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 ABSTRACT 

 

This thesis presents the numerical simulations in Hudson Bay Complex (HBC) in 

regards to its mass and surface energy balance. First, the Sea Surface Temperature (SST) 

from four NEMO (Nucleus for European Modelling of the Ocean) model simulations are 

analysed to study the bulk flux parameterization to compute SST over the Hudson Bay 

Complex for the summer months (August and September) from 2002 to 2009. Results from 

these different sensitivity experiments showed the low impact of the model resolution and 

runoff on the simulated SST in HBC. Second the seasonal cycle of sea ice variability in the 

HBC, together with the dynamic and thermodynamic processes that control it, were 

examined. Results showed that the thermodynamic fluctuations are the dominant term in the 

total ice tendency variations for all HBC sections and the dynamic term plays a minor role in 

the total ice thickness trends.  
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 CHAPTER ONE:  INTRODUCTION 

1.1 Rationale and context 

The unique geographical characteristics of the HBC make it an area of interest for 

many climatologists and oceanographers. The Hudson Bay complex (HBC) comprised of 

Hudson Bay (HB), Hudson strait (HS), James Bay (JB), and Foxe Basin (FB) is the largest 

bay in the world that undergoes a complete annual freeze up and open water period. The 

existence and timing of this annual cryogenic cycle plays a significant role in the regional 

climate variability of Canada (Maxwell 1986). In summer, it brings a general sea climate to 

the surrounding coastal areas, while in winter it acts as an extension of the snow-covered 

land and allows the same Arctic air masses to transfer further south into central Canada 

(Prinsenberg 1984). Moreover, Hudson Bay as the largest watershed of Canada provides a 

shipping route for international trade and most importantly is home for many Arctic and 

Subarctic species. These topics highlight the importance of studying the HBC region and its 

energy and mass budgets.  

Sea ice affects all the mentioned subjects over the HBC.  For instance, sea ice can be 

considered as less saline floating water; it can affect shipping routes, light penetration into 

the water and therefore the productivity of underwater species, and it can affect the polar 

bear populations as they use sea ice as their hunting platform. Furthermore, sea ice can affect 

the climate as it insulates the water from the atmosphere and thus limits the flux exchange 

between the atmosphere and ocean.  

Recent studies showing a decline in HBC sea ice (Parkinson et al. 1999, Gagnon and 

Gough 2005, Stirling and Parkinson 2006, Parkinson and Cavalieri 2008, Galbraith and 

Larouche 2011, Hochheim and Barber 2010, Hochheim et al. 2010), highlight the 
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importance of sea ice to the HBC climate and marine ecosystem, and motivate us to use an 

ocean-ice model to simulate and asses the region’s sea ice dynamic and thermodynamic 

patterns. In addition, we looked at the sea surface temperature in HBC. Sea surface 

temperature (SST) is connected to the formation of sea ice at high latitudes (Key et al.1997, 

Deser et al. 2002) and imprints itself via near surface ocean-atmosphere heat flux exchanges 

(Deser et al. 2010). The accuracy of SST and thus heat flux is of particular importance for 

climate studies at high latitudes (Bourassa et al., 2013). As an example a 1Wm-2 increase in 

the sea ice flux can melt 10 cm of sea ice thickness per year, a significant amount (Bourassa 

et al. 2013). This signifies the importance of an ocean ice model in computing a precise 

ocean SST and flux at high latitudes and therefore in our modeling study of the HBC.  

1.2 Science Objectives 

There are two main goals for this research that were fulfilled at the same time. The 

first goal was to develop a better understanding of how the NEMO model functions over the 

HBC by utilizing different model inputs; including atmospheric forcing, model resolution 

and runoff. Second and most importantly, we used the simulations to understand the HBC 

energy and mass fluxes including sea surface temperature and its related heat flux 

components, seasonal sea ice coverage and their dynamic and thermodynamic spatial 

distributions and the impacts of the energy fluxes on these sea ice processes. 

To address these overarching goals I specifically investigated three interrelated 

objectives:  

1) To evaluate the SST from different NEMO simulations in the HBC and to understand the 

mechanism of model estimates for SST via heat flux calculations. 
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2) To evaluate the seasonal ice cover in the HBC and investigate the ice concentration, area 

and thickness, in terms of dynamic or thermodynamic processes.  

3) To examine surface energy heat flux impacts on observed dynamic and thermodynamic 

sea ice variations as estimated by the NEMO model. 

1.3 Thesis Structure 

This thesis is composed of five chapters. The first chapter introduces the rationale 

and outline for the thesis. The second chapter provides a literature review on the oceanic and 

atmospheric aspects of Hudson Bay Complex, definition of the main heat flux components, 

and the structure of the ocean-ice model used in this study.  

Chapter 3 answers the first thesis objective. Four sets of simulations were considered 

with varying atmospheric resolution, ocean model resolution and river runoff inputs. We 

compared the modelled SST with observed SST by calculating the model bias, root mean 

square error and Willmott Skill Score for each simulation. In addition, the relationship 

between the near surface air temperature of the atmospheric forcing datasets and the ocean 

model SST were examined. Finally, the different components of surface heat flux from two 

different atmospheric forcing simulations were compared to understand the main heat flux 

component responsible for the differences in the modelled SST. This work was compiled 

into a manuscript and submitted to the Journal of Atmosphere-Ocean: 

 Shabnam JafariKhasragh, Jennifer V. Lukovich, Xianmin Hu, Paul G. Myers, Kevin 

Sydor and David G. Barber. Modelling Sea Surface Temperature (SST) in Hudson Bay 

Complex Using Bulk Heat Flux Parameterization: Sensitivity to Atmospheric Forcing and 

Model Resolution (accepted) 
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Chapter 4 answers the second and third thesis objectives. It contains two simulations 

with different atmospheric forcing. To answer the second objective the different aspects of 

sea ice (sea ice concentration, area and thickness) were compared with satellite observations. 

Second, the seasonally dynamic and thermodynamic sea ice patterns were examined and 

discussed. To answer the third objective, the surface and oceanic heat flux and wind stress 

exchanges were studied as they are the crucial participants in the simulated thermodynamic 

and dynamic sea ice growth and melt. In addition, to discuss the surface heat flux in detail, 

we looked at its components: shortwave, longwave, sensible, and latent heat fluxes and their 

effects on the HBC sea ice regime. Results from this work have resulted in a second 

manuscript, currently in preparation for submission to the journal of (Journal of Geophysical 

Research: Oceans). 

Shabnam JafariKhasragh, Jennifer V. Lukovich, Xianmin Hu, Paul G. Myers, Kevin 

Sydor and David G. Barber. Hudson Bay Complex dynamic and thermodynamic sea ice 

regimes from an ocean-ice model: surface and ocean heat flux and wind stress impacts 

 Background on the study location and simulation details are provided within each 

manuscript respectively and reference to literature is appended as the final pages of each 

chapter. Finally, a summary of thesis conclusions and potential future work is provided in 

Chapter 5.  
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   CHAPTER TWO: BACKGROUND 

2.1 Introduction 

The harshness of the high latitude environment and large expense of in situ 

observations led scientists to use mathematical and physical models to get a thorough image 

of oceanic characteristics including sea ice and its spatial and temporal variations. There are 

some modeling studies over the HBC reproducing sea ice variability (e.g., thickness, 

concentration) via coupled ocean-ice models including those by Wang et al. (1994b), Saucier 

and Dionne (1998), Saucier et al., (2004), and Joly et al. (2011). These studies differ in that 

they utilize different model physical and numerical characteristics and schematics. For 

instance, Saucier et al. (2004) used an ice-ocean model (bulk formula is from Parkinson and 

Washington (1979)) to simulate the HB ice-ocean-atmosphere seasonal cycle. They found 

that the sea ice growth in southern HB and eastern FB (regions with maximum sea ice cover 

and thickness) is mostly due to sea ice advection and less to thermodynamic growth. 

Background on the related thesis topics is provided in this chapter, beginning with 

the literature review of the physical and thermodynamic characteristics of the HBC, followed 

by a review of surface and oceanic heat fluxes. Finally, the ice-ocean model and its features 

used in this study are presented.  

2.2 HBC physical and thermodynamic characteristics 

2.2.1 Oceanography 

HBC is generally shallow. Hudson Bay has an average depth of 150m with lower 

depth in James Bay. Foxe Basin and Hudson Strait have mean depths of 90 and 300m, 

respectively. The Hudson Bay Complex is connected to the Arctic Ocean via Fury and Hecla 
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Strait, at the northwest corner of Foxe Basin, and carries Arctic Ocean water into the Foxe 

Basin. A portion of this water enters the northwest of HB via Roes Welcome Sound. The 

other part mixes with water of Atlantic origin entering from HS. The Atlantic waters enter 

from the Labrador Sea to the HS and then to the southeast of FB within a coastal current on 

the north side of Hudson Strait. This water then exits FB and a portion of that enters the 

north east of HB. A bulk part of this water mass together with fresher waters exiting from 

Hudson Bay and James Bay leave the system via coastal currents along the south side of 

Hudson Strait and enter the Labrador Sea. Beyond these two passages we can consider the 

HBC current system as a closed system that is isolated from the effects of open-ocean 

circulations (Wang et al., 1994a). Moreover, the current circulation is predominantly 

cyclonic and is mainly wind driven (Prinsenberg 1986 a, b). 

Surface waters of the HB receive a large mass of freshwater (64 cm) from runoff and 

melting sea ice in spring and summer (Prinsenberg 1986 a, 1980), with larger discharge rates 

(20,700 m3s-1) associated with the Mackenzie and St. Lawrence rivers (the second and third 

largest rivers in North America after Mississippi) (Prinsenberg 1988). Although ice cover 

does not make a net contribution of freshwater in a yearly basis, in a weekly basis it 

contributes as much or more than runoff. James Bay has the lowest salinity compared with 

the other parts of HBC. It receives over 50% of the total runoff (Prinsenberg 1980). 

2.2.2 Heat budget 

Heat is input to HB through the air-sea interface, runoff, and water transport. The 

incoming surface heat flux is the main contributor to the total heat flux budget of HB from 

May to August (Prinsenberg 1984). It provides the heat energy to melt the seasonal ice cover 

and warm the water. The other factors in the heat budget are an order of magnitude smaller 

(Prinsenberg 1984). Table (1) from Prinsenberg (1984) shows an estimate of different heat 
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budget terms over the HBC (James Bay is excluded). The winter heat content of Hudson Bay 

is 1.2 × 1018 J which is one sixth of the summer amount (Prinsenberg 1984). Over James 

Bay, as a separate part of HB, the relative contributions of runoff and circulation to the heat 

budget are much greater. 

Table2.1 Heat budget of HB and JB for an observation period 1 May to the end of 

August (from Prinsenberg 1984) 

	   James	  Bay	  (1018J)	   Hudson	  Bay	  (1020	  J)	  

Winter	  heat	  content	   -‐0.1	   1.2	  

Surface	  heat	  flux	   107.0	   117	  

Heat	  due	  to	  runoff	   9.2	   0.2	  

Ice	  and	  snow	  cover	   -‐38.4	   -‐5.0	  

Heat	  of	  ice	  transport	   -‐4.2	   ~0	  

Advection	  of	  heat	  in	   14.6	   0.2	  

Advection	  of	  heat	  out	   -‐35.4	   -‐0.6	  

Balance	   52.7	   7.7	  

Summer	  heat	  content	   48.5	   7.6	  

Difference	   4.2	   0.1	  

 

Galbraith and Larouche (2011) investigated the coldest and warmest regions of HB 

during the warmest week of the year using satellite data. They showed that James Bay, west 

of HB (near Churchill), and east of Belcher Island are the warmest areas in HB while, north 

of HB (Roes Welcome Sound channel), Belcher Island and northwest of HB are the coldest 

regions in summer (August). 
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Figure2.1 Average SST for July, August, and September 2001 – 2005 (from Galbraith 

and Larouche (2011)) 

2.2.3 Atmospheric systems 

Over northern high latitudes, the weather system controlling factor is mainly 

attributed to the persistent, counterclockwise air flow around a low pressure vortex that is 

situated over Baffin Island in winter but weakens and retreats northward in summer 

(Maxwell 1986). As a result, there is a general flow of cold Arctic air from the northwest or 

west over the western half of the HB complex and from the west or southwest over the 

eastern part in winter.  For instance, Churchill in northwest of HB has experienced 

northwesterly winds with average speeds of 8.9 ms-1 over a 30-year period (Atmospheric 

Environment Service, 1982). Summer airflow is from west to the north of HB and is less 

intense than the winter (EAG 1984).  When the northwesterly winds become more westerly 
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while passing over Hudson Bay, they produce a wind stress curl that contributes to the 

cyclonic circulation of Hudson Bay (Prinsenberg 1987).  In a study by Prinsenberg (1987), 

he showed that the dominant winds over HB are westerly and northwesterly winds of 8 ms-1 

occurring for up to 70% of the time, while in the spring and summer the weaker and less 

persistent winds are of the northerly and northeasterly direction. 

	  The impacts of large-scale atmospheric circulation patterns on the climate of the 

region and sea ice freeze up and break up timing are investigated in some studies i.e., Wang 

et al., (1994a), Mysak et al., (1996) and Qian et al., (2008). Results showed that the North 

Atlantic Oscillation  (the difference of atmospheric pressure at sea level (SLP) between the 

Icelandic Low and the Azores High) and El Nino-Southern Oscillation (irregularly periodic 

variation in winds and sea surface temperatures (warming phase) over the tropical eastern 

Pacific Ocean) are correlated with decadal changes in sea ice concentration. During strong 

winter westerly winds of the North Atlantic Oscillation and wet/low episodes of El Nino-

Southern Oscillation occurrence, HB experiences a thicker sea ice and delayed ice breakup 

(Stewart and Lockhart 2005).   

2.2.4 Sea ice 

Hudson Bay sea ice starts to form in late October in northern areas and become thick 

and more extensive during November and December (Danielson, 1971). In late April, HB 

sea ice reaches its maximum thickness, ranging from 1.0 m in the James Bay to 1.75 m in 

northern Hudson Bay (Markham, 1981). Ice starts to decay in late May and ice cover 

decreases during June and July from north to south and from east to west (Prinsenberg 

1987). HBC becomes ice-free during August and September. 
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Previous studies indicate that HBC sea ice is decreasing over time (Parkinson et al. 

1999, Gagnon and Gough 2005, Stirling and Parkinson 2006, Parkinson and Cavalieri 2008, 

Galbraith and Larouche 2011, Hochheim and Barber 2010, Hochheim et al. (2010), De la 

Guardia et al. 2017). For instance, Parkinson and Cavalieri (2008) showed a decrease in 

annual ice extent of 4500 ± 900 km2/year (-5.3 ± 1.1% per decade) over 1979-2006. 

Hochheim and Barber (2010) showed a decrease in sea ice concentration from −23.3% to 

−26.9% per decade, during the 43 – 48th week of the year using the Canadian Ice Service 

data. Stirling and Parkinson (2006) showed an average 7 – 8 days earlier ice breakup time 

per decade in western HB. De la Guardia et al. (2017) found a 3 ± 0.8 week increase in open 

water season in western HB during 1979 - 2015 time period. In addition, with the aid of 

ocean ice model projections, Joly et al. (2011) showed a decrease in the HB sea ice season of 

7 to 9 weeks.  

There are fewer studies on the HBC sea ice thickness compared with the sea ice 

cover. HB sea ice thickness is reported to be approximately 1.50 m by Danielson (1971). 

Using 15 years of ice thickness observations from costal stations, Markham (1981) provided 

a map of HBC maximum sea ice thickness, with average thickness of (1.6 m), lower 

thickness in southern James Bay (1 m) and larger thickness in northern Hudson Bay (2 m). 

Later, using ice-drilling measurements in near-shore meteorological stations around the 

HBC, Gagnon and Gough (2006) found an average maximum sea-ice thickness of 175 cm in 

Hudson Bay, which ranged from 93 cm to 237 cm. They also found a west to east increase in 

the ice thickness due to prevailing north westerly winds which enhance the ice movement 

and drift towards the east of HB. Similarly, Landy et al. (2017) found a 40 cm thicker sea ice 

in eastern HB compared to northwestern regions using satellite altimeter measurements. 

 



13 
 

2.3 Surface and oceanic fluxes 

2.3.1 Radiative heat fluxes (longwave and shortwave) 

Shortwave and longwave fluxes are the two components of the radiative heat flux 

and the net radiative flux is the summation of both shortwave and longwave heat fluxes 

(equation 2.1). 

Shortwave heat flux represents the amount of total downwelling solar radiation 

minus the reflected part (equation 2.2). Similarly, longwave flux is the summation of 

downwelling radiation minus upwelling radiation (emitted from the surface and atmosphere) 

(equation 2.3). Surface shortwave and longwave radiation represent wavelengths of 0.15-4.0 

µm and 4–300 µm, respectively. The maximum intensity occurs at the wavelengths of 0.5 

µm for shortwave and at 12 µm for longwave radiation (Serreze and Barry, 2014). 

𝑄!" =   𝑄! +     𝑄!                                                                            (2.1)  

𝑄! =   𝑄!    1  –   𝛼                                                                           (2.2)  

𝑄! =   𝑄! −   𝜀𝛿 𝑇! !                                                         2.3  

In the above equations QRt, QS and QL are the total radiative, shortwave and longwave 

heat fluxes, respectively. QI is the solar insolation, QA is the downwelling longwave flux, α 

is the surface albedo (fraction of incoming radiation to reflected radiation from a surface), δ 

is the Boltzmann constant (5.67*10-8 W m-2 °K-4) and TS is the surface temperature. QA 

(downwelling longwave flux) depends on the cloud cover, atmospheric temperature, water 

vapor content of the atmosphere and other trace gases (Serreze and Barry, 2014). Upwelling 

longwave flux (𝜀𝛿 𝑇! !) from equation (3) depends on the emissivity and surface 

temperature. Emissivity is the ratio of radiation flux from a surface to the radiation of an 
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ideal emitter (a blackbody) at the same temperature (Serreze and Barry, 2014).  Snow has a 

generally large emissivity value (0.99). The net longwave flux (QL) is generally negative 

(cools the surface), however it could be less negative or even positive in the presence of low 

and warm cloud cover (Arctic Stratus)(Serreze and Barry, 2014).  

2.3.2 Turbulent heat fluxes (Sensible and Latent) 

Sensible and latent heat fluxes are considered as the turbulent heat fluxes due to the 

significant role of turbulence in their heat and vapor transferring mechanism. Latent and 

sensible heat fluxes are the principal mechanisms by which the ocean transfers much of its 

absorbed solar radiation back to the atmosphere (Steele et al., 2009). Despite the fact that 

turbulent fluxes are an order of magnitude or two smaller than radiative fluxes, they are 

comparable in regard to the net radiation flux in the energy balance processes (Maykut, 

1986). Sensible heat flux refers to the thermal energy transfer to or from a body, resulting in 

a temperature increase or decrease. In an ocean-ice-atmosphere interface, the sensible heat 

flux goes upward when temperature decreases with height and goes downward when 

temperature increases with height (Serreze and Barry, 2014). Thus, sensible heat flux works 

toward reducing the vertical temperature gradient (Serreze and Barry, 2014). Latent heat flux 

refers to the thermal energy absorbed or released by a body derived from phase change. 

Similar to sensible heat flux, latent heat flux goes upward when specific humidity decreases 

with height and goes downward when specific humidity increases with height (Serreze and 

Barry, 2014). Thus, latent heat flux works toward reducing the vertical humidity gradient 

(Serreze and Barry, 2014). 

There are two common approaches to calculate turbulent fluxes: the eddy covariance 

method and bulk heat flux formula. In the eddy covariance method using in situ 

meteorological instruments, the instantaneous covariance between anomalies of some near 
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surface atmospheric parameters is calculated (e.g., vertical wind, temperature, humidity). 

This method provides accurate flux results, but is not appropriate for large-scale temporal 

and spatial studies.  

Bulk heat flux is another approach in computing the heat fluxes that is commonly 

used by the numerical modelling communities. There are different bulk flux 

parameterizations including those introduced by Smith (1988), Beljaars (1995), Fairal et al. 

(2003), Large and Yeager (2004 & 2009). They are distinguished by different 

parameterization schemes including differences in producing the drag coefficient term.  

2.3.3 Ocean heat flux 

Ocean heat flux has a very important role on the mass balance of the underside sea 

ice in high latitudes (Maykut and Untersteiner 1971, Maykut 1986, Ebert et al., 1995). 

The significance of considering ocean heat flux (Fw) in sea ice heat budget 

measurements was initially documented by Maykut and Untersteiner (1971). They found 

that a heat value of 2Wm-2 from ocean to the under water sea ice is needed to maintain the 

thermodynamic balance of sea ice in the Arctic with a typical ice thickness of 3 m. 

Moreover, Maykut (1986) and Maykut and McPhee (1995) showed that the source of this 

oceanic heat flux comes from downward shortwave radiation penetrating through thin ice 

and leads in spring and summer. Maykut and McPhee (1995) used observed data from the 

Arctic Ice Dynamics Joint Experiment (AIDJEX) and found a seasonal variation in the 

oceanic heat flux, with maximum values reaching 40-60 Wm-2 in August. They also 

measured the annual mean ocean heat flux of 5 Wm-2. In another study by Perovich et al., 

(1997), a value of 4 Wm-2 was determined for ocean heat flux in the Beaufort Sea. The ocean 

heat flux can be measured by vertical eddy flux of sensible heat or more conveniently by ice 
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temperature and mass balance measurements. The latter method (Perovich et al., 2002) can 

be expressed as follows: 

𝐹! =   
1
∆𝑡 𝐹! +   𝐹! +   𝐹!                   (2.4) 

where, FH is the latent heat flux, FC is the conductivity heat flux and FS is the specific 

heat flux. Specific heat flux is the heat needed to increase the temperature of a unit mass by 

one degree Celsius and depends on the substance specific heat. Based on experimental 

studies Ono (1967) found an empirical relationship to measure the specific heat as follows: 

𝑐! =    𝑐! + 𝑎𝑇! +
𝑏𝑆!
𝑇!
                                (2.5) 

where co is the specific heat of pure ice (2113 J kg-1 °C), Ti is the temperature (°C), 

Si is the salinity (psu) and a and b are constants (a = 7.53 J kg-1 °C2 , b = 0.018 M J °C kg-1). 

The last term on the right hand side of the equation (2.5), determines the impacts of 

temperature and salinity on specific heat. This term is very important near the melting point 

and can be ignored below -8 °C (Wadhams, 2000). Latent heat of fusion is the change in 

energy of the substance during an isothermal phase change (e.g., liquid to solid, solid to 

liquid). The presence of salt in sea ice increases the complexity of latent heat measurements 

as in this situation, ice can be melted at a temperature other than 0 °C (Wadhams, 2000). 

Uno (1968) proposed a formula suitable for above -8 °C situation as follows: 

𝑞 = 333394− 2113  𝑇! − 114.2  𝑆! + 18040
𝑆!
𝑇!

                                  (2.6) 

where q is the latent heat of fusion (J kg-1), Ti is the temperature (°C) and Si is the ice 

salinity (psu) (Wadhams, 2000).  
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Monthly results of ocean heat flux by Perovich et al., (2002) are shown in figure 2.2. 

This study provided the opportunity to explore the ocean heat flux for different ice 

conditions (first year ice, old ridge and melt pond) in five sites over the Beaufort Sea.  Heat 

flux is small (3-5 Wm-2) in winter with a peak in March (15 Wm-2). It increases toward the 

summer with maximum (25-30 Wm-2) in early August and decreases from mid August. The 

standard deviation between the different ice conditions increases in summer (7-9 Wm-2) 

(Perovich et al., 2002). Moreover, the site with deformed multi year ice shows a large annual 

ocean heat flux of 12.1 Wm-2, which is in agreement with the Maykut and McPhee, 1995 

study (larger ocean heat flux for the areas with larger ridge keels).  

 

Figure2.2 Monthly time series of ocean heat flux at five sites from SHEBA experiment. 

(From Perovich et al., (2002)) 

The other important feature of figure 2.2 is the large heat flux in the site with ponded 

multi year ice. This is in line with the Maykut and McPhee (1995) study that showed the 

open ice areas absorb more shortwave radiation and therefore have larger ocean heat flux.  
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2.4 Nucleus for European Modelling of the Ocean (NEMO) 

NEMO is a state-of-the-art modeling framework for studying a wide variety of 

applications related to ocean, ice, climate and future projections. This framework consists of 

five main components. NEMO-OPA (Océan Parallélisé) the ocean part, NEMO-LIM 

(Louvain-la-neuve sea Ice Model) the sea ice part, NEMO-TOP/PISCES (Tracer in the 

Ocean Paradigm) the biogeochemistry part, NEMO-AGRIF package for adaptive grid 

refinement and NEMO-TAM (Tangent linear and Adjoint Model) the assimilation 

component. Here we will look at the ocean and sea ice components of the NEMO model 

which were used in this study. The heat flux scheme from Large and Yeager (2004) is 

presented as the last part. 

2.4.1 Ocean component 

The equations used in the ocean component encompass the primitive equations (i.e. 

Navier-Stokes equations) and nonlinear equations of state (to couple the temperature and 

salinity to the fluid velocity). Moreover, six assumptions were considered as below: 

(1) Spherical earth approximation: The earth surface is assumed to be sphere and therefore, 

the geopotential surfaces are spheres so that gravity is parallel to the earth’s radius.  

(2) Thin-shell approximation: The ocean depth is much smaller than the earth radius (6000 

103). Therefore, the ocean depth is neglected compared to the earth’s radius. 

(3) Turbulent closure hypothesis: The turbulent fluxes (which are small-scale processes) are 

considered as large-scale features therefore they affect the large-scale processes. 

(4) Boussinesq hypothesis: Except in buoyancy force, the density variations are neglected.  
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(5) Hydrostatic hypothesis: Two forces that contribute to the vertical momentum equation 

are the vertical pressure gradient and the buoyancy force. Therefore, the convective 

processes from the initial Navier-Stokes equations are excluded and they should be 

parameterized. 

(6) Incompressibility hypothesis: It is assumed that the three dimensional divergence of the 

velocity vector is zero.  

2.4.1.1 Primitive equations 

The model uses a curvilinear coordinate system with a horizontal plane (i, j) and 

local upward vector k. A set of primitive equations in the (i,j,k) vector system provides the 

following six equations (namely the momentum balance, the hydrostatic equilibrium, the 

incompressibility equation, the heat and salt conservation equations and an equation of 

state):  

∂U!
∂t = ∇×U ×U+

1
2∇ U! −   fk×U! −

1
ρ   ∇!p+ D

! + F!)              (2.7) 

𝜕𝑝
𝜕𝑧 = −𝜌𝑔                            (2.8) 

∇.𝐔 = 0                                      (2.9)                                                                                                         

!!
!!
= −∇. T𝐔 + D! + F!                          (2.10) 

∂S
∂t = −∇. S𝐔 + D! + F!                                  (2.11) 

𝜌 = 𝜌 𝑇, 𝑆,𝑝                                 (2.12) 
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where U is the vector velocity (U=U(h)+wk), h refers to i and j unit vectors, w is the velocity 

perpendicular to h plane, t is the time, z is the vertical coordinate, T is the potential 

temperature, S is the salinity, ρ is the in situ density, ρ0 is a reference density, p is the 

pressure, g is the gravitational acceleration, and f = 2Ωsin(φ) is the Coriolis parameter (Ω is 

the Earth’s angular velocity and φ is the latitude). DU, DT, DS are the parameterizations of 

small-scale diffusion for momentum, temperature and salinity, and FU, FT, FS are the surface 

forcing terms.  

There are two boundaries for the ocean as shown in Figure2.3, atmosphere-ocean/ice 

and ocean-sea floor. The exchange of heat and salt fluxes through the sea floor are small, so 

the model is set for no flux exchange of heat and salt across this solid boundary. For the 

momentum, the vertical velocity at the sea floor is zero. Therefore, the momentum transfer is 

horizontal and related to the bottom velocity, which is parallel to the solid boundaries. 

Kinematic boundary conditions are shown as: 

𝑤 = −𝑈! .∇! 𝐻                 (2.13) 

 

Figure2.3 Schematic of the surface and bottom boundaries 
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At the atmosphere-ocean boundary, the momentum and heat flux can be exchanged 

horizontally. The kinematic energy plus mass flux of the fresh water (precipitation - 

evaporation) leads to: 

𝑤 =
𝜕𝜂
𝜕𝑡 + 𝑈!|!!! ∙ ∇! 𝜂 + 𝑃 − 𝐸                              (2.14) 

Moreover, neglecting the surface tension leads to continuity of pressure across the 

boundary. With the presence of sea ice, the ocean and sea ice exchange the heat, fresh water, 

salt and momentum fluxes. At the interface, the sea surface temperature is set to the freezing 

point.  

2.4.1.2 Spatial discretization 

In the model, an Arakawa C grid method (Mesinger and Arakawa, 1976) is used to 

nest the different variables horizontally. The scalar points (T, S, p, ρ) are located in the 

centre and vector points (U, V, W) at the center of cell faces. The relative (ζ) and planetary 

vorticity (f) are defined in the center of each vertical edge. 

For the vertical grid, the model uses the z-coordinate system in which the vertical 

column is divided to fixed thickness everywhere, except at the contact with topography. 

2.4.2 Sea ice component 

The sea-ice component used in the Arctic and Northern Hemisphere Atlantic 

(ANHA) version of NEMO used to address thesis objectives is LIM (Louvain-la-Neuve sea-

Ice model) version 2 (Fichefet and Maqueda, 1997). LIM2 provides both dynamic and 

thermodynamic effects of sea ice properties. It is based on a three-layer (one snow layer and 

two ice layers of equal thickness) model proposed by Semtner Jr (1976) with two ice 
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thickness categories (mean thickness and open water). The ice internal stress is computed 

according to an elastic-viscous-plastic (EVP) rheology (Hunke and Dukowicz, 1997). 

2.4.2.1 Sea ice dynamics  

Sea ice drift is considered as a two dimensional movement due to wind and currents. 

The momentum balance for sea ice drift can be expressed as: 

𝑚
𝜕𝑢
𝜕𝑡 = 𝐴 𝜏! + 𝜏! −𝑚𝑓𝑘×𝑢 −𝑚𝑔∇𝜂 + ∇.𝜎                  (2.15) 

where m is the mass of snow and ice per unit area, A is the ice concentration, τ a and 

τ w are the atmosphere-ice and water-ice interfacial stresses, f , g, η and k are the Coriolis 

parameter, the acceleration of gravity and sea surface elevation and vertical upwards unit 

vector respectively, and ∇·σ is the internal stress term.  

2.4.2.2 Sea ice thermodynamics  

The model component, which is responsible for the sea ice vertical growth and decay 

due to thermodynamic processes uses the three-layer model for the vertical heat conduction 

within snow and ice. The one-dimensional heat diffusion equation is used to govern the 

internal temperature of snow and ice and thus the conductive heat flux as below:  

𝜌𝑐!
𝜕𝑇
𝜕𝑡 = 𝐺𝑘

𝜕!𝑇
𝜕𝑧!                               (2.16) 

where ρ, cp and k are the density, specific heat and thermal conductivity of the 

material (snow or ice), respectively. T is the temperature, G is a correction factor that 

accounts for the fact that the unresolved ice floes of varying thickness contribute differently 

to the average heat conduction. Details are provided in Fichefet and Maqueda (1997). 
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At the surface of the sea ice, the heat flux balance Bsi, which is function of the 

surface temperature Tsurf is the sum of five components: the conductive heat QC, the latent 

heat flux QE, the sensible heat flux QH, the shortwave solar radiation QS and the longwave 

radiation QL.  

𝐵!" =   𝑄! +   𝑄! +   𝑄! +   𝑄! +   𝑄!                          (2.17) 

The last four terms are computed from bulk formula given by Large and Yeager 

(2004). As the sea ice temperature goes above the melting point, the excess of energy works 

toward melting the snow/ice: 

𝜕ℎ∗
𝜕𝑡 =   

𝐵!"
𝐿∗
                                                          (2.18) 

where L is the volumetric latent heat of fusion, the subscript ∗ represents the snow (s 

subscript) if existing or the ice otherwise (i subscript).  

At the contact layer between the oceanic surface and the sea ice, any imbalance 

between the conductive heat flux (Qc) and the heat flux from the ocean (Qoi) works toward 

ice growth or melt:  

𝜕ℎ!
𝜕𝑡 =   

𝑄! −   𝑄!"
𝐿!

                                                          (2.19) 

The lateral growth and decay is associated with the sea ice concentration (A). Its 

variation is dependent on the heat budget of the open water area (𝐵!):  

𝜕𝐴
𝜕𝑡 = 1−   𝐴!   

(1− 𝐴)𝐵!
𝐿!ℎ!

                                                          (2.20) 

where h0 is the ice thickness of the ice formed in a lead. When  𝐵! > 0, all the heat gained in 

a lead is used for melting from below through 𝑄!" in equation 2.19.  
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2.4.3 Heat flux scheme 

 Our model is not coupled with the atmospheric component, thus we use the bulk 

formulation from Large and Yeager (2004) to force the model at its surface. The atmospheric 

data comes from different reanalysis data sets (here, CORE2 and CGRF). These data sets 

provide the variables needed by NEMO to compute the turbulent (sensible, latent, 

momentum fluxes) and radiative fluxes (shortwave and longwave fluxes). This section 

follows closely the bulk flux description section of Large and Yeager (2004). 

𝑄!   =   Ʌ𝜌𝐶! 𝑞!"  –   𝑞! 𝑈!"  –   𝑈!                 (2.21) 

𝑄!   =   𝜌𝑐!𝐶!    𝑇!"   −   𝑇! 𝑈!"  –   𝑈!         (2.22) 

𝑄!   =   𝑄!      1  –   𝛼                                                                           (2.23)  

𝑄!   =   𝑄!     −   𝛿× 𝑇! !                                                         2.24  

τ   =   ρ𝐶!|𝑈!"  –   𝑈!|(𝑈!"  –   𝑈!)                                                         2.25  

where, QE , QH , QS , QL and 𝜏 are latent heat flux, sensible heat flux, shortwave heat flux , 

longwave heat flux and momentum flux, respectively. 𝑈!", 𝑈!, T10, TS, q10 and qS are wind 

speed at 10m, surface current speed, temperature at 10m and ocean surface temperature, 

humidity at 10m and humidity at ocean surface, respectively. Ʌ = 2.5×106 J/kg is the latent 

heat of vaporization, QI is the solar insolation, QA is the downwelling longwave flux, α= 

0.066 is the ocean albedo, δ is the Boltzmann constant, cp= 1000.5 J/(kg K) is specific heat 

of the air, ρ= 1.22 kg/m3 is a near surface air density, CE is a transfer coefficient for 

evaporation, CH is a transfer coefficient for sensible heat and finally CD is the drag 

coefficient for momentum flux.  
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1000  𝐶! =   
2.70(𝑚/𝑠)
𝑈!(10𝑚)

+ 0.142+   
𝑈!(10𝑚)
13.09(𝑚/𝑠)                                               (2.26) 

1000  𝐶! = 34.6   𝐶!                                  (2.27) 

1000  𝐶! =
18.0   𝐶!  ,                                                  𝑠𝑡𝑎𝑏𝑙𝑒  𝜁 > 0
32.7   𝐶!  ,                                        𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒  𝜁 ≤ 0

                                  (2.28) 

Transfer coefficients are functions of height, atmospheric stability (ζ), and wind 

speed. According to Large and Yeager (2004), to calculate the fluxes we need first to shift 

the temperature and humidity to the height of the wind and then shift the drag coefficients to 

this height and to the atmospheric stability. There is an iterative procedure for this purpose. 

1) Make a first guess of 𝑈!" by assigning it as 𝑈!"# =|𝑈!"  –   𝑈!| to provide the transfer 

coefficients from 2.26 – 2.28. The initial turbulent scales are calculated as below: 

𝑢∗ =    𝜌!!!|𝜏| = 𝐶!   ∆𝑈                                                                                                                   (2.29) 

𝑡∗ =   
𝑄!

𝜌!  𝑐!  𝑢∗
=   

𝐶!
𝐶!
   𝜃 𝑧! − 𝑆𝑆𝑇                                                                                 (2.30) 

𝑞∗ =   
𝐸

𝜌!  𝑢∗
=   

𝐶!
𝐶!
   𝑞 𝑧! − 𝑞!"#(𝑞!, 𝑞!, 𝑆𝑆𝑇)                                             (2.31) 

2) Start the iteration loop, using the estimates of stability parameters, 𝜉! =
𝑧!

𝐿, 𝜉! =
𝑧!

𝐿 

and 𝜉! =
𝑧!

𝐿, where L is Monin-Obukhov length. Then calculate the dimensionless flux 

profiles of momentum  𝜓! 𝜁 , heat and moisture fluxes 𝜓! 𝜁 . The von Karman constant (k) 

is 0.4, and the gravity  (g) is 9.8 m/s. 

𝜁 𝑧 =   
𝑘  𝑔  𝑧
𝑢∗!   

𝑡∗

𝜃!
+   

𝑞∗

𝑞 𝑧! +   0.608!!
                                          (2.32) 
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𝑋 =    (1− 16  𝜁)!/!                                                                                                                            (2.33) 

𝜓! 𝜁 =   𝜓! 𝜁 =   −5  𝜁,                            𝑠𝑡𝑎𝑏𝑙𝑒, 𝜁 ≥ 0              (2.34)   

𝜓! 𝜁 = 2 ln
1 + 𝑋
2

+ ln
1 +   𝑋!

2
− 2  𝑡𝑎𝑛!! 𝑋 +   

𝜋
2
                            𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒,< 0                (2.38) 

𝜓! 𝜁 = 2 ln
1+   𝑋!

2                                 𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒, 𝜁 < 0                (2.35)   

3) Transfer the wind speed to 10m reference height and neutral stability. Shift the 

temperature and humidity to the wind height. 

𝑈! 10𝑚 =    ∆𝑈   (1+   
𝐶!
𝑘 ln 𝑧!/10𝑚 −     𝜓! 𝜁!   )!!                    (2.36) 

𝜃 𝑧! =   𝜃 𝑧!   −   
𝜃∗

𝑘    ln
𝑧!
𝑧!

+   𝜓! 𝜁! −   𝜓! 𝜁!                                       (2.37) 

𝑞 𝑧! =   𝑞 𝑧!   −   
𝑞∗

𝑘    ln
𝑧!
𝑧!

+   𝜓! 𝜁! −   𝜓! 𝜁!                                       (2.38) 

4) Update the neutral 10m transfer coefficient from 2.26, and then shift them to the 

measurement height 𝑧!, and stability, 𝜉! using: 

𝐶! 𝑧!, 𝜁 =     𝐶! 1  +   
𝐶!
𝑘      ln

𝑧!
10𝑚 −     𝜓! 𝜁!   

!!

                                                      (2.39)     

𝐶! 𝑧!, 𝜁 =     𝐶!   
𝐶! 𝑧!, 𝜁

𝐶!
1  +   

𝐶!
𝑘 𝐶!

     ln
𝑧!
10𝑚 −     𝜓! 𝜁!   

!!

                    (2.40)     

𝐶! 𝑧!, 𝜁 =     𝐶!   
𝐶! 𝑧!, 𝜁

𝐶!
1  +   

𝐶!
𝑘 𝐶!

     ln
𝑧!
10𝑚 −     𝜓! 𝜁!   

!!

                    (2.41)     
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5) Using the above transfer coefficients, and 𝜃 𝑧!  and  𝑞 𝑧!  from (2.37-2.38) recompute 

the virtual potential temperature,𝜃!, and update the turbulent scales in (2.29-2.31). Then start 

the next iteration loop at step (2). Results are computed after the last iteration according to 

(2.29-2.31). As mentioned in Large and Yeager (2004), there are two iterations needed over 

the ocean, which is usually near neutral and five iterations over sea ice. 
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 CHAPTER 3: MODELLING SEA SURFACE TEMPERATURE (SST) 

IN HUDSON BAY COMPLEX USING BULK HEAT FLUX 

PARAMETERIZATION: SENSITIVITY TO ATMOSPHERIC 

FORCING AND MODEL RESOLUTION 
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Shabnam JafariKhasragh, Jennifer V. Lukovich, Xianmin Hu, Paul G. Myers, Kevin Sydor 

and David G. Barber. 

 

 

Abstract:  

Sea Surface Temperature (SST) from four NEMO (Nucleus for European Modelling 

of the Ocean) model simulations is analysed to study the bulk flux parameterization to 

compute SST over the Hudson Bay Complex for the summer months (August and 

September) from 2002 to 2009. NEMO was forced with two atmospheric forcing sets of 

different resolutions, Coordinated Ocean-ice Reference Experiment, version 2 (CORE 2) as 

the lower resolution and Canadian Meteorological Centre’s Global Deterministic Prediction 

System Reforecasts (CGRF) as the higher resolution atmospheric forcing. The CGRF 
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forcing is also implemented in the third and fourth runs using different runoff data 

(integrated Hydrological Predictions for the Environment (HYPE) versus Dai and Trenberth) 

and different NEMO resolutions (1/12° versus 1/4°). Results show that all four modelled 

SSTs followed observed SST patterns, with regional differences in SST bias between 

simulations with different atmospheric forcing The SST differences are small between the 

simulations forced with the same atmospheric forcing but with different model resolution or 

runoff. This implies the low impact of the model resolution and runoff on the simulated SST 

in HBC. Moreover, to better capture the effect of near surface temperature (Tair) on 

simulated SST, we conducted three analyses considering the Haney flux linearization 

formula. Results from these assessments did not indicate any direct influence from Tair on 

the model simulated SSTs. Looking at the heat flux as a signature for SST showed that both 

averaged spatial distribution and time series of net heat flux produced by the three CGRF 

forcing simulations was higher than the net heat flux generated by the CORE 2 simulation. 

This was generally true for all four components of the total heat flux (sensible, latent, 

shortwave, longwave) individually as well. Total heat flux in summer is governed by 

shortwave, with values of up to 120 Wm-2 in August and longwave flux has the main 

contribution in the total heat flux differences. These heat flux differences lead to 

corresponding colder SST model temperatures for the CGRF runs, and warmer SST for the 

CORE 2 simulations.   

Keywords: Sea surface temperature (SST); Bulk heat flux parameterization; NEMO 

model; Atmospheric forcing; Heat flux; Near surface air temperature; Hudson Bay Complex 
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3.1 INTRODUCTION 

Understanding the mechanisms by which an ocean general circulation model 

(OGCM) produces sea surface temperature (SST) is of fundamental interest for both the 

modelling and climatological communities. Interaction between the sea surface temperature, 

near surface atmospheric parameters, and ocean heat content produce a complex system in 

which any temporal or spatial variability of one can influence the others (Kushnir 1994, 

Bjerkens 1964, Yu et al. 2006). However, understanding the mechanisms for setting SST in 

an OGCM is complicated by different sources of error. These sources of error include 

uncertainty and biases in near-surface atmospheric variables (e.g., air temperature, humidity, 

wind), the procedures used in forcing an OGCM (e.g., different bulk formula 

parameterizations, damping or assimilation methods), treating atmosphere and ocean 

components as separated systems when in reality they are coupled, and the OGCM physical 

configuration itself. Separating and evaluating each source of error in determining SST is a 

complicated and important task.  

A limited number of numerical studies (e. g. Kara et al. 2009a&b, Wallcraft et al. 

2008) have been carried out to investigate the relation between these different error sources 

and their impact on the model SST field. For instance, Kara et al. (2009a) studied the relative 

impact of atmospheric forcing variables on the SST in a climatological cycle over the non-

ice covered global oceans. Using statistical metrics (root-mean-square, bias, skill), they 

showed that relative contributions from atmospheric components to SSTs varied regionally. 

For instance the SST seasonal cycle is driven primarily by shortwave radiation at mid 

latitudes but wind speed is the most significant controlling variable in the Indian Ocean 

(Kara et al. 2009a). In a study conducted by Kara et al. (2009b), changes in SST due to 

specific atmospheric forcing variables (near-surface air temperature, net shortwave radiation, 
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vapour mixing ratio, net longwave radiation, surface winds) were quantified. Kara et al. 

(2009b) showed that changes in SST were governed by near-surface air temperature, net 

shortwave radiation, and vapour mixing ratios, with regional variations in magnitude and 

sign.  

Wallcraft et al. (2008) studied the effect of bulk heat flux parameterization on model 

SST bias. They used the Hybrid Coordinate Ocean Model (HYCOM) global simulation and 

studied the implications of the bulk heat flux approach in the context of SST tendency 

towards observed SST or near surface temperature (Tair) over ice-free waters (mid and low 

latitudes). For this end, they forced their model using different Numerical Weather 

Prediction (NWP) products (i.e. the European Centre for Medium-Range Weather Forecasts 

(ECMWF) 15-year Re-Analysis (ERA-15), ECMWF 40-year Re-Analysis (ERA-40) and the 

Coordinated Ocean-ice Reference Experiment Corrected Normal Year  (CORE-CNY)). 

They found that the SST tends to follow observed surface temperature rather than near 

surface air temperature. Kara et al. (2009b) also noted that local geographical features 

contribute to SST bias and its climatological variation. Moreover, Brodeau et al. (2017) 

conducted sensitivity experiments to assess uncertainty associated with different bulk 

parameterization methods and assumptions used in bulk formulae. They found that transfer 

coefficients are the main uncertainty producers in air-sea flux estimations. There is typically 

a 10% difference in bulk transfer coefficients between the different bulk algorithms 

(Brodeau et al. 2017). Moreover, parameter assumptions (including choice of the ocean skin 

temperature or ocean near surface bulk temperature as SST and whether to consider salt 

effects in the near surface saturation humidity calculation or not) used in the bulk formula to 

calculate the turbulent and humidity heat fluxes can affect the results (turbulent and humidity 

heat fluxes) by 10% (Brodeau et al. 2017).  
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Sea surface temperature is connected to the formation of sea ice at high latitudes 

(Key et al. 1997, Deser et al. 2002) and imprints itself via near surface ocean-atmosphere 

heat flux exchanges (Deser et al. 2010). The accuracy of SST and thus heat flux is of 

particular importance for climate studies at high latitudes (Bourassa et al., 2013). As an 

example, a 1Wm-2 increase in the sea ice heat flux can melt 10 cm of sea ice thickness per 

year, a significant amount (Bourassa et al. 2013). Moreover, exchange fluxes are integral 

drivers of many ocean processes at high latitudes. This signifies the importance of an ocean 

ice model in computing a precise ocean SST and flux at high latitudes.  

 

Figure3.1 The bathymetry (m) and place names in the region of interest, Hudson Bay 

Complex. JB, HB, FB, HS, UB refers as James Bay, Hudson Bay, Foxe Basin, 

Hudson Strait and Ungava Bay, respectively. SI is for Southhampton Island and 
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circles show the near shore communities. (Black arrows show the summer surface 

circulation pattern of HB from Prinsenberg (1986)). 

The Hudson Bay Complex (HBC), comprised of Hudson Bay (HB), Hudson Strait 

(HS) and Foxe Basin (FB) is a shallow inland sea in North America (Figure3.1). HB is 

located between 51.2° and 70.4° N and -94.7° to -64.8° E. The average depth is 150 m, 

although it can reach depths of 250 m. HB is connected to the Arctic Ocean via FB at its 

northwest and to the Atlantic Ocean through HS at its northeast. The main circulation pattern 

in HB is cyclonic which carries cold fresh waters from FB plus runoff and river discharges 

around HB. It is fresher compared to neighbouring regions as around 760 km3 per year of 

freshwater enters HB before exiting via HS (Déry et al. 2011). 

The initial studies of SST and heat budget of HB were conducted by Danielson 

(1969) and Prinsenberg (1984). Prinsenberg (1984) showed that the summer surface heat 

flux of 117 × 1020 J is the dominant term in the total HB heat budget compared to the heat 

exchange from inflow and outflow, runoff and ice transport. This heat melts the annual ice 

cover and heats the water column to reach its summer average of 9 oC. Galbraith and 

Larouche (2011) investigated the coldest and warmest regions of HB during the warmest 

week of the year using satellite data. They showed that James Bay, west of HB (near 

Churchill), and east of Belcher Island are the warmest areas in HB while, the north of HB 

(Roes Welcome Sound channel), Belcher Island and northwest of HB are the coldest regions 

in summer (August). Singh et al. (2013) found a warming trend during a 29-yr study period 

in the Arctic, including HB, using satellite products. Saucier et al. (2004) also studied the 

HBC seasonal heat and ice coverage from a modelling perspective.  

The prominent characteristic of Hudson Bay is that it is mostly ice covered in the 

cold seasons and it becomes ice-free in August to September (Wang et al. 1994). Many 
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studies have shown a negative trend in ice cover duration in HB (Parkinson et al. 1999, 

Parkinson and Cavalieri 2008, Gagnon and Gough 2005, Galbraith and Larouche 2011, 

Hochheim and Barber 2010, Hochheim et al. 2010, Stirling and Parkinson 2006, Castro de la 

Guardia et al. (2017). For instance, examining 28 years of ice extent over Hudson Bay from 

1979 – 2006, Parkinson and Cavalieri (2008) showed a decrease in the annual ice extent of 

4500 ± 900 km2/year (-5.3 ± 1.1% per decade). Hochheim and Barber (2010) showed a 

decrease in sea ice concentration from −23.3% to −26.9% per decade, during 43 – 48th week 

of the year using the Canadian Ice Service data. Stirling and Parkinson (2006) showed an 

average 7 – 8 days earlier ice breakup time per decade in western HB. Castro de la Guardia 

et al. (2017) found a 3 ± 0.8 weeks increase in open water season in western HB during 1979 

- 2015 time period.  

A longer open water season due to earlier break-up and delayed freeze-up influences 

the atmosphere via different mechanisms including heat flux exchange. A decline in sea ice 

will increase the moisture and turbulent heat flux exchange between the ocean and 

atmosphere (Vihma, 2014). Prior to the onset of the cold season upward turbulent (sensible 

and latent) heat flux increases as the ocean releases heat to the atmosphere until the 

temperature drops to below freezing and ice starts to form. Moreover, increased air moisture 

would affect the atmospheric stability, cloud cover and precipitation (Vihma, 2014). Earlier 

melt further leads to lower albedo and consequently higher solar heat flux intake by ocean. 

In this work, the SST produced by the NEMO model driven with different 

atmospheric forcing, Canadian Meteorological Centre’s Global Deterministic Prediction 

System Reforecasts (CGRF) and Coordinated Ocean-ice Reference Experiment, version 2 

(CORE 2) and using different resolutions and runoff data (see table 1) are investigated. 

Given ice differences affect the heat fluxes we will focus our analysis on the ice-free months 
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of August to September. The other reason for this interval selection was due to higher SST 

bias compared to the ice covered periods.  We address two questions: 

•  Is there a correspondence in spatial patterns between air temperatures from different 

atmospheric forcings and model SST in HBC? In other words, does model SST tend 

towards Tair?   

• Considering the fact that heat flux captured by the model is a key parameter in the 

model SST calculation, how do different atmospheric forcings and model resolutions 

affect the heat flux and thus model SST output in HBC? What are the relative 

contributions of the heat flux components for each simulation?  

To address the first question, a Haney type physical boundary linearization formula 

(details in section 2.2; Haney, 1971) is used to normalize the temperature as a first order 

approximation for the total heat flux. Thus, we look at the patterns of SST and Tair produced 

by the bulk heat formula, which is proposed by Wallcraft et al. (2008). The HBC is located 

at higher latitudes, and thus was not included in the Wallcraft et al. (2008) study (mid and 

low latitudes). To address the second question, heat flux components are calculated and 

compared for each simulation. This will provide insight into how the model produces heat 

fluxes and how those heat fluxes would drive the simulated basin-scale SST. 

This paper is organized as follows. Section 3.2.1 discusses the methods of forcing an 

ocean model. Section 3.2.2 details the Haney type boundary linearization. Section 3.2.3 

introduces the NEMO ocean model used in this study and its simulations. Section 3.2.4 

explains the atmospheric forcings. Section 3.2.5 shows the statistic methods used to asses the 

SST. Section 3.3.1 discusses SST for different simulations and any correspondence between 

near surface air temperature and model SST patterns. Section 3.3.2 discusses the HBC heat 

flux for the model simulations, patterns of turbulent heat flux and near surface wind speed 
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and relative contributions of heat flux components (sensible, latent, longwave, shortwave) to 

the total heat flux difference and thus on the simulated SST. Conclusions and implications of 

this work are provided in Section 3.4. 

3.2 METHODS 

3.2.1 Model Flux Approaches 

Momentum (wind stress), heat (radiation and turbulent), and hydrological (precipitation and 

evaporation) exchange fluxes are used to drive OGCMs. As mentioned in Griffies et al. 

(2009), each approach (e.g., damping method, assimilating method and bulk flux method) 

used to drive an OGCM has both drawbacks and advantages. Even a perfect flux calculation 

would not provide closed global heat and freshwater budgets. Similarly, having closed heat 

and freshwater fluxes would not lead to precise SSTs agreeing with observations.  

Bulk heat fluxes were introduced and are commonly used by the numerical model 

communities as an alternative to assimilation and damping methods. There are different bulk 

flux parameterizations introduced by Smith (1988), Beljaars (1995), Fairal et al. (2003), 

Large and Yeager (2004 & 2009) and other studies, which are distinguished by different 

parameterizations including differences in producing the drag coefficients term. In this 

study, the heat flux formulae in equations 1 – 4 from Large and Yeager (2004) are used. 

𝑄!   =   Ʌ𝜌𝐶! 𝑞!"  –   𝑞! 𝑈!"  –   𝑈!                 (3.1) 

𝑄!   =   𝜌𝑐!𝐶!    𝑇!"   −   𝑇! 𝑈!"  –   𝑈!         (3.2) 

𝑄!   =   𝑄!      1  –   𝛼                                                                           (3.3)  

𝑄!   =   𝑄!     −   𝛿× 𝑇! !                                                         3.4  
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where, QE , QH , QS , and QL are latent heat flux, sensible heat flux, shortwave heat flux and 

longwave heat flux, respectively. 𝑈!", 𝑈!, T10, TS, q10 and qS are wind speed at 10m, surface 

current speed, temperature at 10m and ocean surface temperature, humidity at 10m and 

humidity at ocean surface, respectively. Ʌ = 2.5×106 J/kg is the latent heat of vaporization, 

QI is the solar insolation, QA is the downwelling longwave flux, α= 0.066 is the ocean 

albedo, δ is the Boltzmann constant, cp= 1000.5 J/(kg K) is specific heat of the air, ρ= 1.22 

kg/m3 is a near surface air density, CE is a transfer coefficient for evaporation, and finally CH 

is a transfer coefficient for sensible heat (Large and Yeager 2004). Generally, these fluxes 

are computed at each ocean-ice coupling time step using the bulk formulae described in 

Large and Yeager (2004 & 2009). Any changes in the ocean or atmosphere temperature 

would induce a response in the turbulent (sensible and latent) heat flux working to decrease 

this difference. However, differences in heat capacity between the ocean and the atmosphere 

induce a time lag in the response until the system achieves equilibrium. In this study the air-

sea fluxes are derived from bulk formulae (Large and Yeager, 2004) applied to atmospheric 

fields from two atmospheric reanalysis data sets, COREv2 and CGRF, with the prognostic 

NEMO model SST generated at 5-day intervals. To ensure consistency with COREv2 

atmospheric fields, the humidity and temperature variables in CGRF were transferred from a 

2-meter to 10-meter reference height by Monin-Obukhov parameterization theory (Large 

and Yeager, 2004). The atmospheric state variables as well as the model’s prognostic SST 

and surface currents determine the turbulent momentum, turbulent heat (sensible and latent), 

and turbulent moisture (evaporation) fluxes. In this work all the data are interpolated onto 

the ocean model grid.  

3.2.2  Haney-type condition 

The total air-sea heat flux defined in equation (3.5) is computed by summing the two 
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components of heat flux, radiative (longwave and shortwave heat flux) and turbulent (latent 

heat and sensible heat flux). 

𝑄!"#$%   =     𝑄!   +   𝑄!   +   𝑄! +   𝑄!              (3.5)  

Looking at the atmospheric forcing parameters like wind speed, near surface air 

temperature and humidity separately in different atmospheric forcing data set could not 

explicitly indicate their effect on the model SST. This is due to their nonlinear influences on 

the turbulent heat flux calculation including the turbulent transfer coefficients, which are 

influenced by the atmospheric stability condition, height and wind speed. For this reason, we 

cannot interpret the model bias by just looking at those parameters. Air temperature is the 

only parameter, which plays a role in three components of total heat flux including turbulent 

heat fluxes and with some assumption in the longwave radiation heat flux (Refer to Haney, 

1997). 

According to Haney (1971), heat flux can be linearized by considering the basic 

assumption that the ocean is in contact with an atmospheric equilibrium state, which is 

constant with time, and represented according to the equation (3.6). 

𝑄!"#$% =   𝜆   𝑇∗ − 𝑇!                   (3.6) 

Here T* is the apparent temperature, TS is sea surface temperature and λ is the 

coupling coefficient. T* and λ are dependent on time and space and can be computed from 

the atmospheric fields (Haney, 1971; Paiva and Chassignet, 2001). As noted by Chu et al. 

(1997) one can describe T* in the Haney formula as either Tair or  the climatological mean of 

SST observations. The former would be called the gradient-type condition and the latter as 

restoring-type condition. Also in Haney (1971), it was shown that T* could be similar to Tair 

at mid and high latitudes in contrast to low latitudes. Since our model doesn’t have any 



44 
 

restoring or assimilation, we will focus on the first case, the gradient-type condition. Here 

we consider T* as Tair to evaluate the effect of Tair on modelled SST via bulk heat flux 

parameterizations, and to determine in particular if modelled SST tends towards Tair.  

3.2.3 General features of NEMO model 

A regional configuration of the coupled ocean-sea-ice model, Nucleus for European 

Modelling of the Ocean (NEMO) (Madec and the NEMO team, 2008) version 3.4 has been 

used in this study. NEMO is a primitive, C-grid, 3D, hydrostatic ocean model coupled with 

an ice component. Its ice component, the Louvain-la-neuve Ice Model version 2 (LIM2), has 

an elastic-viscous-plastic (EVP) rheology (Hunke and Dukowicz, 1997, Timmermann et al. 

2005) with a single sea-ice category. The Arctic and Northern Hemisphere Atlantic (ANHA) 

configuration developed at the University of Alberta is used in the present study, with the 

Hudson Bay Complex as part of its model domain. It has 50 vertical levels with the highest 

resolution of ~1 m in the top 10 m. We use two resolutions, 1/4 degree (ANHA4 - e.g. 

Dukhovskoy et al., 2016, Gillard et al., 2016) and 1/12 degree (ANHA12 - e.g. Hu et al., 

2018; which we here refer to as CGRF-1/12). Despite the broader model domain, this paper 

will only present results for the Hudson Bay Complex, as it is part of the BaySys Project, 

whose focus in the HBC. Within the HBC, the resolution ranges from 12 to 18 km in 

ANHA4 and 3 to 6 km for ANHA12. Highest resolution is in the north, with coarsest to the 

south. The model is initialized with the 3D temperature, salinity, and horizontal velocities 

and 2D sea surface height and sea ice from the product of GLobal Ocean physical 

ReanalYsis (GLORYS2v3) (Masina et al. 2015) on a tripolar ORCA025 (1/4°) (Bernard et 

al. 2006) grid resolution. There is no surface relaxation for either temperature or salinity. 

Open boundary data (temperature, salinity, and ocean velocities) are taken from 

GLORYS2v3. Table 1 represents characteristics of the simulations used in this study. Runoff 
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data comes from the Dai and Trenberth data set (Dai and Trenberth 2009) and an integrated 

HYdrological Predictions for the Environment (HYPE) (Lindström et al 2010) data set 

consisting of modelled streamflow for the Hudson Bay Complex and observations. The 

HYPE model is being used for the BaySys project, whose ultimate goal is to unentangle the 

role of climate change and regulation on the Hudson Bay Complex. The HYPE model 

simulates stream flow for 398 streams and rivers draining into the HBC. Further details on 

the BaySys HYPE simulations as well as further evaluation of the ANHA configuration in 

the Hudson Bay Complex can be found in a manuscript looking at the freshwater dynamics 

of the region (Ridenour et al., 2018, in preparation). 

Table3.1 Characteristics of different simulations used in this study. Time period is 

2002 to 2009. 

Simulation Atmospheric 
forcing 

Atmospheric forcing 
resolution 

Runoff Model Resolution 

(HBC) 

CGRF CGRF 33 km, 1 hourly Dai and Trenberth 12-18km 

CORE 2 COREv2 200 km, 6 hourly Dai and Trenberth 12-18km 

CGRF-H CGRF 33 km, 1 hourly HYPE (HBC), 
Dai and Trenberth 
(outside HBC) 

12-18km 

CGRF-1/12 CGRF 33 km, 1 hourly Dai and Trenberth 3-6 km 
 

3.2.4 Atmospheric Forcing 

 Atmospheric fields used in the model are from two atmospheric forcing data sets, Canadian 

Meteorological Centre’s (CMC) global deterministic prediction system (GDPS) Reforecasts 

(CGRF) and Coordinated Ocean-ice Reference Experiments (COREs) CORE version 2. 

CORE was first introduced by the CLIVAR Working Group on Ocean Model Development 

(WGOMD) to provide a unique atmospheric forcing (Griffies et al. 2009, Large and Yeager 

2009). These data sets then were used in ocean-ice model experiment comparisons (Griffies 
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et al. 2009). The first phase of CORE uses a one-year repeating cycle of forcing, referred to 

as normal year forcing (NYF) (Griffies et al. 2009). The second phase of CORE, CORE-II, 

uses inter-annually varying atmospheric forcing (IAF) from the Large and Yeager (2009) 

data set over the 62-year period from 1948 to 2009 (Griffies et al. 2009). It consists of a 

reanalysis product set on a T62 grid (roughly 200-km grid spacing) from NCEP/NCAR 

(Griffies et al. 2009). Reanalysis atmospheric states include 6-hourly 10 m air density, 10 m 

specific humidity, sea level pressure, 10 m air temperature, 10 m U wind, 10 m V wind. 

Shortwave and longwave radiation comes in daily average and precipitation has monthly 

resolution. CGRF includes model reforecasts from operational analyses, and provides hourly 

atmospheric forcing fields for the period 2002–2016. Although there are some limitations 

including the fact that it does not benefit from the reprocessing and use of additional data 

sets and it’s not available at the time the operational analyses were produced, it has higher 

resolution (33 km) than other reanalysis products (Smith et. al, 2014). To produce the CGRF 

data set, a forecasting model runs for 30 h and its 6 first hours are excluded as the model 

spin up period. The surface boundary conditions including SST and sea ice concentration are 

kept constant for each 30 h reforecast run (Smith et. al, 2014).  

Figure 3.2 shows comparisons between time series of meteorological surface layer 

parameters from the two reanalysis data sets, CORE 2 and CGRF over HBC. Although there 

are discrepancies and biases in near surface atmospheric fields from different reanalysis data 

sets (Betts et al. 2006, Large and Yeager 2008, Reichler and Kim 2008, Brodeau et al. 2010, 

Brunke et al. 2011, Chaudhuri et al. 2013, Smith et al. 2014), which can modify the model 

variability and model equilibrium state (Smith et al. 2014, Brodeau et al. 2010), our focus is 

not on comparing each atmospheric forcing parameter from reanalysis data sets. Results 

show a good consistency between CGRF and CORE 2 surface parameters in terms of 

interannual variability. Nevertheless there are some inconsistencies in the near surface 
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humidity, wind speed and shortwave radiation values. According to figure 3.2, wind speed 

for CGRF is on average 0.4 m/s larger than CORE 2 in the HBC while, humidity and 

shortwave radiation for CORE 2 are on average 0.05×10-2 g/kg and 8.7 W/m2 larger than 

CGRF, respectively.  

3.2.5  Data Analysis 

In this study different techniques are used to assess the simulated model SST versus 

observational data. Bias of the mean (B) and Root Mean Square Error (RMSE) are defined 

as follows: 

  𝐵 =
1
𝑁 (𝑀! − 𝑂!)

!

!!!

              (3.7) 

𝑅𝑀𝑆𝐸 =   
1
𝑁 (𝑀! − 𝑂!   )!

!

!!!

                  (3.8) 

where N is the number of data points for each grid cell in HBC over 2002 to 2009. The Mi 

and Oi are the SST at the ith time step for model data and observation data, respectively. 

RMSE was used so that the positive and negative biases do not cancel each other out.  

In addition to the bias and RMSE, the Willmott skill parameter (Willmott, 1982) is 

used to assess the accuracy of model. This parameter is defined by considering the model 

and observation deviations from the observation mean as follows: 

𝑊𝑆 = 1−   
𝑀! − 𝑂!    !!

!!!

|𝑀! − 𝑂 + 𝑂! − 𝑂 !!
!!!

                    (3.9) 

where 𝑂 is the observation mean. A skill parameter of one represents a perfect match 

between model and observation.   
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Figure3.2 Time series of the atmospheric forcing components averaged over the HBC 

from 2002-2009 for CGRF (blue) and CORE 2 (red) atmospheric forcing data sets, a) 

Temperature at 2 m (CGRF) and 10 m (CORE 2) height b) Humidity at 2 m (CGRF) 

and 10 m (CORE 2) height c) Wind speed at 10 m height d) Downwelling longwave 

radiation e) Downwelling shortwave radiation flux. 
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For the comparison between all four simulations we used satellite data from the 

Optimum Interpolation SST (OISST) Version 2 data set (Reynolds et al. 2007) which is 

available from  National Oceanic and Atmospheric Administration (NOAA) Earth System 

Research Laboratory Physical Science Division (ESRL/PSD). The OISST data set has been 

used in many climatological and modeling studies (e.g., Artale et al., 2010; De Szoeke and 

Xie, 2008 and Singh et al., 2013) due to its good temporal and spatial coverage.  

These are daily SST records (one daily value for each pixel), with spatial resolution 

of 0.25° × 0.25° degree (~ 25 kilometers) based on the combination of two passive satellite 

data set, the Advanced Very High Resolution Radiometer (AVHRR) infrared satellite and 

Advanced Microwave Scanning Radiometer on the Earth Observing System (AMSR-E) plus 

SST observations from ships and buoys. For ice covered areas the proxy SSTs generated 

from sea ice concentrations are used. A full description of data processing methods can be 

found in Reynolds et al. (2007). 

3.3 RESULTS AND DISCUSSION  

3.3.1  Sea surface temperature (SST)  

Figure 3.3 shows the SST monthly mean time series over the HBC from 2002 to 

2009. In general, the time series shows higher SST bias for all simulations in summer with 

largest bias for CGRF.  In winter and during ice covered months, there is not a significant 

SST difference between the simulations due to the freezing temperatures under the ice. The 

averaged summer HBC temperature in August and September from observations is 5.2 oC, 

while the simulated temperatures for COREv2 and CGRF are 5.1 oC, 4.1 oC, respectively. 

Since the CGRF–H and CGRF-1/12 time series follow the CGRF run for simplicity they are 
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not plotted in this figure. Hereafter in this paper August and September will generally be 

considered and mentioned as summer. 

 

Figure3.3 SST time series over the HBC for CGRF (blue) and CORE 2 (red) 

simulations (top level) and satellite (green) from 2002 to 2009 

This is due to the large bias observed in August and September relative to the other 

summer months, and due to the presence of ice in July for some years. The difference 

between model SSTs increases during the Hudson Bay ice breakup (June to mid-July, 

Gagnon and Gough, 2005) and reaches a maximum in August and September. The time 

series shows higher SST for CORE 2 compared to CGRF over the HBC. To look more 

precisely at the simulated SSTs, spatial maps of SST (figure 3.4) and bias, RMSE and 

Willmott skill score (Figure 3.5) are represented. 

Figure 3.4 shows the summer SST over the HBC averaged from 2002 to 2009 for 

each simulation product and also observations. All four simulations tend to follow the 

observed SST pattern, showing higher temperatures in James Bay and lower temperatures in 

the north of HB in HS and FB. These spatial characteristics are common in each simulation 
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and are consistent with the observations. There are some inconsistencies as well. At large 

scales, in central HB, SST is approximately 4 oC colder than observations. Moreover for the 

coastal areas in the northwestern and southwestern part of Hudson Bay and north of Belcher 

Island in HB, around the Prince Charles Island in HS and around Ungava Bay south west of 

HS, all simulations show higher temperatures compared to observations. There is not a 

similar pattern along the eastern shore of HB (higher model temperatures than observation). 

Galbraith and Larouche (2011) hypothesized that vertical mixing over shallow banks due to 

tides contribute to this surface cold-water behaviour around the north part of the Belcher 

Island. One hypothesis about not capturing this cold region in the simulations could be due 

to the lack of tides in these four simulations.  

 

Figure3.4 Mean averaged sea surface temperature for August and September 2002-2009 

for model experiments (a) CORE 2 (b) CGRF (c) CGRF-H (d) CGRF-1/12 and from 

(e) satellite.  
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Figure 3.5 better captures the differences between the model simulations and 

observations. Comparing the CORE 2 and CGRF simulations, the CGRF shows a negative 

bias (between -0.5 °C and -1.5 °C) while CORE 2 shows a positive bias (between 0 °C and 1 

°C) in the centre of the FB. The sea ice concentration map (figure 6) can explain this 

opposite bias sign, as there is still ice in this region for the CGRF run in August, compared 

with satellite observation.  

 

Figure3.5 Averaged SST comparisons (Bias, RMSE and Willmott skill score) of model 

experiments (a) CORE 2 (b) CGRF (c) CGRF-H (d) CGRF-1/12 with satellite for 

August and September 2002-2009. 
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The positive bias pattern for both CGRF and CORE 2 are similar over HS, the 

western shore of HB, northeast of Belcher Island and in James Bay, with larger bias for 

CORE 2. Moving from the coast towards the centre of the HBC, both simulations start to 

show a negative bias. This negative cold bias pattern is dominant over the central areas of 

HB and is more extended in the CGRF run.  

The CORE 2 experiment has smaller RMSE (between 0 oC and 1 oC) compared to 

CGRF with RMSE values between 1 °C and 2 °C in the centre of FB (Figure 3.5). While 

CGRF has smaller RMSE values around the coastlines of FB. In HS, CORE 2 has slightly 

smaller RMSE than CGRF. The Willmott skill score map clearly shows this point. In 

Ungava Bay the CGRF simulations have lower RMSE values. In HB moving offshore the 

RMSE increases in both simulations, where CGRF has larger RMSE than CORE 2.  

However, in James Bay CGRF shows smaller RMSE. The Willmott skill score map in 

Figure 3.5 follows the pattern in RMSE. Moreover, this parameter clearly shows that CORE 

2 has better performance in the centre of HS. Comparing the three CGRF forced simulations, 

it is clear that they show the same pattern of bias, RMSE, and Willmott skill score. 

Generally the CGRF-H is very similar to the CGRF except in offshore of the 

Churchill region where the CGRF-H has lower SST (about 1.5 oC colder).  In this region, the 

CGRF-H simulation has more negative bias, higher RMSE, and smaller Willmott skill score. 

Differences between the simulated CGRF and CGRF-H SSTs may be attributed to 

uncertainty in measurements (as documented in Déry et al., 2011) associated with 

observations incorporated into the HYPE data set. Additional comparison of NEMO output 

with observations can be found in an evaluation paper for the Hudson Bay Complex 

(Ridenour et al., in preparation). Comparing the CGRF and CGRF-1/12 SST maps (figure 

3.4 b and d), the overall pattern is the same with slight difference at northwest of HB, 
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northeast of Belcher Islands and along the HS (CGRF-1/12 shows slightly lower temperature 

compared with CGRF). It can be seen that these slight differences are mostly visible around 

the islands. This is consistent with Hu et al (2018), who found the main simulated sea ice 

difference in terms of model resolution in the Canadian Arctic being related to the 

improvements in coastline. In the northeast of Belcher Islands, the CGRF-1/12 has smaller 

bias and RMSE.  Along the HS north of Ungava Bay, the CGRF-1/12 has smaller RMSE 

and larger Willmott skill score.  In HB the CGRF-1/12 has more negative bias (about -1oC), 

higher RMSE and smaller Willmott skill score offshore of the Churchill area.  As a result, it 

can be concluded that increasing model resolution has low impact on SST in HBC. This 

result is aligned with other studies including O’Neill et al. (2012) for SST in Liverpool Bay 

and Irish Sea, and Hu et al. (2018) for sea ice thickness in the Canadian Arctic Archipelago.  

 

Figure3.6 August sea ice concentration over HBC averaged from 2002 to 2009 for 

model experiments (a) CORE 2 (b) CGRF  

Following the work of Wallcraft et al. (2008) and Haney (1971), we investigate the 

impact of near surface air temperature from atmospheric forcings on model SST simulated 

via a bulk heat flux formula. This is to answer the question that if there is any meaningful 

correspondence between NEMO SST and Tair. In other words, do NEMO SSTs in HBC 

capture a direct influence of Tair from the atmospheric forcing in its final SST output? 



55 
 

Although SST in NEMO does not assimilate or drift to observed SST, in a study conducted 

by Wallcraft et al. (2008) (where the same approach was used to generate SST), it is noted 

that there is a strong linear relationship between Tair and SST from reanalysis data 

introducing ocean information in heat flux formulations. To this end, we first look at if the 

NEMO mean SST error patterns resemble the Tair – SSTmodel  patterns for the given forcing 

product. Tair – SSTmodel  is the linearized part of temperature term in the Haney (1971) heat 

flux assumption. Figure 3.7 shows the least square line between SST biases and (Tair – 

SSTmodel) for each Tair from the CORE 2 and CGRF atmospheric forcing during summer. The 

CGRF model shows a correlation coefficient -0.62 at a confidence level exceeding 99% 

(p=0.0000) while the CORE 2 model has a correlation coefficient -0.21 at a confidence level 

exceeding 95% (p=0.0368).  

 

Figure3.7 Scatter plot of Tair – SSTmodel versus SST bias for each 5 days model interval 

of August and September 2002-2009 over HBC. Blue circles are related to CGRF 

experiment and red triangles are related to CORE 2 experiment. (The linear lines are 

calculated based on the least square). 
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These results are in line with the Wallcraft et al. (2008) study showing correlations of 

0.45, 0.25, -0.28 for ERA-15, ERA-40 and CORE-CNY, respectively. The authors speculate 

that one reason for having higher correlation between SST biases and Tair – SSTmodel in the 

CGRF model might be the effect of higher temporal and spatial resolution in the CGRF 

forcing (33 km, hourly) compared to CORE 2 (200 km, 6 hourly). Another reason could be 

the fact that the air temperature for the CGRF is provided at a level of two meters while for 

the CORE 2 the air temperature is at ten meters. 

 

Figure3.8 Scatter plot of difference between Tair versus difference between SST for each 

5day model interval of August and September 2002-2009 over HBC. (The linear line 

is calculated based on the Least Square). 

Further investigation of the effect of near surface temperature on model SST is 

depicted in figure 3.8. It shows the difference between summer averaged Tair from two 

atmospheric forcings (CGRF and COREv2) and the difference between SSTs simulated by 

forcing the NEMO model. As stated by Wallcraft (2008), if the simulated SST is constrained 
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by Tair, then the difference between Tair from any atmospheric forcing should yield a 

comparable difference in the output of the simulated model SST. 

 

Figure3.9 Scatter plot of Tair versus SST for each 5-day model interval of August and 

September 2002-2009 over HBC. (The linear line is calculated based on the least 

square). 

However, figure 3.8 shows that this is not the case. There is a small correlation -0.11 

between CORE 2 and CGRF Tair difference and their corresponding simulated SSTs. This 

result is consistent with the Wallcraft et al. (2008) that showed a correlation of  -0.36 

between the ERA-40 and CORE-CNY. 
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Figure 3.9 shows the model SST versus the near surface air temperature for both 

simulations. From this figure it can be seen that there is a correlation of 0.45 and 0.52 

between model SST and the near surface air temperature for CGRF and CORE 2 

simulations, respectively. A correlation value of 0.70 is considered to be significant in this 

study based on Wallcraft et al. (2008). Therefore, it can be concluded that the models SST 

does not damp to near surface air temperature.   

In summary, both model-forcing comparisons to quantify the effect of Tair on model 

heat flux parameterization and consequently on SST output do not show any direct 

contribution or meaningful pattern or correspondence over the study region. This is similar 

to the results found by Wallcraft et al. (2008). 

3.3.2  Heat Flux 

In order to understand more about the model bulk flux parameterization function, we 

calculate the heat flux components following Large and Yeager (2004). Figure 3.10 shows 

the total heat flux (averaged for August and September) over the HBC region. 
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Figure3.10 Averaged heat flux from August and September 2002-2009 for model 

experiments (a) CORE 2 (b) CGRF (c) CGRF-H (d) CGRF-1/12.  

The net heat flux produced by the three CGRF forcing simulations is larger than the 

net heat flux generated by the CORE 2 simulation while CGRF simulations have lower SST 

values than the CORE 2 simulation (see figures 3.3&3.4). This is the result of the bulk heat 

flux model parameterization, tending to reduce the model SST bias from observation. When 

the model shows higher (lower) SST compared to observation, it will produce lower (higher) 

heat flux to damp the SST (Wallcraft et al. 2008).  

The time series of summer heat flux averaged over the HBC for each component of 

the heat flux is shown in Figure 3.11.  
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Figure3.11 Summer (A for August and S for September) heat flux averaged in HBC from 

2002 to 2009, top row: net heat flux QNet , middle row: latent heat flux QE and 

sensible heat flux QH, bottom row: longwave heat flux QL and shortwave heat flux 

QS (E). Dashed red line and solid blue line refer to CORE 2 and CGRF simulations, 

respectively. 

Here, the sign convention for heat flux is positive when heat is added to the ocean 

and negative when it is removed from the ocean. Shortwave heat flux (Figure 11) is the 

prominent contributor in summer heat gain by the sea surface compared to the turbulent and 

longwave heat fluxes, which is in line with the observation study by Danielson (1969). 

Maximum total heat gain reaches 120 Wm-2 in August and decreases to approximately -20 
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Wm-2 in September (Figure 3.11). Similar to the map of heat fluxes (see figure 3.10), total 

heat flux time series for CGRF run shows larger values than CORE 2. As can be inferred 

from Figure 3.11, longwave fluxes represent a significant contribution in the net heat flux 

differences between the two simulations and table 3.2 quantifies these contributions. 

Considering the fact that the longwave heat flux always has negative values (it goes out of 

the ocean) and from equation 4, for the same QA (see figure 3.2) the model that has smaller 

values of longwave flux should provide smaller SSTs. 

Table3.2 Difference in summer averaged heat flux between CGRF and CORE 2 

simulation over HBC from 2002 to 2009  

Difference between CGRF and 

CORE 2 flux 

Averaged value over Hudson Bay summer 

2002 to 2009 

 Latent heat flux QE 0.85 (wm-2) 

Sensible heat flux QH 2.79 (wm-2) 

Longwave heat flux QL 7.85 (wm-2) 

Shortwave heat flux QS -0.98 (wm-2) 

Net heat flux QNet 10.52 (wm-2) 

 

3.4 CONCLUSIONS 

This study, part of the BaySys project to look at freshwater marine coupling in the 

Hudson Bay Complex, provides insight on the sensitivity of the NEMO OGCM to the choice 

of surface forcing over our region of interest, the Hudson Bay Complex.  The SST from four 

model simulations was analysed for the summer months of August and September between 

2002 to 2009 as their SST difference from observations was maximum at this time. From a 

spatial point of view, all four simulations show consistency with observations, with higher 

temperature in James Bay and lower temperature in the north of HBC at HS and FB. 
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Considering the spatial map of SST compared to observation, CGRF simulations show more 

negative bias, higher RMSE and smaller Willmott skill score values in the center of HB. By 

contrast, the CORE 2 simulation shows more positive bias values, higher RMSE and smaller 

Willmott skill score values in James Bay, Ungava Bay and offshore in Foxe Basin. 

Comparing the three CGRF simulations, they generally showed the same pattern of bias, 

RMSE, and Willmott skill score. A slight difference exists offshore of the Churchill area 

between CGRF and CGRF-H runs. The CGRF-H simulation has more negative bias (about 

1.5 oC), higher RMSE, and smaller Willmott skill scores than CGRF run, offshore of the 

Churchill area. This difference implies the effect of different runoff data in forcing the 

model. The CGRF-1/12 has the same pattern as CGRF except offshore of the Churchill 

region and around the islands including the northeast of Belcher Islands and along the HS 

(CGRF-1/12 shows slightly lower temperature compared with CGRF).  

In consideration of the first research question, namely to better understand the effect 

of Tair on NEMO simulated SSTs, three analyses were performed. First considering the 

Haney flux formula linearization we looked at if the NEMO mean SST error patterns 

resemble the Tair – SSTmodel  patterns for a given forcing product. The least square line 

between SST biases and (Tair – SSTmodel) for each Tair from CORE 2 and CGRF atmospheric 

forcing (Figure 3.7) shows a small negative correlation. Nevertheless, CGRF shows higher 

correlation (-0.62) than CORE 2 (-0.21), implying the effect of higher temporal and spatial 

resolution of CGRF forcing (33 km, hourly) compared to CORE 2 (200 km, 6 hourly) and 

perhaps the effect of their different Tair levels (2 m for CGRF and 10 m for CORE 2) on 

model SST. Second, the difference between Tair for the two atmospheric forcing (CGRF and 

COREv2) and the difference between SST’s simulated by forcing the NEMO model with 

each of them was investigated in figure 3.8. Results show a small (-0.11) correlation between 
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CORE 2 and CGRF Tair difference and their associated simulated SSTs differences. This 

rejects the hypothesis that if Tair has a dominant effect on model simulated SSTs then the 

difference in Tair should produce the same difference in SST. Moreover, we showed that for 

both simulations there is not a strong correlation between Tair from the atmospheric forcings 

and SSTs generated by the model, which implies that the model SST is not damped to Tair. 

These results in a seasonally ice covered region follow the Wallcraft et al. (2008) study over 

the ice-free oceans. 

In consideration of the second research question, namely looking at the total heat flux 

as the main component in setting SST, our results show from both the total heat flux map 

and the averaged time series that the net heat flux produced by the three CGRF simulations 

is larger than the net heat flux generated by the CORE 2 simulation. Shortwave heat flux in 

summer has the largest contribution to the total heat flux and can reach up to 120 W/m2 in 

August. These results lead to correspondingly colder SST model values for CGRF, and 

warmer SST for CORE 2. Results further demonstrate that differences in SST for the CORE 

2 and CGRF simulations are due primarily to longwave heat flux differences. Results from 

this analysis highlight the sensitivity of the NEMO model in HBC to atmospheric forcing in 

particular, with low impact from runoff and model resolution, and contribute to our 

understanding of modeled SST and its parameterization at high latitudes. 
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 CHAPTER 4: HUDSON BAY COMPLEX DYNAMIC AND 

THERMODYNAMIC SEA ICE REGIMES FROM AN OCEAN-ICE 

MODEL: SURFACE AND OCEAN HEAT FLUX AND WIND STRESS 

IMPACTS 
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Abstract 

The seasonal cycle of sea ice variability in the Hudson Bay Complex (HBC), 

together with the dynamic and thermodynamic processes that control it, are examined using 

the NEMO (Nucleus for European Modelling of the Ocean) numerical framework and its ice 

component, the Louvain-la-neuve Ice Model version 2 (LIM2) from 2002 to 2009. NEMO 

was forced with two atmospheric forcing sets of different resolutions, Coordinated Ocean-

ice Reference Experiment, version 2 (CORE 2) as the lower resolution and Canadian 

Meteorological Centre’s Global Deterministic Prediction System Reforecasts (CGRF) as the 

higher resolution atmospheric forcing. The simulated sea ice seasonal fields including sea ice 

area, concentration and thickness are comparable with the satellite observations. Results 
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show that the thermodynamic tendency fluctuations are the dominant term in the total ice 

tendency variations for both simulations and for all HBC regions and the dynamic term plays 

a minor role in the total ice thickness tendency. Seasonal maps of spatial contributions 

confirm these results. The sea ice energy budget reveals that the thermodynamic ice 

thickness changes are dominated by the surface energy flux while the ocean heat flux has a 

secondary role through October, November, December and January. Also there is a 

correspondence between the wind stress and the sea ice dynamic tendency in HBC, which 

indicate the contribution of wind stress on the sea ice dynamic fluctuations. Looking to the 

components of the surface heat flux in winter it shows that both simulations have a negative 

total heat flux (-30 Wm-2) over the HBC with larger heat flux release in northwest of HB, 

north of FB and around the coastlines of HS. These coastline areas, especially the northwest 

of HB are regions of open water and polynya activity due to prevailing winds and therefore 

the sources of escaping sensible heat flux. Moreover, it was shown that for both simulations 

sensible and longwave heat fluxes have the most impact on the total surface heat flux. 

4.1 Introduction 

The Hudson Bay Complex (HBC), comprised of Hudson Bay (HB), Hudson Strait 

(HS) and Foxe Basin (FB) (figure 4.1) is a subarctic shallow inland sea, which is fully ice 

covered during cold seasons in contrast to other water masses at the same latitude (e.g., 

Labrador Sea, Baffin Bay) (Wang et al., 1994a). Due to narrow passages (Fury and Hecla 

Strait from north and Hudson Strait from northeast) to large oceanic systems, sea ice 

production and dissipation is associated with the HBC circulation system and atmospheric 

forcings and not to large-scale oceanic system forcing (Wang et al., 1994a, Mysak et al., 

1996, Qian et al., 2008). Wang et al. (1994a) found a response in the sea ice cover to two 

large-scale atmospheric circulation features, the North Atlantic Oscillation (NAO) and the 
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Southern Oscillation (SO). Sea ice starts to form in late November and reaches its maximum 

in April. Ice starts to melt from May and the region becomes ice-free during August and 

September (Danielson 1971). The prevailing wind pattern is northwesterly and the main 

pattern of HBC water system circulation is cyclonic. Primary studies of HBC sea ice and 

climate can be found in Danielson (1971), Prinsenberg (1986, 1988). Previous studies 

indicate that HBC sea ice is decreasing over time (Parkinson et al. 1999, Parkinson and 

Cavalieri 2008, Gagnon and Gough 2005, Galbraith and Larouche 2011, Hochheim and 

Barber 2010, Hochheim et al. 2010, Stirling and Parkinson 2006, Castro de la Guardia et al. 

2017). For instance, Parkinson and Cavalieri (2008) showed a decrease in annual ice extent 

of 4500 ± 900 km2/year (-5.3 ± 1.1% per decade) over 1979-2006. Hochheim and Barber 

(2010) showed a decrease in sea ice concentration from −23.3% to −26.9% per decade, 

during the 43 – 48th week of the year using the Canadian Ice Service data. Stirling and 

Parkinson (2006) showed an average 7 – 8 days earlier ice breakup time per decade in 

western HB. Castro de la Guardia et al. (2017) found a 3 ± 0.8 week increase in open water 

season in western HB during 1979 - 2015 time period. In addition, with the aid of ocean ice 

model projections, Joly et al. (2011) showed a decrease in the HB sea ice season of 7 to 9 

weeks. 

These spatial and temporal changes in HBC sea ice patterns affect the HBC climate 

and habitat. Regehr et al. (2007) and Stirling et al. (1999) found a correlation between early 

ice breakup due to climate warming in western HB and a decline in polar bear populations. 

Polar bears use sea ice as a platform to forge for seals. Likewise, marine transportation in 

HB is affected by the sea ice presence and its timing (Andrews et al. 2007).  

As mentioned above, many studies looked at the HBC sea ice extent or concentration 

but there are limited studies of HBC sea ice thickness. HB sea ice thickness is reported to be 
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approximately 1.50 m by Danielson (1971). Using 15 years of ice thickness observations 

from costal stations, Markham (1981) provided a map of HBC maximum sea ice thickness, 

with average thickness of (1.6 m), lower thickness in southern James Bay (1 m) and larger 

thickness in northern Hudson Bay (2 m). Later, using ice-drilling measurements in near-

shore meteorological stations around the HBC, Gagnon and Gough (2006) found an average 

maximum sea-ice thickness of 175 cm in Hudson Bay, which ranged from 93 cm to 237 cm. 

They also found a west to east increase in ice thickness due to prevailing north westerly 

winds which enhance ice movement and drift toward the east of HB. Similarly, Landy et al. 

(2017) found a 40 cm thicker sea ice in eastern HB compared to northwestern regions using 

satellite altimeter measurements.  

The harshness of the high latitude environment and high expense of in situ 

observations led scientists to use mathematical and physical models to get a thorough image 

of oceanic characteristics including sea ice and its spatial and temporal variations. There are 

some modeling studies over the HBC reproducing the sea ice variability (e.g., thickness, 

concentration) via coupled ocean-ice model including those by Wang et al. (1994b), Saucier 

and Dionne (1998), Saucier et al., (2004), and Joly et al. (2011). These studies are different 

as they utilize different model physical and numerical characteristics and schematics. 

The purpose of this study is to quantify the seasonal sea ice thickness patterns due to 

dynamic and thermodynamic terms, and the processes associated with their seasonal 

variation over the HBC, utilizing an ocean-ice model. Also, a comparison of differences in 

seasonal sea ice regimes between the two simulations with different atmospheric forcings 

(CGRF and CORE2) demonstrates model sensitivity to atmospheric forcing from the 

perspective of the sea ice thermodynamic and dynamic contributions to sea ice thickness in 

the HBC.  
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Figure4.1 The bathymetry (m) and place names in the region of interest, Hudson Bay 

Complex. JB, HB, FB, HS, UB refers to James Bay, Hudson Bay, Foxe Basin, 

Hudson Strait and Ungava Bay, respectively. SI is for Southhampton Island and 

circles show the near shore communities. (Black arrows show the summer surface 

circulation pattern of HB from Prinsenberg (1986). 

This paper is organized as follows: section 4.2 introduces the ocean-ice model and 

the two simulations used in this study. Section 4.3 explains how well the model represents 

sea ice area, concentration and thickness compared to observations. Section 4.4 discusses the 

spatial and time series of HBC seasonal sea ice dynamic and thermodynamic thickness 

tendencies. Section 4.5 looks at the components that influence the thermodynamic and 
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dynamic tendencies: ocean-ice heat flux exchanges and wind stress. Conclusions and 

implications of this work are provided in Section 4.6. 

4.2 Model description 

A regional configuration of the coupled ocean and sea ice model, Nucleus for 

European Modelling of the Ocean (NEMO) (Madec and the NEMO team, 2008) version 3.4 

has been used in this study. NEMO is a primitive, C-grid, three dimensional (3D), 

hydrostatic ocean model coupled with a sea ice component. Its ice component, the Louvain-

la-neuve Ice Model version 2 (LIM2), has an elastic-viscous-plastic (EVP) rheology (Hunke 

and Dukowicz, 1997, Timmermann et al. 2005) including both thermodynamic and dynamic 

components (Fichefet and Maqueda, 1997) with a single sea-ice category. It is based on the 

three-layer model (one snow layer and two ice layers with equal thickness) introduced by 

Semtner Jr. (1976) with two sea ice thickness categories (mean thickness and open water). 

An Arctic configuration of NEMO used in the present study encompasses the Hudson Bay 

Complex as part of its ocean domain. It has 50 vertical levels with the highest resolution of 

~1 m in the top 10 m. Within the HBC, the horizontal resolution changes from 18 km in the 

south and center and increases to 12 km in the north. The model is initialized with 3D 

temperature, salinity, and horizontal velocities and 2D sea surface height and sea ice from 

the product of GLobal Ocean physical ReanalYsis (GLORYS2v3) (Masina et al. 2017) on a 

tripolar ORCA025 (1/4°) (Bernard et al. 2006) grid. There is no surface relaxation for either 

temperature or salinity. Open boundary data (temperature, salinity, and ocean velocities) are 

taken from GLORYS2v3. Runoff data are from the Dai and Trenberth dataset (Dai and 

Trenberth 2009). The two simulations used in this study are named as their source of 

atmospheric forcings (CGRF, COREv2), as the only difference in the experiments coms 
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from the atmospheric forcing. Table 1 represents characteristics of the simulations used in 

this study.  

Atmospheric fields used in forcing the NEMO model are from two atmospheric 

forcing datasets, the Canadian Meteorological Centre’s (CMC) global deterministic 

prediction system (GDPS) Reforecasts (CGRF) and Coordinated Ocean-ice Reference 

Experiments (COREs) CORE version 2. CORE was first introduced by the CLIVAR 

Working Group on Ocean Model Development (WGOMD) to provide a unique atmospheric 

forcing (Griffies et al. 2009, Large and Yeager 2009). These data sets then were used in 

ocean-ice model experiment comparisons (Griffies et al. 2009). The first phase of the CORE 

uses one-year repeating cycle of forcing, referred to as normal year forcing (NYF) (Griffies 

et al. 2009). The second phase of CORE, CORE-II, uses inter-annually varying atmospheric 

forcing (IAF) from the Large and Yeager (2009) data set over the 62-year period from 1948 

to 2009 (Griffies et al. 2009). It consists of a reanalysis product set on a T62 grid (roughly 

200-km grid spacing) from NCEP/NCAR (Griffies et al. 2009). Reanalysis atmospheric 

states include 6-hourly 10 m air density, 10 m specific humidity, sea level pressure, 10 m air 

temperature, 10 m U wind, 10 m V wind. Shortwave and longwave radiation comes in daily 

interval and precipitation has monthly resolution. CGRF includes model reforecasts from 

operational analyses, and provides hourly atmospheric forcing fields for the period 2002–

2016 and has higher resolution (33 km) than other reanalysis products (Smith et. al, 2014). 

To produce the CGRF data set, a forecasting model runs for 30 h and its 6 first hours would 

be excluded as the model spin up period. The surface boundary conditions including SST 

and sea ice concentration are kept constant for each 30 h reforecast run (Smith et. al, 2014).  
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Table4.1 Characteristics of different simulations used in this study. Time period is 

2002 to 2009. 

Simulation Atmospheric 

forcing 

Atmospheric forcing 

resolution 

Runoff Model Resolution 

(HBC) 

CGRF CGRF 33 km, 1 hourly Dai and 

Trenberth  

12-18km 

CORE2 COREv2 200 km, 6 hourly Dai and 

Trenberth 

12-18km 

 

4.3 Comparison with observations 

A series of comparisons is accomplished to examine the consistency of the model’s 

sea-ice simulations with observations.  First, the sea ice area from both simulations is 

compared with satellite data from the Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive 

Microwave Data, Version 1 (Cavalieri et al., 1996). Figures 2.a and 2.b show the averaged 

climatological monthly mean time series and monthly time series of total sea-ice area in 

HBC from 2002 to 2009, respectively. The 15% threshold is considered for ice area 

calculations, which means any pixel or grid with ice concentration of 15% or higher is 

considered in the calculations.  

Both CGRF and CORE2 simulations follow the monthly fluctuations of the 

observed total ice area (figures 2.a and 2.b). The maximum sea ice coverage reaches 12 × 

105 km2 for the whole domain in winter that is similar for both simulations and observation 

(figures 2.a and 2.b). HBC is almost ice-free in August and September for both simulations 

and observation (figures 2.a and 2.b). Some discrepancies exist as CGRF shows larger ice 

area compared with observations and CORE2 in May, June, and July. Moreover, CORE2 

and CGRF show smaller ice area in November and December compared with observation. 
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Table 2 quantifies these differences on seasonal time scales. In this paper, each season is 

considered as follow:  (January, February, March) as winter, (April, May, Jun) as spring, 

(July, August, September) as summer and (October, November, December) as fall.  

Second, to capture spatial differences between the simulations, maps of seasonal 

ice concentrations are compared with the observation (figure 3). There is a good agreement 

in spatial pattern of sea ice concentration over all. In winter, HBC is ice covered and both 

simulations follow the observations.  

 

Figure4.2 Time series of (a) Monthly climatology of ice area in HBC averaged over 

2002-2009 and (b) Time series of total ice area in HBC for 2002-2009. 

Moreover, both simulations capture the northwest HB low ice concentration regions 

(leads) in winter. There are some discrepancies in the spatial distribution of sea ice in spring 

and summer. CGRF and CORE2 show higher ice concentration in the eastern shore of HB 

and south of FB compared with observation. But we note that passive microwave data have a 

difficulty in estimating sea ice concentration in summer when water is present in liquid 

phase in the snow or in the form of melt ponds (e.g., Langlois and Barber, 2008). 
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Table 2 quantifies the seasonal sea ice area and sea ice concentration differences 

between simulations and observation. CGRF shows higher ice area and concentration in 

spring and summer compared with CORE2 and observation. The ice concentration RMS 

errors are larger in summer for both simulation compared with other seasons. 

 

Figure4.3 Seasonal sea ice concentration from CGRF, CORE2 simulations and 

observation in HBC averaged over 2002-2009. Each season is considered as follows:  

(January, February, March) as winter, (April, May, Jun) as spring, (July, August, 

September) as summer and (October, November, December) as fall. 

CGRF shows larger sea ice concentration in spring (85.07%) compared with CORE2 

(75.30%) and satellite (74.49%). Similarly, in summer CGRF shows larger sea ice 

concentration of 11.40% compared with CORE2 and satellite, 4.60% and 4.75%, 

respectively.  
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Table4.2 Model and observation seasonal comparison in HBC averaged over 2002-

2009 

 Winter Spring Summer Fall 

CORE2 ice area (105 km2) 11.62 9.24 0.57 2.65 

CGRF ice area (105 km2) 11.64 10.44 1.40 2.81 

Observation ice area (105 km2) 11.89 9.46 0.62 3.43 

CORE2 mean ice concentration (%) 94.66 75.30 4.60 21.75 

CGRF mean ice concentration (%) 94.84 85.07 11.40 22.86 

Observation mean ice concentration (%) 93.63 74.49 4.75 26.75 

RMS error ice concentration (CORE2) 0.06  0.22  0.75  0.36  

RMS error ice concentration (CGRF) 0.05  0.25  1.4  0.32  

 

Third, the sea ice thickness from the simulations and observation are compared. 

Specifically, the November and March spatial maps of simulated sea ice thickness are 

compared with the satellite observation of sea ice thickness from Landy et al. (2017) 

(Figures 4.4,4.5).  Overall, the simulated sea ice thickness is in good agreement with the 

observations. The observed sea ice thickness comes from different sensors: ICESat (operated 

from 2003 till 2008), Cryosat-2 (operated from 2010 till present) and SMOS L-band 

radiometer (operated from 2010 till 2016), and additional details can be found in Landy et al. 

(2017). It is shown that the sea ice in November starts to grow from northwest HB and both 

simulations and observations show a comparable sea ice thickness of about 0.3 m. In FB the 

simulated sea ice thickness is larger around the north and east of Prince Charles Island, for 

both simulations. In March the simulated sea ice thickness is lower in northwest of HB (0.5 

m), which is similar for both simulations. Thicker sea ice exists in south west of HB and in 

JB. Both simulations capture the thicker ice pattern in southwest HB, but for JB, CGRF 

captures the observations better than CORE2. Around the eastern shore of HB both 

simulations show larger sea ice thickness compared with observation. In HS both 



82 
 

simulations follow the observation’s ice thickness both from the spatial point of view and 

magnitude. 

 

Figure4.4  November (left) and March (right) sea ice thickness from CGRF (upper) and 

CORE2 (lower) simulations for 2002-2009 

 

Figure4.5  Climatological (a) mean sea ice thickness in November and (b) mean sea ice 

thickness in March from satellites data (2003–2016). Adapted from Landy et al. 

(2017). 
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In general, modeled sea ice simulations (sea ice area, sea ice concentration, and sea 

ice thickness) follow the major patterns in observations both spatially and temporally. With 

this correspondence established, we next study the mechanism of sea ice production and its 

contributing factors using an ocean-ice model on seasonal time scales over the HBC. 

4.4 Thermodynamic and dynamic balances 

4.4.1 Spatial maps of thermodynamic and dynamic tendencies  

In this section, we look at the sea ice seasonal regime due to dynamic and 

thermodynamic sea ice balances in the HBC. Figure 6 shows the dominant dynamic and 

thermodynamic terms involved in the patterns of sea ice tendency for each season. The total 

ice thickness tendency (!"
!"

) is the summation of both thermodynamic (!!!
!"

) and dynamic 

(!!!
!"

) ice thickness tendencies. The thermodynamic ice thickness tendency refers to any 

changes in ice thickness due to thermodynamic processes (e.g., heat from water or 

atmosphere), which could be negative or positive. Positive values mean that the ice thickness 

has increased and negative values mean that the ice thickness has decreased over time. 

Dynamic ice thickness tendency refers to any changes in sea ice thickness due to ice 

movement, which can be positive as ice enters a specific area, or negative as it exit that area 

(Li et al. 2014). This ice mass advection, which is related to the ice velocity can be described 

as the convergence of ice mass [-∇. (uh)] (u refers to the ice speed and h is the ice thickness), 

trace the effects of wind-driven ice movement on the spatial variations of ice thickness 

(Zhang et al., 2010). Our model provides the thermodynamic ice production (ice thickness 

difference between two model output due to thermodynamic effects) and the total ice 

thickness for each five days interval. The dynamic part will be the difference between the 

total ice thickness and the thermodynamic part (Hu et al. 2018).  
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In fall, total ice thickness tendency is positive over the entire HBC, which means that 

ice has increased in both simulations (figures 4.6a and 4.6b); this is to be expected since 

HBC sea ice starts to grow in fall. The thermodynamic term is positive almost everywhere 

and larger along the western coast of HBC, north of FB, south of Ungava Bay in HS and 

northeast of Belcher Island. This larger thermodynamic term can be due to a balancing of the 

negative dynamic term (figures 4.6e and f) over these regions, as ice has been removed from 

these areas (by the intense prevailing November winds). As a result, model thermodynamic 

term increases to compensate these dynamic decreases in sea ice. Away from the mentioned 

coastlines, positive dynamic tendency exists everywhere, which contributes to the fall HBC 

ice growth. Larger positive dynamic tendency is shown in south of FB, west of HS and south 

of HB. This suggests that ice accumulates in these regions. This behavior is expected, as the 

ice imported from the Arctic Ocean via FB will be trapped around the center of FB and will 

leave with the cyclonic circulation along the FB shores. The current cyclonic circulation in 

the HB will lead the ice to accumulate around the south shore of HB as well. 

The large positive thermodynamic ice tendency in the north of FB and at north, 

northwest and west of HB shorelines and HB central region is however the prominent reason 

in ice growth as the total ice thickness tendency is positive.  

In winter, ice thickness tendency is positive everywhere (figure 4.6g,h). This is in 

line with the fact that the HBC become completely ice covered by late December (Gagnon et 

al., 2005; Markham, 1986; Mysak et al., 1996). However, there are smaller positive ice 

thickness tendencies in northwest of HB, north of FB and north of Ungava Bay compared 

with other regions. Thermodynamic maps (figure 6i,j) show larger positive values in these 

regions while the negative dynamic factor suggests that the ice is exiting from these regions. 

This lower ice thickness tendency at northwest of HB could be due to strong winter westerly 
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winds that caused the ice to move in response to wind forcing; model capture this 

phenomenon by producing a negative dynamic tendency. This result is in line with Saucier et 

al., (2004) winter sea ice simulation in which the prevailing winds caused the HB northwest 

polynya.  In east and south of HB, south of FB and east of HS, the dynamic term (figure 

6k,l) is the dominant factor in the total ice thickness tendency.  

Spring ice thickness tendency (figure 4.6m,n) shows negative values in HBC that 

indicates the ice thickness is decreasing everywhere in HBC during the spring. This decline 

is weaker in the center of HB and most parts of FB for the CGRF simulation (figure 6m) and 

in the center of FB for CORE2 (figure 6n). Looking at the dynamic and thermodynamic 

maps (figure 6o, p, q, r), it can be seen that although the thermodynamic sea ice decline is 

strong everywhere in HBC (figure 6o,p), the positive dynamic tendency around the 

northwest and center of HB in CGRF simulation (figure 6q) would lower the total ice 

thickness decline over those regions (figure 6m). Moreover CGRF thermodynamic tendency 

is smaller than CORE2 in FB (figure 6o), which leads to lower total ice decline in FB for 

CGRF compared to CORE2. 

In summer, sea-ice thickness tendency is near zero in most parts of HB and HS in the 

CORE2 simulation (figure 6t), indicating that there are negligible changes in the sea ice 

thickness, since in reality HB is nearly ice free from the middle of August. For CGRF 

simulation, as figure (3) shows, there is still ice in HB in summer and as the model tends to 

reduce this amount of ice, there would be larger negative thermodynamic tendency in the 

sea-ice thickness (figure 6u). Looking at the dynamic and thermodynamic ice thickness 

tendency maps (figure 6u,v,w,x), they reveal that this decrease in sea-ice thickness is due to 

both dynamic and thermodynamic contributions. There is only one spot with positive ice 
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thickness tendency (ice trapped or accumulated) in north west of FB around Fury and Hecla 

Strait, which can be the result of ice export (dynamic term) from the Arctic.  
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Seasonal total ice thickness tendency, thermodynamic and dynamic over HBC averaged 

from 2002-2009 for CGRF and CORE2 simulations 

4.4.2 Time series of ice thickness tendencies  

Figure 4.7 shows the mean monthly ice thickness tendency (2002-2009) for both 

simulations in different HBC regions. These time series quantify both the differences in the 

ice thickness tendency between the two simulations in HBC regions and also the different 
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patterns of ice thickness tendency in the three regions of HBC (Hudson Bay, Hudson Strait 

and Foxe Basin). It is apparent that the thermodynamic tendency fluctuations are the 

dominant term in the total ice tendency variations for both simulations and for all HBC 

sections. This is in agreement with the reality as the semi-closed system of the HBC is not in 

favour of ice import or exports from higher latitude oceans and is rather based on the local 

sea-ice production parameters. The dynamic term plays a minor role in the total ice thickness 

tendency and has more variation during July to August (summer) when lower sea ice volume 

enhances the sea ice drift along the HBC and in November due to intense prevailing winds.  

Dynamic ice inflow in spring (April, May, June) occurs for both simulations and in 

all HBC regions. The dynamic term then starts to drop toward the ice outflow condition 

transferring from spring (June) to summer (July). CGRF shows slightly larger ice inflow in 

June than CORE2. Dynamic tendency is near zero in fall (September, October) as HBC is 

almost ice-free at this time. Thermodynamic ice thickness tendency is positive and increases 

from November (fall) and reaches its maximum in December over the HB and HS and in 

November over the FB. There is a large positive thermodynamic ice growth during winter. 

Thermodynamic ice thickness tendency starts to decline towards the spring and becomes 

negative in May. The largest decrease in HB ice due to thermodynamic contributions occurs 

in June for both CGRF and CORE2 (~2cm/day) over HB and HS and in July over the FB. 

Moreover, CGRF shows a slightly larger negative thermodynamic term as there are larger 

sea ice concentration in June and July according to figure (2.a).  
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Figure4.6 Mean monthly ice thickness tendencies (2002-2009) in different HBC 

sections for CORE2 (dotted line) and CGRF (solid line) simulations 

4.5 Heat flux exchange and wind stress over HBC: 

4.5.1 Time series 

Surface and oceanic heat flux and wind stress exchanges will be considered in this 

section as the crucial participants in modeling thermodynamic and dynamic sea ice growth 

and melt. In an atmosphere-ocean-ice environment heat flux is transferred via the 

atmosphere-ocean interface in ice-free conditions and via atmosphere-ice and ocean-ice in 

ice-covered conditions. The heat flux climatology time series is shown in figure 4.7. Heat 

flux is positive when it goes toward the ocean or ice and negative as it leaves the ocean or 

ice. Looking at the atmospheric heat flux time series (figure 4.7 a,e,i), ocean heat flux time 

series (figure 4.7 b,f,j ) and the thermodynamic tendency time series (figure 4.6, red lines), it 

is shown that the thermodynamic ice tendency follow the atmospheric heat flux time series 
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for all the months and also follow the ocean heat flux through October, November , 

December and January. Thus for the atmospheric heat flux with an increase in total 

atmospheric heat flux, thermodynamic sea ice tendency decreases. In addition, in the cold 

season ocean heat flux directly impacts the thermodynamic sea ice tendency. For instance, 

with an increase in the transfer of heat flux from sea ice base towards the ocean during fall 

and winter, sea ice thermodynamic tendency increases with a maximum increase in 

December over HB and HS and in November over FB. Toward the end of spring and during 

summer and early fall, the averaged oceanic heat flux time series are near zero, which 

implies a balance in the heat flux exchanges between the ocean and sea-ice. Thus, any 

changes in the sea ice thermodynamic tendency are due to the atmospheric heat exchanges or 

to the lateral or top of the ice heat exchanges (not included in the model output). The 

CORE2 and CGRF heat flux exchange time series (red and blue lines) show that they follow 

each other closely, although with slightly higher flux exchange for CORE2 during 

November in HS and FB and during December in HB. In winter wind stress is the largest 

force acting on the ice momentum balance compared with the other four forces including, 

ocean stress, divergence of the internal ice stress tensor, Coriolis force, and gravitational 

force due to the sea surface slope (Steele et al., 1997). After wind stress, ocean stress has the 

second largest effect and acts opposite to wind stress.  
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Figure4.7 Time series of total heat flux (a, e, i), ocean heat flux (b, f ,j ), zonal wind 

stress (c, g, k) and  meridional wind stress (d, h, l) in HB, HS and FB averaged from 

2002-2009 for CORE2 (red line) and CGRF (blue line). 

Thus, here we looked at the wind stress and its meridional and zonal components. 

Looking at the zonal and meridional wind stress and dynamic tendency time series (figures 

4.6 blue lines and 4.7 c, d, g, h, k, l) it is shown that there are a correspondence between 

dynamic ice tendency and both zonal and meridional wind stress in HS and FB. Meridional 

wind stress is larger than zonal wind stress in HB and FB compared with HS. It is in line 

with the current and ice movement pattern of HBC system.  

In HB there is a greater correspondence between meridional wind stress and dynamic 

tendency, which implies that the dominant sea ice drift direction is meridional. This is 

consistent with meridional motion associated with cyclonic circulation in the HBC. Positive 
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and negative signs in the zonal and meridional wind stress refer to west and north for 

positive and east and south for negative wind stress, respectively. It is shown that in all HBC 

regions for both simulations a southward meridional wind stress is the dominant pattern. 

This southward wind stress pattern is in line with cyclonic drift of sea ice in HBC.  

4.5.2 Spatial patterns of heat flux during winter: 

The spatial maps of oceanic heat flux, atmospheric heat flux and its components are 

shown in figure 4.8. At regional scales both CGRF and CORE2 show negative total heat flux 

(-30 Wm-2) over the HBC with larger heat flux release in northwestern HB, north of FB and 

around the coastlines of HS (see figure 4.9 a, g ). These coastline areas, especially the 

northwestern HB are regions of polynya formation due to prevailing winds. Therefore, a 

large heat flux can escape to the atmosphere in the form of sensible heat flux (see figure 9  f, 

l). This pattern is stronger for CORE2. In addition, the small negative ocean heat flux (heat 

is lost from the ice base) is shown over the HBC for both simulations (see figure 9  d, j). 

This heat loss is larger further from the shore in HB and is near zero in FB (due to cold 

under ice sea water coming from Arctic).  Again this pattern is stronger for CORE2 

simulation.  

In general, both simulations show a heat loss from top and bottom of sea ice via 

surface and oceanic heat fluxes in winter. Consequently, both fluxes work toward the sea ice 

productivity. It is shown that the surface heat flux (heat exchange between atmosphere and 

ice or ocean) has the main role in north of FB and north west of HB and in HS while, ocean 

heat flux is more effective toward the center of HB and in HS. 

To discuss the surface heat flux in detail, we looked at its components: shortwave, 

longwave, sensible, and latent heat fluxes. These fluxes are calculated based on Large and 

Yeager (2004). More details on parameters involved in heat flux calculation from CORE2 
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and CGRF reanalysis data sets can be found in Jafarikhasragh et al. (2018). Over large 

scales, the spatial pattern of each flux component is similar for both simulations except for 

the shortwave flux. It can be seen that the CORE2 shortwave flux has an abnormal west east 

gradient. Further study showed that this irregularity comes from model snow depth, which 

affects the surface albedo and consequently the shortwave flux (not shown here). 

 

Figure4.8 Winter surface total heat flux (a, g), shortwave heat flux (b, h), latent heat 

flux (c, i), ocean heat flux (d, j), longwave heat flux (e, k), sensible heat flux (f, l) for 

CGRF and CORE2 respectively. 

Looking at the amount of each flux component, latent heat has a small contribution in 

the total heat flux as it is on average on the order of -5 Wm-2. For both simulations sensible 
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and longwave heat fluxes have the most impact on the total heat flux. The shortwave heat 

flux can be neglected except in CORE2 simulation. 

4.6 Conclusions: 

We used an ocean-ice model to determine the changes in sea ice thicknesses due to 

dynamic and thermodynamic terms on a seasonal time scale in the HBC. Moreover, the 

differences in sea ice processes between two different atmospherically forced simulations 

(CGRF and CORE2) were studied. Although there are some discrepancies, in general, we 

found close agreement between simulated sea ice cover and observations. The maximum sea 

ice coverage reaches 12 × 105 km2 for the whole domain in winter that is similar for both 

simulations and consistent with observations. On monthly time scales, CGRF shows larger 

ice area compared with observations and CORE2 in May, June, and July. In the context of 

seasonal dynamic and thermodynamic contributions to HBC sea ice thickness tendencies, it 

has been shown that in fall the increase in sea ice thickness is largely due to thermodynamic 

components, although away from western coastlines of HB the dynamic term contributes to 

this increase in sea ice thickness. In winter, the general pattern of sea ice thickness tendency 

is positive. Specifically, the thermodynamic term is dominant in northern HB and FB due to 

prevailing northwesterly winds; ice removal will enhance the model thermodynamic 

component to produce more sea ice over those regions. On the other hand, an increase in sea 

ice thickness tendency in east and south of HB, south of FB and east of HS is largely due to 

the dynamic component as the drifted sea ice is trapped at /accumulates in those regions. In 

spring, the total sea ice thickness tendency is negative (ice thickness is decreasing over time) 

in the HBC. The thermodynamic sea ice decline is strong everywhere in HBC. The positive 

dynamic tendency around the northwest and center of HB in CGRF simulation would 

decrease the total ice thickness decline over those regions. In summer, there is small (almost 
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zero) sea ice in HBC and hence no sea ice thickness changes or tendency. However, since 

CGRF shows more ice than what is observed in summer, there are negative sea ice thickness 

tendencies in HBC for the CGRF simulation. We note however that passive microwave data 

may overestimate summer sea ice concentrations due to the influence of water in liquid 

phase on microwave emissions. Looking at the timeserries of the dynamic and 

thermodynamic tendency, it is shown that the thermodynamic tendency fluctuations are the 

dominant term in the total ice tendency variations for both simulations and for all HBC 

sections. The dynamic term plays a minor role in the total ice thickness tendency and has 

more variation during July to August (summer) when lower sea ice volume enhances the sea 

ice drift along the HBC and in November due to intense prevailing winds. CGRF shows a 

slightly larger negative thermodynamic term as there is larger sea ice concentration in 

summer. 

We also examined the drivers of the seasonal cycle of dynamic and thermodynamic 

sea ice thickness changes in the HBC, including the energy budget and wind stress. The 

thermodynamic ice thickness changes are dominated by the surface energy flux. The ocean 

heat flux has a secondary role through October, November, December and January 

compared with surface heat flux to the thermodynamic sea ice changes. Zonal and 

meridional wind stress and dynamic tendency time series show that there is correspondence 

between dynamic ice tendency and both zonal and meridional wind stress in HS and FB. In 

HB the meridional wind stress contributes to dynamic tendency, which implies that the 

dominant sea ice drift direction is meridional. Winter heat budget maps of HBC show that 

generally, both CGRF and CORE2 have negative total heat flux (-30 Wm-2) over the HBC 

with larger heat flux release in northwest of HB, north of FB and around the coastlines of 

HS. These coastline areas, especially the northwest of HB are regions of open water and 
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polynya activity due to prevailing winds and therefore the sources of escaping sensible heat 

flux. Moreover, it was shown that for both simulations sensible and longwave heat fluxes 

has the most impact on the total surface heat flux.  
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 CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Implementing an ice-ocean model, we examined the model heat flux scheme in 

producing the sea surface temperature and also the model sea ice thermodynamic and 

dynamic patterns in the HBC. In addition, the sensitivity of the model to different 

atmospheric forcings and model resolution was studied. Chapter 1 outlines the three 

objectives of this thesis as follows:  

1) To evaluate the SST from different NEMO simulations in the HBC and to 

understand the mechanism of model estimates for SST via heat flux calculations. 

2) To evaluate the seasonal ice cover in the HBC and investigate the ice 

concentration, area and thickness, in terms of dynamic or thermodynamic processes.  

3) To examine surface energy heat flux impacts on observed dynamic and 

thermodynamic sea ice variations as estimated by the NEMO model. 

For the first objective, four sets of simulations with varying atmospheric model 

resolution (CORE2 and CGRF), ocean model resolution (CGRF/12) and river runoff inputs 

(CGRF-H) were analysed for the summer months of August and September 2002 to 2009. 

This study provides insight on the sensitivity of the NEMO OGCM to the choice of surface 

forcing and model resolution and runoff over our region of interest. Thus, we compared the 

modelled SST with observed SST by calculating the model bias, root mean square error and 

Willmott Skill Score for each simulation. In general, from a spatial point of view, all four 

simulations showed consistency with observations, with higher temperature in James Bay 

and lower temperature in the north of HBC at HS and FB. In detail, all three CGRF 
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simulations show more negative bias, higher RMSE and smaller Willmott skill score values 

in the center of HB. By contrast, the CORE2 simulation shows more positive bias values, 

higher RMSE and smaller Willmott skill score values in James Bay, Ungava Bay and 

offshore in Foxe Basin. 

Considering the fact that NEMO uses the bulk heat flux scheme to produce the sea 

surface temperature the relationship between the near surface air temperature of the 

atmospheric forcing datasets and the ocean model SST were examined. This was in regard to 

the last part of our first objective. Results showed that for both simulations (CORE2 and 

CGRF) there is not a strong correlation between Tair from the atmospheric forcings and SSTs 

generated by the model, which implies that the model SST is not damped to Tair. In addition, 

looking at the total heat flux as the main component in setting SST, our results showed that 

the net heat flux produced by the three CGRF simulations is larger than the net heat flux 

generated by the CORE2 simulation. Shortwave heat flux in summer has the largest 

contribution to the total heat flux and can reach up to 120 W/m2 in August. These results 

lead to correspondingly colder SST model values for CGRF, and warmer SST for CORE2. 

Results further demonstrated that differences in SST for the CORE2 and CGRF simulations 

are due primarily to longwave heat flux differences. Results from this analysis highlight the 

sensitivity of the NEMO model in HBC to atmospheric forcing in particular, with low 

impact from runoff and model resolution, and contribute to our understanding of modeled 

SST and its parameterization at high latitudes. 

For the second and third objectives two simulations with different atmospheric 

forcings (CORE2 and CGRF) were used to examine the seasonal model sea ice variations 

due to dynamic and thermodynamic processes in the HBC. As the first step, simulated sea 

ice area, concentration and thickness were compared with satellite data. Both CGRF and 
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CORE2 simulations followed the monthly fluctuations of the observed total ice area. Some 

discrepancies exist as CGRF showed larger ice area compared with observations and 

CORE2 in May, June, and July. Moreover, CORE2 and CGRF showed smaller ice area in 

November and December compared with observation. In terms of sea ice concentration, 

there was a good agreement in spatial pattern of sea ice concentration over all. Moreover, 

both simulations captured the northwest HB low ice concentration regions (leads) in winter. 

However in spring and summer there were some discrepancies in the spatial distribution of 

sea ice. CGRF and CORE2 showed higher ice concentration in the eastern shore of HB and 

south of FB compared with observation. The simulated sea ice thickness was in good 

agreement with the observations.  

In the context of seasonal dynamic and thermodynamic contributions to HBC sea ice 

thickness tendencies, it has been shown that in fall the increase in sea ice thickness is largely 

due to thermodynamic components, although away from western coastlines of HB the 

dynamic term contributes to this increase in sea ice thickness. In winter, the general pattern 

of sea ice thickness tendency is positive. Specifically, the thermodynamic term is dominant 

in northern HB and FB due to prevailing northwesterly winds; ice removal will enhance the 

model thermodynamic component to produce more sea ice over those regions. On the other 

hand, an increase in sea ice thickness tendency in east and south of HB, south of FB and east 

of HS is largely due to the dynamic component as the advected sea ice is trapped at 

/accumulates in those regions. In spring, the total sea ice thickness tendency is negative (ice 

thickness decreases over time) in the HBC. The thermodynamic sea ice decline is strong 

everywhere in the HBC. The positive dynamic tendency around the northwest and center of 

HB in CGRF simulation would decrease the total ice thickness decline over those regions. In 

summer, there is small (almost zero) sea ice in HBC and hence no sea ice thickness changes 
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or tendency. However, since CGRF shows more ice than what is observed in summer, there 

are negative sea ice thickness tendencies in HBC for the CGRF simulation. Looking at the 

time series of the dynamic and thermodynamic contributions, we showed that the 

thermodynamic fluctuations are the dominant term in the total ice tendency patterns for both 

simulations and for all HBC sections. The dynamic term plays a minor role in the total ice 

thickness tendency and has more variation during July to August (summer) when lower sea 

ice volume enhances the sea ice drift along the HBC and in November due to intense 

prevailing winds. CGRF shows a slightly larger negative thermodynamic term as there is 

larger sea ice concentration in summer. 

We also examined the drivers of the seasonal cycle of dynamic and thermodynamic 

sea ice thickness changes in the HBC, including the energy budget and wind stress. The 

thermodynamic ice thickness changes are dominated by the surface energy flux. The ocean 

heat flux has a secondary role through October, November, December and January 

compared with surface heat flux to the thermodynamic sea ice changes. Looking at the zonal 

and meridional wind stress and dynamic tendency time series it is shown that there is 

correspondence between dynamic ice tendency and both zonal and meridional wind stress in 

HS and FB. In HB the meridional wind stress contributes to dynamic tendency, which 

implies that the dominant sea ice drift direction is meridional. Winter heat budget maps of 

HBC show that generally, both CGRF and CORE2 have negative total heat flux (-30 Wm-2) 

over the HBC with larger heat flux release in northwest of HB, north of FB and around the 

coastlines of HS. These coastline areas, especially the northwest of HB are regions of open 

water and polynya activity due to prevailing winds and therefore the sources of escaping 

sensible heat flux. Moreover, it was shown that for both simulations sensible and longwave 

heat fluxes have the most impact on the total surface heat flux.  
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The results presented within this thesis provide insight into the seasonal evolution of 

the Hudson Bay Complex sea ice due to dynamic and thermodynamic terms and the 

atmospheric and oceanic forcings influencing it. They also provide insight into the produced 

sea surface temperature from the NEMO model and its sensitivity to different model input 

and parameterizations. This thesis provides analysis that increases our knowledge of HBC 

surface and ice characteristics from a modeling point of view, which is needed for future 

projections of the HBC marine system in response to climate warming.  

5.2 Future Recommendations  

As mentioned in past studies (Dohler 1968; Drinkwater 1988), HB experiences 

powerful tides twice daily entering from HS. These tides originate in the Atlantic Ocean. 

They propagate counter clockwise around the HB. Recent modeling studies of ice-ocean 

seasonal cycle highlight the importance of tides on different aspects of model outputs 

including sea ice, ocean current and vertical mixing (Zhang et al., 2010, Hermann et al., 

2002, Saucier et al., 2004). Saucier et al.,(2004) suggested that costal polynyas are the result 

of tidal mixing. They control the sensible heat transfer and reduce the sea ice formation. 

In our study, tides are not included in the ocean model. We suggest performing and 

investigating the same analysis with tides included in the model to find out the effect of tides 

on the physical and dynamic properties of the HBC. 

More sensitivity experiments (e.g., different atmospheric forcing, runoff, bulk flux) 

are suggested for future study of HBC. It may lead to a more precise model configuration 

and thus more realistic results. 
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