Canada Basin: implications

for vertical ocean heat transport under a transitioning sea ice cover

Authors: Juliette Lavoie, Bruno Tremblay and Erica Rosenblum

To be submitted to: Journal of Geophysical Research

1.2 Contributions of Co-authors

Juliette Lavoie, Bruno Tremblay and Erica Rosenblum collaborated on this project. Juliette

Lavoie carried out the literature review as well as the experiments and analysis leading to
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the results. The writing was done in collaboration between Bruno Tremblay and Juliette

Lavoie, with comments from Erica Rosenblum.
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Chapter 2

Introduction

The Arctic has witnessed record retreat of sea ice extent (SIE) in recent years with the

largest loss of ice in the Pacific sector (Beaufort and Chukchi Seas) [Fetterer, F. et al., 2017,

McLaughlin et al., 2011]. This is unexpected because thick multiyear ice north of the

Canadian Arctic Archipelago is being recicurlated in the Pacific Sector through the Beau-

fort Gyre – although, a more cyclonic ice circulation in the Canada Basin associated with

a low bias in sea level pressure could explain some of the decline in the Pacific Sector

[DeRepentigny et al., 2016]. Early signs of this Pacific-centric retreat were present even

in 1997-98, when a thick multi-year ice floe, needed to set up the Surface Heat Budget of

the Arctic Ocean (SHEBA) camp, proved difficult to find [Curry, 1999]. There is not yet a

consensus for the cause of loss of multi-year ice in the Beaufort and Chukchi Seas. Pos-

sible causes include an increase in vertical heat flux in the Canada Basin (CB) [Carmack

et al., 2015, Woodgate et al., 2010, Steele et al., 2010, Peterson et al., 2017, Maslowski et al.,

2012], a trend in sea ice thickness from Arctic warming amplified by the ice-albedo feed-

back [Perovich et al., 2011a], a trend in coastal divergence in the Beaufort Sea [Kim et al.,

2021], and increased ocean heat flux in the Bering Strait [Lenetsky et al., 2021]. While

the observed Pacific-centric retreat of the pack ice is in agreement with 10 members of

the Community Earth System Model-Large Ensemble (CESM-LE) and this model’s pre-

decessor the Community Climate System Model (CCSM) 4 [DeRepentigny et al., 2016,
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Desmarais and Tremblay, 2021], whether the model has the proper behavior for the cor-

rect reason remains unknown [Rosenblum and Eisenman, 2017]. The goal of this paper

is to investigate the influence of vertical ocean heat flux on the sea ice mass balance in

the CESM-LE during the transition from a perennial sea ice cover to a seasonal ice cover,

and comparing the model to the hydrographic data from Arctic Ice Dynamics Joint EX-

periment (AIDJEX) in 1975-76 and Ice-Tethered Profilers (ITP) data in 2004-2018 – two

periods before and after the beginning of the transition to a seasonally ice free Arctic.

In an early study, the mean annual flux from the ocean to the ice was estimated at

∼ 2 W m−2 from a 1D thermodynamic model constrained by observed surface radiative

and turbulent fluxes from AIDJEX [Maykut and Untersteiner, 1971]. Later, Maykut and

McPhee [1995] showed that the ice-ocean heat flux has a strong seasonality with a negli-

gible winter mean and a summer mean of 40-60 W m−2. The ice-ocean turbulent flux is

dependant on the temperature of the mixed layer. Factors that can modify this temper-

ature include strong winds events, resulting in fluxes as high as ∼ 350 Wm−2 [Peterson

et al., 2017], and changes in the bathymetry [Huwald et al., 2005]. A major driver of

the mixed layer temperature is the input of shortwave flux to the ocean surface. Indeed,

shortwave flux penetrating the ocean is correlated to bottom melt via the ice-ocean flux

[Perovich et al., 2011b]. In recent years, the ice-ocean turbulent heat flux have increased

substantially with more open water leading to a 4% per year increase in shortwave flux

entering the ocean [Perovich et al., 2007]. Vertical ocean heat flux from depth into the

mixed layer also influences the ice-ocean heat flux and the sea ice mass balance.

In the Canada Basin, there are three main sources of heat beneath the surface mixed

layer: the Near Surface Temperature Maximum (NSTM), the summer/winter Pacific Wa-

ters (PW) and the Atlantic Waters (AW). The NSTM is remnant solar heat trapped beneath

the mixed layer at the onset of ice formation [Maykut and McPhee, 1995, Perovich et al.,
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2008, Jackson et al., 2010, Steele et al., 2011]. Heat from the NSTM is ventilated dur-

ing the fall and winter [Jackson et al., 2012] via convection associated with ice formation

and brine rejection [Rudels et al., 1996, Timmermans, 2015] and enhanced turbulent mix-

ing associated with inertial oscillations [Rainville et al., 2011]. Warm PW enters through

the Bering Strait and are divided into three branches: (i) The Alaskan Coastal Current

(ACC), which penetrates the Canada Basin, the Canadian Arctic Archipelago [Yamamoto-

Kawai et al., 2008], Lancaster and Jones sounds [Jones et al., 2003] or continues along the

coast on the Shelfbreak Jet [Pickart, 2004] where eddies break off the shelf and enters

the Canada Basin [Manley and Hunkins, 1985, Pickart et al., 2005]; (ii) A second branch,

which flows through the middle channel between Herald and Hanna Shoals and joins

the ACC or flows over the shelf to the Canada Basin [Weingartner et al., 2005]; (iii) A

third branch, which reaches Herald Canyon and flows over the shelf in the Canada Basin

[Ladd et al., 2016, Gong and Pickart, 2015]. Warm and salty waters from the northern

North Atlantic (AW) enter though the Fram Strait and the Barent Sea Opening, rejoin

at the St Anna Trough and flow cyclonically around the Eurasian Basin into the Canada

Basin [Nikolopoulos et al., 2009]. However, this layer does not meaningfully impact the

sea ice mass balance as vertical heat fluxes through double staircase diffusion in the At-

lantic Waters layer remain small (0.1 W m−2) [Timmermans et al., 2008].

Heat moves vertically through the water column via diffusion or advection. Advec-

tion by Ekman transport in the Canada Basin has an impact on the vertical stratification

and, therefore, on vertical heat fluxes. Indeed, Steele et al. [2011] argue that the down-

welling of the Beaufort Gyre is partly responsible for the survival of the NSTM in that

region as it is pushed below the mixed layer depth. The anticyclonic winds cause a con-

vergence of surface ocean waters. In turn, this leads to downwelling in the center of the

Canada Basin of the order ∼1 myr−1, particularly in the fall when the winds are strong

and the pack ice still weak [Proshutinsky et al., 2009, Meneghello et al., 2018b]. Ekman
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convergence is balanced by eddy diffusion [Davis et al., 2014]. Yet, Meneghello et al.

[2018a, 2020] argue that the late winter thicker and slower ice cover drags the ocean act-

ing as a governor, which removes the need for eddy diffusion to balance the gyre.

Diffusion moves heat from the NSTM and PW to the surface via small turbulence

[Rudels et al., 1996], though the exact amount of diffusion is still debated [Shaw and

Stanton, 2014, Jackson et al., 2012, Timmermans et al., 2008, Davis et al., 2016]. Errors in

vertical mixing can lead to errors in heat leaving the ocean by up to 50 Wm−2 [Goosse

et al., 1999] and also in simulation of the Atlantic and Pacific Waters flowing cyclonically

or anticyclonically in the Canada Basin [Zhang and Steele, 2007]. In models, a proper rep-

resentation of the halocline requires an accurate brine rejection parameterization as well

as an accurate diffusivity with KPP parameterization [Nguyen et al., 2009, Large et al.,

1994]. Though, most climate models still have difficulties simulating accurate stratifica-

tion [Holloway et al., 2007, Ilıcak et al., 2016, Rosenblum et al., 2021a].

In the Arctic, the winter halocline is a permanent feature, sustained by lateral advec-

tion from the Eurasian shelf, as salt rejection from ice formation in the fall salinifies fresh

shelf waters that find their level of equilibrium beneath the surface mixed layer [Aagaard

et al., 1981]. The halocline separates the fresher and colder surface waters from the gener-

ally warmer and saltier deeper layers. The stratification also has a seasonal cycle [Lemke

and Manley, 1984, Morison and Smith, 1981]: As ice melts in the summer, fresh water

is released in the mixed layer creating a salinity profile with the seasonal halocline on

top of the winter halocline [Rudels et al., 1996, Jackson et al., 2010]. In the fall, the sea-

sonal halocline erodes, while brine rejection from ice formation increases the salinity of

the mixed layer [Lemke and Manley, 1984]. Water temperature in the winter halocline can

be near-freezing in the Eurasian Basin, referred to as the cold halocline layer, or cool in

the Canada Basin where NSTM and PW are present beneath the mixed layer [Steele and
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Boyd, 1998]. The strong gradient in salinity, together with the cold/cool halocline layer,

creates a barrier that insulates the top of the ocean as salt rejection induced convection

brings cold water to the surface, resulting in near zero vertical ocean heat flux. This con-

trasts the Southern Ocean where ice forms until the seasonal halocline is eroded [Aagaard

et al., 1981, Rudels et al., 1996, Morison and Smith, 1981, Martinson, 1990].

Finally, the recent loss of ice in the Arctic is driving two competing mechanisms affect-

ing the vertical heat transport: (1) reduced vertical mixing due to surface freshening and

increased stratification, and (2) increased vertical mixing due to a thinner and more mo-

bile pack ice. Hydrographic observations in the Canada Basin in recent decades clearly

show a reduction of the mixed layer pointing to the dominance of increased stratifica-

tion [Peralta-Ferriz and Woodgate, 2015]. Whether these processes are well-represented

in global climate models is crucial to understanding the evolution of the ice-ocean heat

flux and sea ice mass balance.

Auclair and Tremblay [2018] found a link between ocean heat transport through the

Bering Strait and rapid sea ice decline on the continental shelf in the CESM-LE. When

the pack ice migrates northward over the deep ocean, rapid declines are caused instead

by anomalies in radiative fluxes and ice transport. The goal of this paper is to assess the

accuracy of the simulated vertical ocean heat flux in the retreat seen during the transition

from a seasonal to a perennial ice cover over the deep basin. To this end, the simulation

of the CESM-LE is analyzed compared to observations to assess the biases of the model

[Holloway et al., 2007, Ilıcak et al., 2016, Rosenblum et al., 2021a].

The structure is as follows. Chapter 3 presents the observations (3.1.1), the model

(3.1.2)) and the methods (3.2). Chapter 4 presents the results and discussion and is di-

vided in three parts: (4.1) the bulk heat budget of the ice-ocean system, (4.2) the simulated
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and observed vertical profiles in the surface ocean and (4.3) a 1D vertical heat transport

budget. Chapter 5 presents a conclusion and summary of the results.
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Chapter 3

Data and Methods

3.1 Data

3.1.1 Observations: AIDJEX and ITP

We use Canada Basin temperature and salinity profiles from the AIDJEX [Moritz, Richard,

2020] and ITP [Krishfield et al., 2008], which were collected during 1975 - 1976 and 2004 -

2018, respectively (Figure 3.1). Profiles with data between 10 m - 490 m – range common

to most profiles – were interpolated on a 1m resolution grid. AIDJEX consisted of four ice

camps deployed between 75−78◦N and 143−148◦ W in April 1975 that drifted southwest

in the Beaufort Sea. ITP buoys selected for analysis cover the full Canada Basin (72−80◦N

and 130-155 ◦W). 36 ITPs were deployed in the period 2004-2018, taking measurements

once or twice a day, each with an average life span of 260 days consisting of 15303 profiles.

There is a large difference in the number of data points between AIDJEX and ITP. How-

ever, the differences between the periods highlighted in this paper by looking at averages

remain true for a majority of profiles.
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Figure 3.1: Arctic domain and definition of the Canada Basin (72 − 80◦N and 130-155 ◦W). The
blue dots are located at the center of each grid cell within the Basin in the native CESM grid.

3.1.2 Model: CESM-LE

The Community Earth System Model (CESM1) has four components. The sea ice compo-

nent is the Community Ice CodE (CICE 4), which has four ice layers and one snow layer.

It includes a subgrid-scale ice thickness distribution (ITD) [Bitz et al., 2001, Lipscomb,

2001], an energy conserving thermodynamics scheme that accounts for brine pockets

[Bitz and Lipscomb, 1999] and an elastic-viscous-plastic rheology [Hunke and Dukow-

icz, 1997]. The ITD has five ice categories: 0 m - 0.64 m - 1.39 m - 2.47 m - 4.57 m -

∞. The ocean component is the Parallel Ocean Project (POP 2), which has 60 vertical

layers with a vertical resolution ranging from 10 m to 250 m at depth. It uses the K-

profile parameterization (KPP) vertical mixing parameterization [Large et al., 1994], the

Gent-McWilliams parameterization for horizontal tracer diffusion [Gent and Mcwilliams,

1990], anisotropic horizontal viscosity [Large et al., 2001], and third-order upwind advec-

tion for tracers [Leonard, 1979]. The freezing temperature is fixed at −1.8◦C. The land

component is the Community Land Model (CLM 4), which uses the SIMTOP scheme for
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drainage and sub-surface runoff [Niu et al., 2005]. The atmosphere component is the

Community Atmosphere Model (CAM 5), which has 30 layers and uses the Rapid Ra-

diative Transfer Method [Iacono et al., 2008, Mlawer et al., 1997]. All components have

a nominal spatial resolution of 1◦, resulting in an effective resolution of 40-70km in the

Arctic. The pole of the ocean and ice grid is located over Greenland, in order to avoid the

singularity at the pole. The Arakawa B-grid is used with tracers defined at the grid center

and vectors defined on the vertices.

The CESM - Large Ensemble (CESM-LE) is a set of 40 ensemble members (EMs) - based

on the CESM1 – differing only by a slightly varying initial conditions [Kay et al., 2015].

The model was initialized using observed ocean temperature and salinity, as well as, at-

mosphere, land and sea ice conditions from an existing CESM1 run. It ran under constant

pre-industrial forcing for 1500 years until the model reached equilibrium. The first en-

semble member (EM1) was initialized from a random date of the constant 1850 forcing

period and run for an additional 250 years. Other EMs were initialized with 1920 EM1

values and with a one day lag in ocean conditions (EM2) or a given random perturbations

of the order of 10−14K in the air temperatures (EM3-40). All EMs are run with observed

CO2 concentration from initialization to 2005 and with RCP8.5 from 2006 to 2100.

3.2 Methods

In section 4.2, the CESM-LE and ITP profiles are averaged over grid cell with SIC > 60%

as the observations are biased toward cooler temperatures. When the ITP is in a zone of

low ice concentration, it is biased towards cold temperature as it is attached below to a

thicker floe. Hence, we compare model and observations for higher SIC (see Figure 3.2).
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Figure 3.2: September top (valid value closest to the surface) temperature away from freezing
vs. sea ice concentration (SIC) over the Canada Basin for ITP (yellow crosses) and the CESM-LE
(green circles) (showing only one ensemble member as an example for clarity).

Next, the conservation energy equation is used to calculate a 1D (vertical) ocean heat

budget over the top 200m.

ρ
∂e

∂t
+ ρw

∂e

∂z
= D +R, (3.1)

where e (= cpΘ) is the internal energy per mass unit (J kg−1), cp is specific heat of sea

water (J kg−1 ◦C−1), Θ is the potential temperature (◦C−1), ρ is the density (kg m−3), w is

the vertical velocity (m s−1), D is the vertical diffusion of heat (J s−1 m−3), and R is the

divergence of surface radiative fluxes (J s−1 m−3).

The energy equation can be written in flux form using the continuity equation:

∂ρ

∂t
+ w

∂ρ

∂z
+ ρ

∂w

∂z
= 0. (3.2)

Multiplying eq. 3.2 by e and adding it to eq. 3.1 gives:

∂E

∂t
= R +D − ∂(wE)

∂z
, (3.3)

where E = eρ is the internal energy per volume unit (J m−3). These four terms will be

calculated from CESM-LE output as defined below. The 40 ensemble members are used
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to estimate the uncertainty in each term associated with natural variability.

The tendency for the internal energy is calculated using a second order centered finite

difference scheme as

∂E

∂t

∣∣∣∣∣
t

=
Et+1 − Et−1

2∆t
, (3.4)

where E(t) is monthly mean temperature for month t and ∆t is the difference between

two time steps (1 month). We use the monthly mean temperature because snapshots in

the CESM-LE simulation are only stored every 5 years. This will lead to an error ofO(∆t2)

that will be discussed below in section 4.1.

The simulated divergence of surface fluxes (R) is given by

R =


∂
∂z

(
Fsw,ao + Fsw,io + Flw + Fsens + Fevap + Ffrazil

)
, if z = z1

∂
∂z

(
Fsw,ao + Fsw,io

)
, otherwise,

(3.5)

where z1 is first layer at the top of the water column, Fsw = Fsw,ao +Fsw,io is the shortwave

flux (W m−2), which penetrates the ocean directly from the atmosphere to the ocean (ao)

and from the atmosphere through ice to the ocean (io), Flw is the longwave flux (atmo-

sphere/ocean), Fsens is the sensible heat flux (atmosphere/ocean), Fevap the latent heat

flux from evaporation or deposition (atmosphere/ocean), and Ffrazil is the latent heat

from the formation of new ice in the ocean over open water, i.e. the heat required to

warm the supercooled water (Θ < −1.8◦C) to freezing point temperature and is calcu-

lated as an equivalent downward heat flux by the CESM-LE. The simulated shortwave

flux decays exponentially with depth following Beer’s Law and chlorophyll levels, based

on Ohlmann [2003]. The longwave, sensible, evaporation, and frazil fluxes do not pen-

etrate below the first layer, implying that ∂F
∂z

= ∆F
∆z

= F
∆z

, where ∆z is the thickness of
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the layer. Heat fluxes that lead to an increase in the ocean temperature are taken to be

positive.

The simulated vertical diffusion of heat (D) is given by

D =


DVM +Diso + Fio

∆z
, if z = z1.

DVM +Diso, otherwise,
(3.6)

whereDVM is the vertical mixing from the KPP parameterization, Diso is the vertical com-

ponent of isopycnal mixing from the Gent-McWilliams parameterization, and Fio is the

ice-ocean turbulent heat flux (which depends on the gradient of temperature between the

ice base and the mixed layer, similar to DVM ),

Fio = ρcpchu∗(Θ−Θf ), (3.7)

where ch is a heat transfer coefficient and u∗ is the friction velocity.

DVM is composed of a diabatic (Ddia) and a non-local term, (Dnl)

DVM = Ddia +Dnl = cpρ

[
∂

∂z
(κ
∂Θ

∂z
)− ∂

∂z
(κγ

Θ
)

]
, (3.8)

where κ is the diffusivity and γ
Θ

is the non-local vertical heat flux, which represents mix-

ing associated with convection and unstable vertical stratification.

The error in the 1D heat budget is calculated from the residual, which includes non-

resolved horizontal advection and diffusion as well as the error (O(∆t2)) from the second

order finite difference approximation of the time derivative.
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Following Peralta-Ferriz and Woodgate [2015], the mixed layer depth (MLD) is calcu-

lated as the shallowest depth where the change in potential density (∆σ) is larger or equal

to the 0.1 kg m−3 threshold.

∆σ = σ(z)− σ(zmin) ≥ 0.1kgm−3, (3.9)

where zmin is the shallowest measured depth.

The correspondence between the names of variables in this paper and their name in

the CESM-LE is shown in the appendix (Table 6.1).
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Chapter 4

Results and Discussion

4.1 Heat Budget

To first order, the mean July 1970-1979 ice-ocean heat budget is a balance between the

net solar radiation (Fsw,ao = 29.77 ± 2.98 W m−2), turbulent ice-ocean heat flux (Fio =

−22.74 ± 1.94 W m−2), and the change in internal energy of the entire water column

(∂E
∂t

= 9.22±1.76 W m−2 – see figure 4.1). The sea ice mass balance is mainly controlled by

thermodynamic effects, with a small contribution from ice export of −3.73 ± 7.25 cm av-

eraged over the summer. Integrated over the summer, the basal sea ice melt (60.11± 7.14

cm), which is associated with the turbulent ice-ocean heat flux and a negligible contribu-

tion from the conductive heat flux, is larger than the surface melt (33.78 ± 5.82 cm; not

shown). This is in general agreement with observations from AIDJEX [34 cm vs 26 cm

for basal and surface melt respectively, Maykut and McPhee, 1995]. However, the model

differs from some earlier measurements made in the 1950s that have very large variabilty.

For example, Untersteiner [1961] reports basal and surface melt of 22 cm vs 19 cm and 24

cm vs 41 cm in 1957 and 1958 from measurements made in the same region as part of the

US Drifting Station A of the International Geophysical Year.
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Figure 4.1: CESM-LE ensemble-mean ice-ocean heat budget for July averaged spatially over the
Canada Basin and temporally over the years a) 1970-1979 or b) 2010-2019. Changes in ice thickness
∂h
∂t (red) are expressed in cm/day and all fluxes F (orange) are expressed in Wm−2. Fhor is the sum
of vertically-integrated temperature tendencies from horizontal diffusion and advection. Fcb and
Fct are the conduction fluxes at the bottom and the top of the ice. All other variable names are
defined in section 3.2.

The second order terms in the July heat budget include solar flux transmitted through

the ice (Fsw,io = 5.69±0.94 W m−2), longwave cooling over open ocean (Flw = −4.14±0.56

W m−2), and lateral ocean heat transport (Fhor = 1.90 ± 0.79 W m−2). The main contri-

bution of the lateral ocean heat transport is advection by the mean flow and eddies; the

advection by sub-mesoscale eddies is negligible (results not shown). When considering

all terms, the heat budget closes to within −1.33 ± 0.52 W m−2, which is approximately

5% of the first order terms (Fio and Fsw,ao). This error mainly comes from the second or-

der finite difference approximation of the internal energy tendency term (∂E
∂t

) using the
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monthly mean ocean temperatures as opposed to instanteneous temperatures.

We find numerous differences between the July ice-ocean surface heat budget in 1970-

1979 and 2010-2019. First, both the solar heat flux into the ocean and the ice-ocean tur-

bulent heat flux is 40% larger in 2010-2019 than in 1970-1979. Second, the transmitted

shortwave radiation through the snow/ice and the internal energy of the ocean both dou-

bled. The larger transmitted shortwave radiation through the ice in 2010-2019 is due to

reduced snow depth and ice thickness. The large increase in internal energy is due to a

bias low in ice-ocean turbulent heat flux despite a large warming of the surface ocean and

the absence of an increased in stratification with increased sea ice melt (see discussion in

Section 4.2). The basal and surface melt in the CESM-LE in the early 2000s (start of the

transition to a seasonally ice free Arctic) are in general agreement with observations from

post-2000 Ice Mass Balance buoys in the Beaufort Sea [97.64 ± 7.95 cm vs 61.92 ± 6.73

cm in the CESM-LE and 106 cm vs 62 cm in observations, Perovich and Richter-Menge,

2015]. Changes in sea ice volume due to dynamical process (−1.96 ± 7.09 cm) are again

negligible compared to thermodynamic processes.

In February, the first order balance in the 1970-1979 ice-ocean heat budget is between

the latent heat associated with freezing (18.15 ± 1.12 W m−2, or 14.35 ± 0.88 cm of ice

growth) and the conductive heat flux at the bottom of the ice (Fcb = −18.30 ± 1.10 W

m−2). The small difference between latent and conductive heat flux is indicative of the

small contribution from turbulent ice-ocean heat flux. The thermodynamic and dynamic

ice growth, integrated over the full winter is equal to 35 ± 9 cm in the 2.47 – 4.57 m ice

thickness category (or 115.21 ± 5.46 cm in all thickness categories) is in agreement with

observations of 57 cm [including only the thermodynamic tendency, Untersteiner, 1961].

The ice growth in the second thickest ice category is used in accord with mean ice thick-

ness measurements in the Canada Basin. Looking at thinner ice would be biased to faster
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growth compared to thick ice floes where instruments are installed.

Figure 4.2: CESM-LE ensemble monthly mean heat budget for February averaged spatially over
the Canada Basin and temporally over the years a) 1970-1979 and b) 2010-2019. Change in ice
thickness ∂h

∂t (red) are expressed in cm/day. All fluxes F (orange) are expressed in Wm−2. Fhor is
the sum of vertically-integrated temperature tendencies from horizontal diffusion and advection.
Fcb and Fct are the conduction fluxes at the bottom and the top of the ice. All other variable names
are defined in section 3.2.

The second order balance in February heat budget is between the ice-atmosphere sen-

sible heat flux through the leads (Fsens = −1.59 ± 0.16 Wm−2), the latent heat flux asso-

ciated with frazil ice formation (Ffrazil = 1.08 ± 0.12 Wm−2), lateral ocean heat transport

(Fhor = 1.36±0.63Wm−2), and change in internal energy (∂E
∂t

= −0.31±0.46Wm−2). Each

term is nearly of the same order of magnitude as the residual error in the net heat budget
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(−0.22± 0.52Wm−2).

Between 1970-1979 and 2010-2019 time periods, the basal growth is larger by 20% due

to a decrease in ice/snow thickness and despite the reduced temperature gradient be-

tween the surface and ice base (ie. the negative ice growth-ice thickness feedback). How-

ever, the increased growth in the winter does not compensate for the 60% (87%) increase

in basal (surface) melt. In the 2010-2019 time period, the ice growth integrated over the

winter for the 2.47 – 4.57 m thickness category is equal to 57 ± 13 cm (or 136.29 ± 7.92

cm over all ice thickness categories) is in accord observations [59 cm, Perovich, D. et al.,

2021]. At the same time, the horizontal flux and the ice-ocean turbulent flux stayed nearly

constant .

Figure 4.3: Simulated monthly divergence of fluxes in the top layer of the ocean in (top) 1970-1979
and (bottom) 2010-2019. The figure shows the divergence of the turbulent ice-ocean flux (part of
D) and all the components of R in the top layer (at z = z1 = 5 m) (see eq. 3.5). The shaded region
represents the basin-average maximum/minimum over the 40 ensemble members.
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The fluxes calculated in this bulk ice-ocean budget will be used in the first layer of R

(see eq. 3.5) in the 1D vertical heat budget. Figure 4.3 shows the complete seasonality

of surface flux. The summer is dominated by the shortwave flux. In the fall, the heat is

mostly leaving the surface by sensible and longwave flux over open water. In the winter,

the most important flux is the sensible flux over leads, while the ice-ocean turbulent flux

remains small. Hence, the heat stored in the ocean and ventilated in the winter is mostly

use to impede the growth of new ice in leads rather than basal growth of exsiting ice.

4.2 Vertical T-S Profiles: CESM-LE vs Observations

Heat in the Canada Basin comes from three different sources located at different depths:

the Near Surface Temperature Maximum (NSTM), the Pacific Waters (PW), and the At-

lantic Waters (AW) (see figure 4.4).

From the 1970s to the early 2000s, observations indicate that the three September tem-

perature maxima (NSTM, PW, AW) in the Canada Basin warmed by 0.09◦C, 0.22◦C, and

0.39◦C, respectively (see Figure 4.4a). The surface ocean also became more stably strat-

ified, with a reduction in the mixed-layer depth of 8 m and a reduction of sea surface

salinity of 2.3 psu, as in [Rosenblum et al., 2021b]. We also find that the winter PW (the

second bump in the PW shaded area) is more visible in the early 2000s than in the mid-

1970s; Whether this is due to sampling or warming is not clear.

By contrast, the CESM-LE shows very little change between 1970-1979 and 2010-2019

(Figure 4.4b). The temperature is nearly unchanged over the top 400 m, with the NSTM

only warming by 0.06 ◦C. Similarly, the stratification is nearly the same, with only a 0.6
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psu average change in salinity over the top 400 m, as in [Rosenblum et al., 2021a].

Figure 4.4: Observed and simulated September potential temperature anomaly from freezing
(blue) and salinity (red) averaged over the Canada Basin in 1970-1979 and 2010-2019. a) Obser-
vations from 1975-76 (AIDJEX) and 2004-2018 (ITP), b) CESM-LE ensemble mean from 1970-1979
and 2010-2019, c) AIDJEX and CESM-LE 1970-1979, d) ITP and CESM-LE 2010-2019. (a,b) The
Mixed Layer (ML), Near-Surface Temperature Maximum (NSTM), Pacific Water (PW), and At-
lantic Water (AW) are indicated by blue, yellow, green, and purple shadings, respectively. The
diamonds and error bars indicate the averaged mixed layer depths and standard deviations. The
shaded region represents the maximum/minimum basin-average over the 40 ensemble members.

Perhaps the most striking difference between the model and the observations is the

complete absence of PW in the CESM-LE between 50 m and 100 m (see figure 4.4 c and

d). This bias is likely related to an unrealistic PW pathway through through the Arctic,

as in CCSM3 (an earlier version of the CESM-LE) [Jahn et al., 2010]. Specifically, they

found that the eastern PW branch does not penetrate far east and instead is entrained in a

clockwise direction following the surface Beaufort Gyre around Point Barrow. The CESM
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Figure 4.5: (a) Simulated and (b) observed summer (JAS) mean dissolved inorganic silicate av-
erage at 75m depth between 1948 and 2000 using the CESM ensemble mean and observations
come from the World Ocean Atlas [Boyer et al., 2018]. White space represents the shelf, which is
shallower than 75m.

probably has similar pathways as its predecessor since CCSM3 dye tracer results are in

accord with the spacial distribution of silicate - a tracer used to track PW simulated by

the CESM-LE (see figure 4.5). In-situ observation of silicates instead suggests that there

is a large amount of PW in the Canada Basin entering directly from the Bering Strait over

the Chukchi sea sea or via eddies breaking off the Alaskan Coastal Current [Pickart et al.,

2005, Weingartner et al., 2005, Ladd et al., 2016].

Overall, the observed transition to a warmer more stratified Canada Basin from the

1970s to the early 2000s is missing in the CESM-LE. In the observations, there is a large

freshening of the surface water for all months and a clear reduction of the May MLD

(Figure 4.6 a and c; as in Peralta-Ferriz and Woodgate [2015], Rosenblum et al. [2021b]).

Yet, in the CESM-LE, there is only a small freshening of the surface water and the win-

ter mixed layer thickens instead (see figure 4.6 b and d). We note that the May MLD

is well-represented in the CESM-LE in the 1970s, but fails to respond to the freshwater

flux associated with sea ice thinning in the early 2000s (see figure 4.7). These findings
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are consistent with Rosenblum et al. [2021a], who show that the model bias can be partly

attributed to unrealistic vertical mixing, rather than sea ice melt. It appears that the net

effect of increased melt and surface mixing by surface stress causes a more stable stratifi-

cation in the observations and a less stable stratification in the CESM-LE. That is, the com-

petition between wind-driven surface stress and fresh water input created by the recent

large ice melting is won by fresh water input with increased stratification in observations

[Peralta-Ferriz and Woodgate, 2015], and by increased surface stress in the CESM-LE. This

difference in stratification will have a large impact on vertical mixing between the mixed

layer and the heat at depth [Toole et al., 2010].

The reduction of the mixed layer depth has repercussions on the ventilation of the

NSTM. In 1975-1976 (AIDJEX), the observations indicate that the NSTM is only com-

pletely ventilated in May (see figure 4.6a). In 2004-2018, the observations (ITP) indicate

that the NSTM has disappeared by December (Figure 4.6c). Whether it was ventilated to

the surface or it merged with summer PW just beneath remains unclear. When looking at

individual profiles, there is large spatial and/or time variability: In the 1970s, the NSTM

is absent from spring 1975, but clearly present in spring 1976 for the Caribou and BlueFox

camps (see figure 4.8). This is presumably due to the fact that the camps started far north

(high SIC) and drifted south (low SIC), where the open waters create better conditions for

the creation of a warm NSTM. In the 2000s, the NSTM disappears between January (or

earlier) and April (see ITP 41,75,53,82 in figure 4.9). Despite the large spatial/temporal

variability, the NSTM in ITP data is less well-defined in the fall/winter and is ventilated

more quickly than in AIDJEX presumably due to the more mobile thinner pack ice in the

fall. In the CESM-LE, the ventilation of the NSTM lasts until May in both the 1970s and

the 2000s, again missing a key transformation between the two time periods (figure 4.6b

and d).
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Figure 4.6: Observed and simulated monthly-mean, basin-average profiles of potential temper-
ature anomaly from freezing (thick lines on the left) and salinity (thin lines on the right) using
observations from (a) 1975-76 (AIDJEX) and (c) 2004-2018 (ITP), and the CESM-LE ensemble mean
averaged over (b) 1970-1979 and (d) 2010-2019. The diamonds and error bars indicate the averaged
mixed layer depth and the standard deviation. The shaded region indicates the basin-average
maximum/minimum over the 40 ensemble members.
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Figure 4.7: Observed and simulated May mixed layer depth (MLD) averaged over the Canada
Basin between 1920 to 2080. The solid line indicates the ensemble mean and the shaded region
indicates the basin-average minimum/maximum range over the 40 ensemble members. The pur-
ple round/red square markers indicate the observed mean and standard deviation of mixed layer
depth from 1975-76 (AIDJEX) and 2004-2018 (ITP).
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Figure 4.8: Observed seasonal evolution of the potential temperature anomaly from freezing pro-
files for the four 1975-1976 AIDJEX camps. The profiles have been smoothed in time with a Gaus-
sian filter. Figure inspired by Maykut and McPhee [1995].
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Figure 4.9: Observed seasonal evolution of the potential temperature anomaly from freezing pro-
files for four representatives (out of 36) ITPs. The profiles have been smoothed in time with a
Gaussian filter. Note that the time axis is different for each subplot. Figure inspired by Maykut
and McPhee [1995].

4.3 1D Heat Budget: Vertical Transport

We examine the CESM-LE basin-average change of heat at each depth (∂E
∂t

) in response to

three processes (equation 3.3): divergence of surface fluxes R, vertical diffusion D, and

vertical advection−∂(Ew)
∂z

(see figure 4.10). In the following, the focus is on the 2000s when
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the same processes are observed and are more apparent than in the 1970s.

In the summer, the main balance is between the divergence of the surface fluxes (R),

dominated by the shorthwave flux, and the turbulent mixing (D), with the change in in-

ternal energy as a second order term (∂E
∂t

). In early summer, the SIC is high and surface

fluxes entering the mixed layer leads to ice melt via ice-ocean turbulent at flux. Less im-

portantly, heat from the NSTM is diffused upward to the surface by diffusion.

In the fall, this balance reverses and heat stored below the surface (∂E
∂t

) is brought up

to the surface by diffusion (D) and lost to the atmosphere by surface fluxes (R), mostly

sensible and longwave. In late summer and early fall, the change in internal energy are

large as the sea ice concentration is much lower. At depth, some heat is gained through

penetrating shortwave (R) until about 40 m.

From November to April, the heat stored in the NSTM is ventilated – matching nega-

tive peaks in ∂E
∂t

and D that decreases in amplitude and increases in depth – with convec-

tion induced by salt rejection that erodes the seasonal halocline and deepens the mixed

layer. The heat brought up by diffusion leaves the ocean through surface fluxes (R),

mainly with the sensible flux through leads. There is no solar flux in winter, hence there

is no surface flux below the first layer of the ocean.

Vertical heat flux associated with Ekman pumping downward (1 to 20 myr−1) is high-

est in the fall when the winds are strong and the pack still relatively open and weak

[Meneghello et al., 2018b, Petty et al., 2016], but even then, is relatively small compared

with other terms in the budget. The near zero advection term in the winter is consistent

with the weakening of the anticylonic ice drift associated with thick ice [Meneghello et al.,

29



2018b].

Figure 4.10: Estimated monthly vertical ocean heat budget using CESM-LE simulations of 1970-
1979 (top), 2010-2019 (center), and their difference (bottom). The change in internal energy (green),
divergence of surface fluxes (red), vertical diffusion (orange), vertical advection (blue), and the
residual error (dotted grey) are indicated (see eq. 3.3 for details). The shaded region represents the
basin-average maximum/minimum over the 40 ensemble members. Black trianges and errorbars
indicate the basin-average mixed-layer depth and its maximum/minimum range. Note that the
data for July exceeds the horizontal scale at 5 m in order to resolve fine-scale features in the winter.
A positive value indicates that the process acts to increase heat and a negative value indicates that
the process acts to decrease heat at a given depth.
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We next show the decomposition of the diffusion flux in figure 4.11. In the summer, di-

abatic diffusion brings a little bit of heat from the halocline to the top layer. The ice-ocean

turbulent flux transfers the heat from the top layer, mostly brought by shortwave flux, to

the ice. In the fall, both diabatic and non-local diffusion remove heat from the halocline

to bring it to the surface. In the winter, the ventilation of the NSTM is characterized by

a double peak in diabatic diffusion that move heat upward and downward (the down-

ward peak is not visible on this scale, see figure 4.11, cyan line). This heat brought upward

reaches the bottom of the mixed layer where the non-local diffusion takes it to the surface.

Figure 4.11: Simulated monthly change in heat from diffusive processes in 1970-1979 (top) and
2010-2019 (bottom). The total diffusion of heat (orange) occurs in response to the sum of the
four processes: diabatic diffusion (cyan), non-local processes (pink), isopycnal diffusion (yellow),
and ice-ocean turbulent heat flux (green). The shaded region represents the basin-average maxi-
mum/minimum over the 40 ensemble members.
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To confirm our 1D assumption in the vertical heat budget, we calculate the residual

and the portion of the residual of the 1D budget that is due to heat transport from hori-

zontal processes (see figure 4.12). The budget has a very small residual from November

to August. In the summer, the residual is quite small and can be mostly explained by

horizontal heat fluxes. In the fall, the residual is larger, because there are larger temporal

and spatial changes in internal heat leading to more error from the time discretization of

the energy tendency term.

Figure 4.12: Simulated monthly decomposition of the residual in 1970-1979 (top) and 2010-2019
(bottom). This figure reproduces the residual from figure 4.10 (dotted grey line) and shows the part
of the error that comes from heat tendency from horizontal flux (advection and diffusion) (pink).
The error from the second order scheme of the energy time derivative (purple) is calculated as the
difference between the residual and the horizontal contribution. The shaded region represents the
maximum/minimum over the 40 ensemble members.

The vertical migration of heat is similar in 1970-1979 and 2010-2019, with larger heat

fluxes in recent years (see the bottom row of figure 4.10). In July, there is more solar heat
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penetrating the ocean and, therefore, more heat stored in the ocean and more turbulent

ice-ocean flux. However, the vertical diffusion of heat remains constant, similar to the ver-

tical distribution of freshwater [Rosenblum et al., 2021a]. The input of heat to the ocean,

through shortwave flux, increases, but the diffusion stays nearly the same. Hence, more

heat is accumulated in the column. This extra heat will only be ventilated later in the year.

There is more heat diffused upward from the halocline to the surface in 2010-2019 than in

1970-1979. This indicates that the extra heat accumulated in the ocean in recent years is

mainly ventilated in the fall and winter.

The simulated biases related to the NSTM and PW will impact the vertical transport

of heat in the ocean and the sea ice mass balance. The 2010-2019 NSTM is unrealistically

cold and deep, implying that less heat will reach the surface. Further, the missing Pacific

Water implies a missing vertical ocean heat flux that would lead to reduce ice formation in

winter. The temperature gradient induced by the presence of Pacific Waters is similar or

greater than the one associated with the NSTM (see figure 4.6). This provides a low bound

estimate of the ocean heat flux from the vertical mixing of Pacific Waters in the CESM-LE

(0.62 W m−3 for a 10 m layer thickness, the average heat brought to the top layer by dif-

fusion), equivalent to 1.4 m of reduced winter ice growth over 3 years, the residence time

in the Canada Basin [G.G. Campbell et al., 2021]. In the summer, the warm Pacific Waters

are well below the seasonal pycnocline and are not believed to have a significant impact

on the summer ice melt. This estimate is in the same order of magnitude as the 1.75 m

of melt between 1980 and 2008 found by Kwok and Rothrock [2009]. Future work will

be focused on a more precise estimation and will be calculated using a 1D column model

of the vertical heat and salt transport constrained by observed vertical temperature and

salinity profiles.
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Chapter 5

Conclusion and Summary

We quantified changes to the seasonal vertical ice-ocean heat budget and sea ice mass bal-

ance between 1970-1979 and 2010-2019 in the Canada Basin using simulations from the

CESM-LE. By examining the simulated transition from a seasonal to a perennial ice cover

(pre and post-2000) and comparing with observations from 2004-2018 ITPs and 1975-1976

AIDJEX ice camps, we assess the reality of the simulated ocean heat transport.

First, we show that the summer ice-ocean heat budget is mainly balanced by the net

shortwave radiation, the turbulent ice-ocean heat flux, and the internal heat change in the

ocean. Compared to 1970-1979, the 2010-2019 ice-ocean turbulent flux and solar heat flux

was ∼40% larger, contributing to a basal melt that was ∼60% larger. The net decrease in

ice thickness was more moderate because of the increased in basal growth of 20% (the

negative ice thickness – ice growth feedback).

Second, we found two main discrepancies between the model and the observations.

The most striking difference is the complete absence of heat from Pacific Water in CESM-

LE. By examining silicates, a tracer of Pacific Waters, we confirmed that the model in-

correctly simulates the transport of Pacific Water into the Canada Basin. Instead, sim-
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ulated PW follows the Alaskan coastline and is mostly entrained anticyclonically with

the surface waters around Point Barrow. This is consistent with Zhang and Steele [2007],

who showed that larger vertical diffusion increases the vertical extent of the surface anti-

cyclonic circulation at the expense of the cyclonic at depth. The second large discrepancy

– in opposition with observations showing an increased vertical stratification associated

with ice melt as found by Peralta-Ferriz and Woodgate [2015] – is the increase in vertical

mixing associated with a more mobile thinner pack ice despite increased surface freshwa-

ter fluxes associated with sea ice melt. This opposite process dominates in the CESM-LE,

as the mixed layer depth is correctly represented in the 1970s but increases instead of de-

creasing as observed [Rosenblum et al., 2021b]. Again, this points to a problem in vertical

mixing of the CESM-LE, consistent with previous studies [Holloway et al., 2007, Ilıcak

et al., 2016, Rosenblum et al., 2021a]. Another change between the two periods that is

not properly reproduced in the CESM-LE is the ventilation of the NSTM. In general, the

NSTM has disappeared by May in the AIDJEX data and by December in the ITP data, but

the CESM-LE shows an NSTM until May in both periods. We noted that there is large

spatial and time variability by looking at individual AIDJEX camps and ITPs.

Third, a 1D budget of the vertical heat transport was presented. In general, the heat

tendency from surface fluxes R is mirrored by the turbulent diffusion D. The vertical

advection term is small compared to the other terms, even in the fall when the winds are

strong and the pack-ice is still unconsolidated and mobile. This balance breaks down in

the fall when the internal energy tendency term changes rapidly, which creates a larger er-

ror with the second-order differentiation scheme. In the summer, penetrating shortwave

radiation warms the water column down to 80 m. Diabatic diffusion then takes heat in

the seasonal halocline and brings it back to the surface, melting the ice. In the fall, dia-

batic diffusion takes heat accumulated in the mixed layer to the surface where it leaves

through mostly sensible and longwave fluxes. In the winter, there is some remnant solar
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heat from the summer stored in the winter halocline. The diabatic diffusion brings it up

to the bottom of the deep mixed layer and the non-local diffusion lifts it up to the surface

where most of the heat leaves through the leads by sensible flux. Hence, the winter ocean

remnant heat does not impede basal growth greatly, but stops new ice from forming in the

leads. This balance does not go through large changes from the 1970s to the early 2000s.

The amplitudes of all heat terms just get larger. Using this budget, a rough estimation

was made that the missing Pacific Waters heat source would create ∼1.4 m of reduced

winter ice growth over 3 years, a significant contribution, though a 1d model would be

necessary to make a more accurate estimate. This will be the subject of future work.
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Table 6.1: Names of the CESM-LE variables.

Variables CESM-LE (POP) CESM-LE (CICE)

Θ TEMP -
S SALT -
Fhor ADVT + HDIFT -
Fio MELTH F fhocn ai

Ffrazil QFLUX -
Flw LWDN F+LWUP F -
Fsens SENH F -
Fevap EVAP F× latent heat vapor -

Fsw(z = 0) SHF QSW -
Fsw,io(z = 0) - fswthru ai
Fsw,ao(z = 0) - SHF QSW

Fsw(z) QSW 3D -

∂h
∂t

∣∣∣∣
t

- -meltt

∂h
∂t

∣∣∣∣
b,l

- -meltb-meltl+congel

∂h
∂t

∣∣∣∣
f

- frazil

Fct - fcondtop ai
Fcb - -((congel-meltb-meltl)*rho ice*latent heat fusion)

Fsw,ai - fswabs ai
Flw,ai - flwup ai + (aice × flwdn)
Fsens,ai - fsens ai
Flat,ai - flat ai
wΘ WTT ∆z -

−∂(wE)
∂z

−∆ WTT cpρ -
∂
∂z
κ∂Θ

∂z
∆DIA IMPVF TEMP

∆z
-

− ∂
∂z
κγΘ KPP SRC TEMP -

Diso(Θ) ∆HDIFB TEMP -
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