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Abstract

:

A nested-grid modelling system is used to quantify effects of winds and tides on the three-dimensional (3D) circulation and hydrography over the southwestern Scotian Shelf (swScS) and surrounding areas in 2018. The performance of the nested-grid modelling system is assessed by comparing model results with observations and reanalysis data. Analysis of model results demonstrates that both winds and tides enhance the vertical mixing and modify the 3D circulation over the swScS. In winter (summer), the wind-induced vertical mixing warms (significantly cools) the sea surface temperature (SST) over the Scotian Shelf (ScS). In addition to intense vertical mixing associated with winter convection, the wind-induced mixing raises the sea surface salinity (SSS) by entraining the relatively salty sub-surface waters with the surface waters. The effect of wind-induced vertical mixing is evident in the upper water columns of ~40 m (~15 m) in February (August) 2018 over the swScS, reflecting the typically stronger wind forcing in winter than in summer. The wind forcing also enhances the seaward spreading of river runoff. Strong tidal mixing and advection also play an important role in affecting the hydrography and density-driven currents over the Bay of Fundy (BoF), Georges Bank (GeB), and swScS. In summer, tides significantly reduce the SST, increase the SSS, and affect large density-driven currents over the BoF, GeB, and swScS. Winds and tides also modify the large-scale ocean circulation, eddies, meanders, and frontal structures in the deep waters off the swScS through the modulation of baroclinic hydrodynamics.
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1. Introduction


The Scotian Shelf (ScS; see Appendix A for a list of abbreviations) is a rugged open shelf off Nova Scotia, Canada, bounded by the Northeast Channel, Laurentian Channel, and deep waters of the northwest North Atlantic Ocean (Figure 1a). The ScS is about 700 km long and has a width varying from 160 to 240 km, with an average depth of about 90 m [1,2]. There are three main sources for the waters over the ScS: the Labrador Current, the outflow from the Gulf of St. Lawrence (GSL) at the upstream (northeast) end of the Shelf, and North Atlantic water from offshore [1]. Hydrodynamics over the ScS have large temporal and spatial variability and are significantly affected by atmospheric and tidal forcing.



Circulation and hydrography over the ScS have been the subject of many previous studies. Smith et al. [1] demonstrated that the role of winds in the alongshore dynamic balance differs between the inshore and offshore regions of the ScS. Schwing [3,4] demonstrated that the time-varying local winds strongly affect the temporal variability of three-dimensional (3D) circulation over the ScS. The numerical study of Greenberg et al. [5] indicated that the barotropic response is an important part of the oceanic response to winds over the ScS and Gulf of Maine (GoM), and the alongshore winds are more effective in forcing the barotropic response over the ScS and GoM than the cross-shore winds. Zhai et al. [6] described a strong baroclinic throughflow with variations on the O(days) scale associated with winds over the deep waters outside Lunenburg Bay. Shan and Sheng [7] recently investigated the important role of wind impulses during coastal upwelling events over the ScS.



Tidal sea levels or/and tidal currents are large over certain coastal and shelf waters, such as the Bay of Fundy (BoF) and Georges Bank (GeB), of the southeastern Canadian shelf (seCS; Figure 1a) and are relatively weak in the adjacent deep ocean. Large tidal currents and tidal mixing modify the general mean circulation and hydrography over coastal and shelf waters, resulting in significant modulations of density-driven currents and baroclinic hydrodynamics. Smith et al. [1] found that the semidiurnal M2 constituent is the dominant tidal component on the ScS, and the generation of M2 baroclinic tides over the shelf break leads to internal Reynolds stress divergences (comparable to the geostrophic terms) that are capable of providing significant contribution to the mean momentum balance. Tidal rectification, on the other hand, supports the anticyclonic gyre around Browns Bank and induces the westward and offshore near-bottom currents off Cape Sable [8]. Based on 3D model results, Wang et al. [9] demonstrated that tidal impacts are relatively small over the Labrador Shelf (LS), Newfoundland Shelf (NFS) and Grand Banks (GB), moderate over the ScS, and large over the central and eastern GoM, the upper BoF, and the northern flank of GeB. Previous studies also demonstrated that tides are of great importance to near-bottom currents, particularly over some shallow areas over the ScS, and thus generates important local hydrodynamical phenomena [8,10,11,12].



The above and other previous studies have indicated that both winds and tides play important roles in the temporal and spatial variability of circulation and hydrography over the ScS. Several important scientific questions remain to be investigated, such as what the effects of winds are on the hydrography and circulation over the inner ScS, and what the major impacts of tidal forcing are on the hydrography and circulation over the southwestern ScS (swScS). In this study, we address these questions based on analyses of model results produced by a three-level nested-grid circulation-ice modelling system for the seCS. A process study is conducted using this modelling system to quantify the roles of winds and tides in the temporal and spatial variability of the 3D hydrography and circulation over the swScS. The accumulative effects of wind and tidal forcing are examined based on analyses of model results in three numerical experiments using different combinations of external forcings.



This paper is structured as follows. Section 2 introduces the nested-grid coupled circulation-ice modelling system and external forcing. In Section 3, results of the coupled modelling system are validated against available observations and reanalysis data. In Section 4, a process study with three numerical experiments is conducted to examine the effects of wind and tidal forcing, with a specific focus on the hydrodynamics over the swScS. Section 5 provides a summary and conclusions.




2. Materials and Methods


2.1. Nested-Grid Coupled Circulation-Ice Modelling System


The nested-grid circulation-ice modelling system (hereinafter NGMS-seCS) used in this study is based on the Regional Ocean Modelling System (ROMS; [13]; myroms.org (accessed on 1 November 2022)) and Los Alamos Sea Ice Model (CICE; [14]; zenodo.org/record/1205674 (accessed on 1 November 2022)). The ROMS is a free-surface and terrain-following numerical ocean model, which numerically solves the Reynolds-averaged Navier-Stroke equations with hydrostatic and Boussinesq assumptions. The CICE is a numerical model for simulating the growth, melting, and movement of sea ice. It numerically solves two main physics equations for the sea ice: (a) Newton’s second law for sea ice and (b) the evolution of the sea ice thickness distribution for different thicknesses spread of the area [14]. An external coupler (github.com/kshedstrom/roms (accessed on 1 November 2022)) is used for two-way coupling between ROMS and CICE. The bathymetry of the coupled modelling system is based on the GEBCO_2014 dataset (gebco.net/data_and_products/gebco_web_services (accessed on 1 November 2022)).



The NGMS-seCS has three submodels, with nested domains of successively smaller areas and higher horizontal resolutions. The domain of submodel L1 covers the seCS and adjacent deep ocean waters between 80° W and 40° W, and between 34° N and 55° N (Figure 1a), with a horizontal resolution of 1/12°. The domain of submodel L2 covers the Gulf of St. Lawrence-Scotian Shelf-Gulf of Maine (GSL-ScS-GoM) region, and adjacent deep waters between 71.5° W and 56° W and 38.5° N and 52° N (Figure 1b), with a horizontal resolution of 1/36°. The domain of submodel L3 covers the swScS between 66.0° W and 63.0° W and 43° N and 44.75° N (Figure 1c), with a horizontal resolution of 1/108° (~730 m).



A one-way nesting technique is used in the NGMS-seCS, in which information from the upper-level submodel is transferred to the lower-level submodel. Specifically, simulated values of sea levels, currents, temperature, salinity, and sea ice conditions produced by the parent model are used to specify lateral boundary conditions for the child model. In each submodel, the Smagorinsky scheme [15] and the level 2.5 Mellor-Yamada turbulence closure scheme [16] are used for the horizontal and vertical eddy mixing coefficients, respectively. The logarithmic parameterization is used for the bottom friction (Appendix B). Each submodel has 40 terrain-following layers in the vertical, in which the layers are concentrated near the surface in deep waters and more uniformly distributed in shallow waters.




2.2. Initial Conditions and External Forcing


The model’s initial conditions of temperature, salinity, sea level, and 3D currents are based on the daily mean Global Ocean Physics Reanalysis dataset (GLORYS 12V1) which has a horizontal resolution of 1/12°. This dataset was constructed by the Copernicus—Marine Environment Monitoring Service (CMEMS; resources.marine.copernicus.eu, accessed on 5 October 2022).



The NGMS-seCS is driven by tides, atmospheric forcing, freshwater discharge, and boundary forcing specified at the lateral open boundaries. Tides are specified at the open boundaries of the outer-most submodel (L1) in terms of tidal sea levels and depth-mean currents of 11 major tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, and MN4). The harmonic constants of these tidal constituents were extracted from the regional solution for the Atlantic Ocean of the Oregon State University Tidal Inversion System (OTIS; [17]; www.tpxo.net/otis (accessed on 1 November 2022)), which has a horizontal resolution of 1/12°.



The atmospheric forcing used to drive the NGMS-seCS includes the three-hourly fields of air pressure, specific humidity, and air temperature at or near the sea surface, and wind velocity at 10 m above the mean sea level. These fields were extracted from the three-hourly North American Regional Reanalysis (NARR; [18]), which has a horizontal resolution of 32 km. The bulk formula by Large and Pond [19] is used to calculate the wind stress from the wind velocity. The atmospheric forcing also includes three-hourly shortwave and longwave radiation fluxes, cloud fraction, and precipitation.



Freshwater discharges from 49 major rivers over the seCS are specified in the NGMS-seCS using the monthly-mean climatological data described by Lin et al. [20], except for the St. Lawrence River (SLR), the discharge of which is derived from monthly-mean values estimated with the regression model by Bourgault and Koutitonsky [21] and published by the St. Lawrence Global Observatory (slgo.ca (accessed on 1 March 2019)). The freshwater discharge from each river is specified at the head of an idealized channel cut into the coastline, using the river scheme developed by Sheng et al. [22] and Ji et al. [23].



In submodel L1, the lateral open boundary conditions of model variables are derived from the daily GLORYS 12V1 dataset. The adaptive open boundary condition of Marchesiello et al. [24] is used in submodel L1, with time scales of 1 day for inward flux and 360 days for outward flux. At each lateral open boundary, a “sponge” layer is defined in which the simulated temperature and salinity are nudged towards daily-mean reanalysis values. The configuration of these layers is described in Appendix C.



In submodels L1 and L2, the semi-prognostic method developed by Sheng et al. [25] and the spectral nudging method developed by Thompson et al. [26] are used to reduce the systematic bias and seasonal drift in the model. In this study, the coefficient for the semi-prognostic method is set to 0.15. The spectral nudging method is only applied at depths below 30 m, to allow model hydrography near the sea surface to be prognostic. The spectral nudging coefficient linearly increases from 0 to 0.0011 between 30 and 40 m and is 0.0011 at depths greater than 40 m. The semi-prognostic and spectral nudging methods are described in Appendix D and Appendix E, respectively.




2.3. Numerical Experiments


Model results from three numerical experiments (Table 1) with different external forcings for 2018 are examined to quantify the effects of winds and tides on monthly-mean temperature, salinity, and circulation over the swScS. The first numerical experiment is the Control Run (case CR), in which the NGMS-seCS is driven by all external forcing discussed above, including tides, winds, atmospheric pressure, net heat and freshwater fluxes at the sea surface, and river discharge. The second numerical experiment (case NW) is the same as the Control Run except for the exclusion of winds in both submodels L2 and L3 (Figure 1b,c). The third numerical experiment is case NT, which is the same as case CR except for the exclusion of tidal forcing.



Model results in cases CR and NW are compared to examine the effects of winds on hydrography and currents over the swScS. It should be noted that the latent and sensible heat fluxes are proportional to wind speeds, resulting in the absence of the latent and sensible heat fluxes in case NW. Since these numerical experiments are used to investigate the effects of winds and tides over coastal and shelf waters, both the semi-prognostic method by Sheng et al. [25] and the spectral nudging method by Thompson et al. [26] are used in submodels L1 and L2 to reduce model bias and drift in the seasonal cycle and large-scale circulation.





3. Model Results and Validation


The NGMS-seCS was integrated for the year from 1 January 2018 to 31 December 2018. The performance of submodel L1 in simulating the sea level, sea surface temperature (SST), and sea surface salinity (SSS) was assessed in this section by comparing model results in case CR with in situ oceanographic observations provided by the Marine Environmental Data Service of Fisheries and Oceans Canada (MEDS-DFO; isdm-gdsi.gc.ca (accessed on 1 November 2022)) and satellite remote sensing data. Performance of the sea ice model is evaluated in Appendix F.



3.1. Sea Levels


Tide gauge data at Halifax, obtained from the MEDS-DFO, were used to assess the performance of submodel L1 in simulating sea level. Figure 2a presents the time series of observed and simulated total sea levels at Halifax for the period from 5 February 2018 to 27 March 2018. This period was chosen because the wind forcing is typically strong during this time of year, which allows us to evaluate the model’s performance in simulating both tidal and sub-tidal levels. The value of γ2 (defined in Appendix G) for simulating the total sea level is ~0.09 for this period, and the model has a similar performance (with γ2 in the same order of magnitudes) in simulating total sea levels for other periods in 2018. This indicates the satisfactory performance of submodel L1 in simulating the total sea levels at Halifax.



The total sea level is affected by both tidal and non-tidal forcing. To examine the model’s response to these two types of forcings, the observed and simulated total sea levels were decomposed into tidal and non-tidal components using the tidal analysis package t_tide [27]. Because the non-tidal levels obtained from t_tide still have some tidal components, remaining high-frequency variability with periods of less than 3 h is removed with a low-passed filter. Figure 2b demonstrates that submodel L1 performs very well in simulating tidal sea levels in Halifax, with a γ2 value of ~0.04.



The γ2 value for simulating the non-tidal level (Figure 2c) is ~0.304, which is larger than the γ2 value for the tidal sea levels. One plausible reason is that the relevant atmospheric variables (i.e., winds and atmospheric pressures) over coastal waters near Halifax, particularly during storm events, are not well represented by the NARR products, which have a horizontal resolution of O (10 km). Another plausible reason is the absence of wave-current interactions in the NGMS-seCS. Under strong wind conditions (particularly during extreme weather events), wave-current interactions affect the accuracy of simulated sea levels [20,28]. In addition, the parameterizations of sub-grid mixing, i.e., the Smagorinsky scheme and level 2.5 Mellor-Yamada turbulence closure, and bottom friction, i.e., the logarithmic parameterization with z0 = 0.02 m [29], also affect the model accuracy in simulating sub-tidal sea levels.



Although larger than the value for the tidal sea levels, the γ2 value for the non-tidal sea levels is comparable to those in past studies [30], indicating that submodel L1 has reasonable skills in reproducing the non-tidal levels over coastal waters of the ScS. At other tidal gauge stations (e.g., Yarmouth, North Sydney, Charlottetown) and during other time periods in 2018, submodel L1 also performs well in simulating the tidal and non-tidal sea levels, with values of γ2 in the same order of magnitude as at Halifax (Table 2).



To further assess the model performance in reproducing tidal sea levels over the seCS, tidal harmonic analyses using t_tide were conducted to determine amplitudes and phases of the M2 and K1 sea levels from hourly results produced by submodel L1 during the period 1–30 June 2018 (Figure 3a,c). The co-phases and co-amplitudes of the M2 and K1 sea levels from the OTIS tidal model solution (source of the tidal forcing for submodel L1) are presented respectively in Figure 3b,d. The OTIS is one of the best products for barotropic tides in the global oceans, since it assimilates various satellite altimetric data and in situ observations into the tidal circulation model. Figure 3a,b demonstrates that submodel L1 reproduces reasonably well the distributions of co-amplitudes and co-phases of M2 tidal sea levels over the seCS and adjacent deep waters. In particular, submodel L1 reproduces reasonably well the positions of two M2 amphidromic points, with one close to the eastern boundary of the L1 domain and the other in the middle of the GSL. Around both amphidromic points, the M2 tidal waves cyclonically rotate. The amplitudes of M2 sea levels (Figure 3a,b) are large in the St. Lawrence Estuary (SLE), the BoF, and the GoM. In the SLE, the maximum amplitudes of the M2 sea levels exceed 1.5 m. In the GoM, the amplitudes of the M2 sea levels are generally more than 0.7 m and decrease to less than 0.5 m over GeB and adjacent deep waters. In the BoF, the amplitudes of M2 tidal sea levels are generally more than 4.0 m. Over the ScS and southern NFS, the amplitudes of the M2 tidal sea levels are generally between 0.4 and 0.6 m. The positions of M2 amphidromic points, rotations of M2 tides, and distributions of M2 co-amplitude produced by submodel L1 also agree with previous model results obtained by Han et al. [31] and Wang et al. [9]. The M2 co-phases calculated from the NGMS-seCS results, such as the 210-degree-contour, feature some oscillations absent in the OTIS results. These oscillations are mainly due to model-simulated baroclinic hydrodynamics, with contributions from model artefacts.



Submodel L1 also has reasonable skills in reproducing distributions of co-phases and co-amplitudes of K1 sea levels over the GSL, ScS, and GoM (Figure 3c,d). The model reasonably reproduces the position of the K1 amphidromic point over the southern Laurentian Channel. Around the K1 amphidromic point, the K1 tidal waves cyclonically rotate. The simulated position of this amphidromic point and the cyclonic rotation of K1 sea levels are generally consistent with the OTIS model results and other previous studies (e.g., Han et al. [31]; Wang et al. [9]). Some small-scale differences occur in co-phases and co-amplitudes of the K1 sea levels between our model results and OTIS over deep waters (Figure 3c,d). One possible explanation is baroclinic hydrodynamics and other physical processes over the deep ocean. Submodel L1 generates small-scale features in co-amplitudes and co-phases in the deep ocean waters to the south of the ScS and GoM, mainly due to baroclinic dynamics (Wang et al. [9]). The marked differences in the K1 co-phases and co-amplitudes in the GoM between the NGMS-seCS and OTIS (Figure 3c,d) results are mainly associated with the K1 component of the baroclinic tides.




3.2. Surface Tidal Currents


The surface M2 tidal current ellipses in June 2018 over the GSL-ScS-GoM (Figure 4a) are calculated from the hourly model results produced by submodel L2 in case CR using t_tide. The surface M2 tidal current ellipses in this month have considerable spatial variability over the L2 domain, with the strongest M2 surface currents (>1 m.s−1) in the BoF, mainly due to the resonant characteristics of M2 tides over the area [32]. Large M2 surface currents also occur over the swScS and the southern flank of GeB, with the major axes of the M2 current ellipses normal to the local isobaths. In the BoF, southern flank of GeB, and coastal waters of the swScS, the surface M2 current ellipses produced by the NGMS-seCS are generally comparable with their counterparts from Wang et al. [9] (Figure 4b), in terms of both the magnitudes and directions of the surface M2 currents. Relatively strong surface M2 currents occur over the outer shelf of the ScS (Figure 4a), which agree well with the results of Ohashi et al. [32] and Wang et al. [9]. The surface M2 currents gradually decrease from the southern flank of southeastern GeB to the deep waters off the swScS, which is consistent with the results of Katavouta et al. [33] and Wang et al. [9]. Over Northumberland Strait (southwestern GSL), submodel L2 is able to reproduce the strong rectilinear surface M2 currents, which are highly comparable with the results of Ohashi et al. [32]. The surface M2 currents are weak in the rest of the deep waters (beyond the 1000 m isobaths plotted in green in Figure 4a) over the L2 domain.



It should be noted that the surface M2 tidal current ellipses shown in Figure 4a are calculated based on the baroclinic tidal currents at the sea surface in June 2018, which is different from the simulation period of Wang et al. [9]. Therefore, the baroclinic tidal currents (and baroclinic hydrodynamics) generated by submodel L2 can differ from the counterparts from Wang et al. [9] over some local areas due to the temporal variability of baroclinic tidal currents. Furthermore, submodel L2 uses the sigma-level, with a higher horizontal resolution (1/36°) than the numerical model (1/12°) used by Wang et al. [9]. As a result, submodel L2 resolves more fine-scale topographic features than the numerical model used by Wang et al. [9]). These fine-scale topographic features affect the small- and meso-scale baroclinic hydrodynamics over coastal and shelf waters, consequently contributing to the noticeable differences in surface M2 tidal current ellipses between Figure 4a,b.




3.3. Sea Surface Temperature and Salinity


We next assess the performance of the NGMS-seCS in simulating the monthly-mean SST and SSS by comparing model results with the satellite remote sensing data. The SST satellite remote sensing data used here were extracted from the daily GHRSST Level 4 CMC0.1deg Global Foundation Sea Surface Temperature Analysis (GDS version 2) dataset, provided by the Physical Oceanography Distributed Active Archive Center (PODAAC). This dataset was constructed by merging the infrared satellite SSTs from the Advanced Very High Resolution Radiometers (NOAA-18, NOAA-19, METOP-A, and METOP-B) and microwave SST data from the Advanced Microwave Scanning Radiometer 2 onboard the GCOM-W satellite in conjunction with in situ observations of SST from drifting buoys and ships from the ICOADS program (icoads.noaa.gov (accessed on 1 November, 2022)). The SSS remote sensing data were extracted from the Sea Surface Salinity Essential Climate Variable (ECV) dataset (version 1.8) produced by the European Space Agency’s (ESA) Climate Change Initiative (CCI).



The simulated monthly-mean SST in March 2018 (Figure 5a) is relatively cool and ranges from −2 °C to 5 °C over the ScS, GSL, BoF, LS, NFS, and GB. In the GoM, the slope water region of the seCS, and deep ocean waters off the LS, NFS, and GB, the simulated March-mean SST in 2018 ranges from 5 °C to 15 °C. Over the deep waters to the south of the seCS, the simulated monthly-mean SST is relatively warm and ranges from 15 °C to 22 °C. Submodel L1 generates some small-scale SST features associated with eddies from, and meanders of, the Gulf Stream in the deep waters to the south of the ScS and GOM. Previous studies demonstrated that, after separating from Cape Hatteras (35.5° N, 75.5° W), the Gulf Stream turns eastward and changes from a fast, straight current to a slow, meandering one [34]. These meanders result in warm-core (cold-core) rings pinched off from the northern (southern) side of the Gulf Stream. The warm-core rings (anticyclonic with dimensions of ~1 km in the vertical and ~100 km in the horizontal directions) entrap warm, salty waters and transport them north to the seCS. Formations of these warm-core rings are associated with Gulf Stream instability processes related to the conversion of potential energy to eddy kinetic energy [35,36,37]. This physical mechanism also results in many meso-scale and small-scale warm- or cold-core eddies over coastal and slope waters of the ScS. The statistical studies of Brown et al. [38] and Auer [39] indicated that the generation of warm-core rings by the Gulf Stream peaks in the summer months.



The simulated September-mean SST in 2018 (Figure 5c) ranges from 5 °C to 10 °C over the LS and adjacent deep waters, due mainly to the effect of the Labrador Current, which transports relatively cold and fresh waters equatorward from high latitudes. Over the northern GSL, inshore waters off southern Newfoundland, and coastal waters of the eastern NFS, the simulated monthly-mean SST is relatively warm and ranges between 10 °C and 15 °C. Over the southern GSL, ScS, and southwestern NFS, the simulated September-mean SST is between 15 °C and 21 °C. Over the deep waters, the monthly-mean SST is warm and ranges between 25 °C and 28 °C. Submodel L1 also simulates small-scale SST features associated with thermal fronts over the southern GSL, ScS, GoM, and GeB.



The March and September-mean SSTs produced by submodel L1 for 2018 (Figure 5a,c) are compared with their counterparts from the daily GHRSST Level 4 dataset (Figure 5b,d). Submodel L1 reproduces reasonably well the general features of observed March-mean SST over the L1 domain (Figure 5a,b), including the observed warm SST in the deep ocean waters off the seCS and observed cold SST over the GSL, ScS, LS, NFS and GB. Submodel L1 also has reasonable skills in reproducing the general thermal fronts over the seCS, including the length scales and general locations. Submodel L1 cannot simulate the exact positions or sizes of observed small-scale SST features, such as the meso-scale eddies and meanders associated with the Gulf Stream and Labrador Current. Due to their nonlinear characteristics, accurate simulations of meso-scale eddies and meanders require data assimilation. Noticeable differences between the simulated and observed March-mean SST also occur over some local areas, including the GoM and swScS. Over these areas, the simulated SST is slightly warmer than the observations. One possible explanation is that the wind-induced mixing and advection over these areas may not be reproduced well by submodel L1 due to the relatively coarse horizontal resolution of model bathymetry over these areas. Another plausible reason is that the March-mean SST over these areas is affected by frontal structures, which submodel L1 cannot accurately generate. It should also be noted that some SST satellite remote sensing data have relatively low accuracy over coastal waters [40].



Submodel L1 has satisfactory skills to reproduce the main features of the observed monthly-mean SST in September 2018 (Figure 5c). Submodel L1 reproduces the observed low SST over the LS and adjacent deep waters, the observed moderately high SST over the ScS and southern NFS, and the observed high SST over deep ocean waters off the seCS. In addition, submodel L1 also reproduces the general distribution of the observed SST over the GSL, including the relatively low SST off northwestern Anticosti Island (AI). Submodel L1 also has reasonable skills in reproducing the observed SST features associated with thermal fronts and the meandering slope water jet over slope waters of the seCS and Newfoundland-Labrador Shelves. The length scales and general locations of simulated and observed thermal fronts generally agree. Noticeable differences occur, however, between the simulated and observed SSTs over several local areas, including the cold water tongue over the GB. The simulated Gulf Stream slightly overshoots northward in this month, pushing back the cold water tongue (resulting from the equatorward Labrador Current) over the GB. Submodel L1 also slightly overestimates the SST over the western GoM and BoF. One possible explanation is that the overshooting of the simulated Gulf Stream results in the transport of excess warm surface waters to the GoM. Another possible explanation is model error in simulating the horizontal and vertical mixing.



The simulated monthly-mean SSS in March 2018 (Figure 6a) is relatively low and ranges from 25 to 29 (psu) over the SLE and coastal waters off Prince Edward Island (PEI). Over the BoF, GoM, ScS, eastern GSL, LS, NFS, and the GB, the simulated monthly-mean SSS is generally between 30 and 34. The SSS over the inner ScS is relatively low, due mainly to the southwestward alongshore outflow from the southeastern GSL. Over deep waters off the seCS, the SSS is relatively high and ranges from 34 to 37. Submodel L1 also generates some relatively fine-scale salinity frontal structures over slope water regions of the seCS and adjacent deep waters.



The simulated monthly-mean SSS in September 2018 ranges from 25 to 29 over most of the western GSL and coastal waters off Cape Breton Island (CBI). Over the western GSL and coastal waters off CBI, the monthly-mean SSS is lower in September than in March 2018. Previous studies have demonstrated that the SSS in the GLS, ScS, and GoM is significantly affected by the discharge from major rivers in the region, including the SLR. The monthly-mean SLR discharge data constructed by the SLGO for the period December 2017–December 2018 were largest during March–June 2018 (1.3~1.8 × 104 m3 s−1). Ohashi and Sheng [41] demonstrated that the freshwater signal from the SLE takes about 100 days to reach Cabot Strait. Therefore, the relatively low SSS over the western GSL and off CBI in the summer (relative to the winter) in 2018 is due mainly to the seaward transport of the large SLR discharge during the spring season (particularly between March and June). In addition, the stronger vertical stratification in the summer than in the winter also partially contributes to the seasonal SSS differences between winter and summer.



A comparison between the simulated SSS (Figure 6a,c) and the satellite remote sensing data (Figure 6b,d) demonstrates that submodel L1 reproduces reasonably well the general large-scale features of monthly-mean SSS in March and September 2018 over the model domain. The model reasonably reproduces the observed high SSS over deep waters off the seCS and the observed low SSS over coastal and shelf waters of the seCS in these two months. Over the GSL, the simulated SSS (Figure 6a,c) is also comparable with the remote sensing data (Figure 6b,d), although the remote sensing SSS is unavailable near the coast of the GSL. Submodel L1 also has satisfactory skills in reproducing the observed features associated with salinity fronts over the slope waters of the L1 domain, including the typical length scales and general locations of the monthly-mean salinity fronts. It should be noted that the simulated temperature and salinity are prognostic in the top 30 m of the water column, although the semi-prognostic method is applied everywhere.



To assess the model performance in reproducing the temporal variability of temperature, the daily-mean simulated SSTs (produced by submodel L2) averaged over the green boxes (Figure 1b) in the swScS (Figure 7a; blue line) and central GoM (Figure 7b, blue line) are respectively compared with their counterparts (Figure 7a,b; red lines) calculated from the daily GHRSST Level 4 CMC0.1deg Global Foundation Sea Surface Temperature Analysis (GDS version 2).



In the swScS (green box A; Figure 1b), the daily observed SST gradually decreased from ~5.6 °C to ~2.7 °C between 1 January and 2 February 2018, mainly due to the negative surface heat fluxes in winter. From 4 February to 16 April in 2018, the daily observed SST in the swScS remained nearly constant (~3.8 °C) with several large oscillations. From 17 April to 6 September 2018, the daily observed SST in the swScS gradually increased from ~3.8 °C to ~21 °C mainly due to the positive net heat flux at the sea surface from early spring to late summer. From 6 September to 31 December 2018, the daily observed SST in the swScS decreased from ~21 °C to ~3.5 °C mainly due to the negative surface heat fluxes. The daily observed SST in the central GoM (Figure 7b) shows a temporal variability highly comparable to the counterpart in the swScS, except for the relatively higher values in the central GoM than in the swScS. A comparison between model results and remote sensing observations indicates that the NGMS-seCS has satisfactory skills in reproducing the seasonal cycle of SST in the swScS (central GoM), with the correlation square of ~0.985 (~0.980), γ2 of ~0.017 (~0.0213), and standard deviation of ~0.812 °C (~0.702 °C). The NGMS-seCS also has noticeable deficiencies in reproducing the observed SST oscillations on the O (days) time scale. One plausible reason is the accuracy of the atmospheric forcing used in the NGMS-seCS. Another plausible reason is model errors in simulating the sub-grid mixing and fine-scale nonlinear circulation features. The seasonal variability of the vertical stratification in the swScS (green box A in Figure 1b) is discussed in Appendix H.





4. Process Study: Effects of Winds and Tides on Hydrography and Circulation


For convenience, a new coordinate system (Figure 1c) is used in this section to examine the temporal and spatial variability of model results over the swScS. The x-axis of this new coordinate system is aligned with the Atlantic coast of Nova Scotia and is positive to the northeast; the y-axis is in the cross-shelf direction and positive to the northwest. Two of the three transects used in this section are defined on this coordinate system. Transect PP’ originates from Liverpool Bay, Nova Scotia, and is parallel to the y-axis. Transect PQ (Figure 1b) is the extension of Transect PP’ over the L2 domain. The third transect, EE’, is a north-south transect originating from Yarmouth, Nova Scotia.



4.1. Effects of Winds


To examine the role of wind forcing over the GSL-ScS-GoM region and adjacent deep waters, the monthly-mean model results produced by submodel L2 in case CR are compared to their counterparts in case NW. Model results in February and August 2018 are chosen to represent the typical winter and summer months.



The February-mean SST (    T ¯  0  C R    ; Figure 8a) in 2018 has the typical horizontal distribution in the winter months, which is relatively cool and varies between −2 °C and 5 °C over the ScS, GSL, BoF, and southwestern NFS. Over the GoM and slope water region off the ScS,     T ¯  0  C R     varies between 5 °C and 15 °C. In the deep ocean waters to the south of the slope waters,     T ¯  0  C R     is warm and ranges between 15 °C and 21 °C. The February-mean surface circulation    (      U ¯  →   0  C R    )    also has many recognized features over the region, including the seaward surface currents over the southeastern GSL, spatially-varying currents on the ScS and GoM, the northeastward jet over the slope water region off the ScS, and the northern part of the Gulf Stream and associated eddies and meanders in the deep waters to the south of the slope water region (Figure 8a). Both     T ¯  0  C R     and       U ¯  →   0  C R     in this month also have small-scale features associated with the warm- and cold-core rings, thermal fronts, and the meandering of the slope water jet over the slope waters and adjacent deep ocean waters off the ScS-GoM.



The February-mean sub-surface (40 m) temperature and currents   (   T ¯   40   C R     and       U ¯  →    40   C R    ; Figure 8d) in 2018 have large-scale horizontal features highly similar to their counterparts at the sea surface in case CR (Figure 8a), except for the weaker current magnitudes at 40 m. The weak vertical stratification in the top 40 m over the L2 domain in winter months results from both the winter convection and intense wind-induced vertical mixing. Winter convection is referred to as the sinking process of cold surface waters to deeper depths due to the largely negative net heat flux at the sea surface (i.e., the ocean water losses heat to the air) in the late fall and winter months, which is one of the important processes over the ECS. The Nova Scotia Current [42], which is a southwestward coastal jet over the inner shelf of the ScS, is approximately compensated by the northeastward wind-driven currents in the surface mixed layer in February 2018.



The February-mean SST (    T ¯  0  N W    ; Figure 8b) in 2018 in case NW is very similar to, and slightly cooler than, the counterpart in case CR over the coastal and shelf waters, including the GSL, ScS, and GoM. In the slope waters and adjacent deep ocean waters off the ScS-GOM, the February-mean SST in case NW, particularly the small-scale SST features associated with eddies and meanders, significantly differs from the counterpart in case CR. The February-mean surface currents in case NW (      U ¯  →   0  N W    ; Figure 8b) also significantly differ from the counterparts in case CR, particularly in the slope and adjacent deep ocean water regions. This indicates the importance of the wind forcing in surface currents and SST in the winter months over the L2 domain in case CR.



The monthly-mean sub-surface (40 m) temperature and currents in case NW (    T ¯   40   N W    ,       U ¯  →    40   N W    ; Figure 8e) are highly similar to the counterparts at the sea surface (    T ¯  0  N W     and       U ¯  →   0  N W    ; Figure 8b) in February 2018, indicating that the vertical stratification of hydrography in this month is very weak in the top 40 m in case NW due to the winter convection mentioned above. The February-mean fields of (    T ¯   40   N W    ,       U ¯  →    40   N W    ) in 2018 in case NW differ from the counterparts in case CR over the slope waters and beyond, indicating the important role of wind forcing on the sub-surface currents. It should be noted that the large February-mean currents in case NW (Figure 8b,e) are driven by the baroclinic dynamics, nonlinear tidal processes, and boundary forcing, since wind forcing is excluded in this case.



The differences in the monthly-mean model results between cases CR and NW are used to quantify the accumulative effect of wind forcing on the 3D circulation and hydrography. Over much of the coastal and shelf waters in the L2 domain, the differences in the February-mean SST between cases CR and NW (  Δ   T ¯  0  C R − N W    ; Figure 8c) are positive and up to 3 °C. The differences in the February-mean sub-surface (40 m) temperature between the two cases (  Δ   T ¯   40   C R − N W    ; Figure 8f) are mostly negative and up to −2 °C over the coastal and shelf region. Over the seCS, the vertical stratification in the surface mixed layer is weak in winter mainly due to strong winter convection. The wind-induced vertical mixing further blends the relatively warm subsurface waters with the relatively cool surface waters in the surface mixed layer. This explains why the wind forcing makes the SST warmer and sub-surface temperature cooler, as shown in Figure 8c,f. The monthly-mean current differences between these two cases at the sea surface (  Δ     U ¯  →   0  C R − N W    ; Figure 8c) and 40 m (  Δ     U ¯  →    40   C R − N W    ; Figure 8f) over the coastal and shelf waters represent the currents directly and indirectly driven by winds in the winter months.



Over several coastal areas of the L2 domain, such as the BoF, GeB, and the inner shelf off Yarmouth, the tidal forcing is very strong, resulting in particularly weak vertical stratification of hydrography in February 2018. As a result, sensible and latent heat fluxes play important roles in affecting the February-mean SST than the wind-induced vertical mixing over these areas, with negative   Δ   T ¯  0  C R − N W     of about −2 °C in February 2018 (Figure 8c).



Over the slope waters and deep ocean waters off the ScS-GoM, there are significantly large differences in the February-mean temperature and currents between cases CR and NW (Figure 8c,f). In addition to the effect of wind-induced mixing and currents mentioned above, these large differences are generated by the wind-induced modulation of large-scale circulation (i.e., the Gulf Stream), warm/cold-core rings, and thermal fronts in case CR. The effect of wind forcing on currents can be categorized into direct and indirect types. The direct effects of wind forcing include the wind-driven currents and shelf waves excited by winds. The indirect effects include density-driven currents that are ultimately driven by winds, as well as wind-induced modulations of nonlinear circulation features, such as eddies, rings, and frontal structures. In the winter months, the wind forcing over the seCS is typically strong, and thus significantly modifies the nonlinear features of the hydrography and circulation over the slope water region and adjacent deep waters. The modulation of hydrography, in return, modifies density-driven currents and baroclinic hydrodynamics. As a result, the simulated Gulf Stream in case NW shows significantly different circulation features and eddies/meanders from their counterparts in case CR. These large current differences are associated mainly with wind-induced modulations of large-scale circulation, rather than the wind-driven currents. In addition, the wind forcing modifies the locations and intensities of warm-core rings pinched off from the northern side of the Gulf Stream. As mentioned earlier, the warm-core rings are clockwise and measured about 1 km vertically [34]. As a result, the differences between cases CR and NW in terms of monthly-mean temperatures in February 2018 are positive (negative) over clockwise (counterclockwise) circulation differences, as shown in Figure 8c,f.



In contrast to the weak vertical stratification in the surface mixed layer in winter, strong thermal stratification occurs at the bottom of the thin surface mixed layer in summer over the seCS, mostly due to the large surface heating and relatively weak wind-induced vertical mixing in late spring and summer [43]. The thickness of the surface mixed layer (about 10 m) in the summer months is also much thinner than its counterpart (about 50 m) in the winter months [44].



The monthly-mean SST (    T ¯  0  C R    ; Figure 9a) in August 2018 in case CR also has typical horizontal distribution in summer months, which is moderately warm and ranges between 10 °C and 20 °C over the northern GSL, BoF, and southwestern NFS, and between 14 °C and 21 °C over the central ScS. Over the central and western GoM, the slope water region off the ScS, and coastal waters off PEI,     T ¯  0  C R     is warmer and ranges between 20 °C and 25 °C in this month in case CR. Over deep waters off the ScS-GoM,     T ¯  0  C R     is warmest and ranges between 25 °C and 27 °C in this month (Figure 9a). It should be noted that     T ¯  0  C R     is relatively cool over the BoF, GeB, and coastal waters off Yarmouth in this month, mainly due to strong tidal mixing and tidal rectification. The relatively cool monthly-mean SST over the inner ScS in August 2018 in case CR (Figure 9a) indicates coastal upwelling driven by winds in summer.



The August-mean surface currents (      U ¯  →   0  C R    ; Figure 9a) in 2018 in case CR have many well-known large-scale surface circulation features, including the southeastward outflow associated with the seaward spreading of the freshwater discharge from the SLR over the southeastern GSL, the relatively intense southwestward flow along the coast of the western GoM, and the strong flow, eddies, and meanders associated with the Gulf Stream in the slope waters and adjacent deep ocean waters. In this month,       U ¯  →   0  C R     is southeastward (seaward) over the southwestern GSL, and northeastward over the eastern GSL, except for coastal waters off western Newfoundland. Both       U ¯  →   0  C R     and     T ¯  0  C R     in August 2018 also show fine-scale features of circulation and SST associated with the local tidal mixing/advection and topographic steering over GeB (e.g., the anticyclonic circulation along isobaths around GeB) and adjacent (Figure 9a).



Due to strong thermal stratification at the bottom of the thin surface mixed layer resulting from the positive surface heat fluxes in summer, the August-mean sub-surface (40 m) temperature    (    T ¯   40   C R    )    significantly differs from the August-mean SST (    T ¯  0  C R   )  . In this month,     T ¯   40   C R     in case CR (Figure 9d) is relatively cool, ranging between 2 °C and 4 °C over the GSL, northeastern ScS, and southwestern NFS. Over the eastern GoM and swScS,     T ¯   40   C R     is about 10 °C. Over the BoF, southern GoM, and slope waters off the ScS-GoM,     T ¯   40   C R     ranges between 10 °C and 20 °C. In deep ocean waters to the south of the slope waters,     T ¯   40   C R     is significantly warmer and ranges between 20 °C and 26 °C.



In the GoM and over the slope waters and adjacent deep ocean waters off the ScS-GoM, the monthly-mean sub-surface (40 m) currents (      U ¯  →    40   C R    ; Figure 9d) have large-scale circulation features similar to their counterparts at the sea surface (      U ¯  →   0  C R    ; Figure 9a) in August 2018 in case CR. Over these regions, the August-mean sub-surface circulation in case CR (Figure 9d) features the large-scale cyclonic coastal currents in the GoM, the slope water jet, the northern part of the Gulf Stream, and associated eddies and meanders at 40 m. In the GSL and ScS, by comparison, the August-mean sub-surface (40 m) currents significantly differ from their counterparts at the sea surface, mainly due to the strong vertical stratification of hydrography at the bottom of the thin surface mixed layer in the summer months. In the GSL, the August-mean sub-surface currents in case CR are very weak over the southwestern region, and have an anticyclonic recirculation over the eastern region with a narrow southwestward jet along the coast of eastern Newfoundland (Figure 9d). Over the inner ScS, the Nova Scotia Current is much more well-defined at 40 m than at the sea surface (Figure 9a,d) in the summer months.



Without wind forcing in case NW, the simulated August-mean SST (    T ¯  0  N W    ; Figure 9b) in 2018 is relatively warm and about 24 °C in the GSL, except for several coastal waters over the northern GSL. Over the ScS and GoM,     T ¯  0  N W     in this month varies between 24 °C and 27 °C, except for relatively low SST over coastal and shallow areas with strong tidal mixing/advection in the GoM, including the GeB and BoF. In the slope waters and deep ocean waters,     T ¯  0  N W     in this month is warm and varies between 27 °C and 29 °C (Figure 9b). Without wind-inducing vertical mixing,     T ¯  0  N W     is warmer than     T ¯  0  C R     in August 2018 over the whole L2 domain, except for areas affected significantly by tidal mixing/advection in the GoM. In case NW, the thermal energy gained from the positive net heat flux at the sea surface (shortwave and longwave radiations) is trapped in the unrealistically thin surface mixed layer in summer due to the absence of wind-induced vertical mixing.



The August-mean surface currents (      U ¯  →   0  N W    ; Figure 9b) in case NW have large-scale features similar to their counterparts in case CR (      U ¯  →   0  C R    ; Figure 9a), particularly in the deep ocean waters off the ScS-GoM. Noticeable differences, however, occur between       U ¯  →   0  C R     and       U ¯  →   0  N W     over coastal and shelf waters in August 2018. Without wind forcing,       U ¯  →   0  N W     is seaward as part of the estuarine plume over the southwestern GSL, but is approximately southwestward over the eastern GSL in case NW. The simulated Nova Scotia Current over the inner shelf of the ScS in case NW is unrealistically too strong at the sea surface (Figure 9b) due to the lack of wind forcing in this case.



The large-scale features of the August-mean     T ¯   40   N W     and       U ¯  →    40   N W     in case NW (Figure 9e) are highly comparable to their counterparts in case CR (Figure 9d). This indicates that, in summer months, wind forcing is usually weak and does not significantly affect the sub-surface (15 m or deeper) circulation and hydrography, except for coastal waters during upwelling- and/or downwelling-favorable wind events.



Figure 9c presents differences in the monthly-mean SST (  Δ   T ¯  0  C R − N W    ) and surface currents (  Δ     U ¯  →   0  C R − N W    ) between cases CR and NW in August 2018. The values of   Δ   T ¯  0  C R − N W     are negative over the L2 domain with the maximum negative value of about −7 °C, except for some local areas affected by strong tidal mixing/advection. This indicates the important role of wind-induced vertical mixing for transferring thermal energy from the sea surface downward. Without wind-induced vertical mixing (case NW), the thermal energy gained from positive surface heat fluxes (shortwave and longwave radiations) is trapped in the very thin surface mixed layer, resulting in unrealistically too warm SSTs in case NW. Positive values of   Δ   T ¯  0  C R − N W     occur over several local areas, including the BoF and GeB (Figure 8c). Over these areas, wind-induced horizontal mixing and advection, as well as the positive net heat flux associated with wind stress (latent and sensible heat fluxes), in case CR significantly counteract the SST cooling generated by the strong tides.



The magnitudes of   Δ     U ¯  →   0  C R − N W     in August 2018 (Figure 9c) are relatively small at about 0.1 m s−1 over the ScS and GoM, and up to 0.2 m s−1 in the western GSL. Large magnitudes of   Δ     U ¯  →   0  C R − N W     also occur over the slope waters off the ScS-GoM. The relatively small magnitudes of   Δ     U ¯  →   0  C R − N W     over the coastal and shelf waters in this month demonstrate the direct effect of wind forcing on the summertime surface circulation. In contrast, the relatively large magnitudes of   Δ     U ¯  →   0  C R − N W     over the slope waters and in the western GSL are mainly associated with the wind-induced modulations of meanders and eddies. The magnitudes of   Δ     U ¯  →   0  C R − N W     over the slope waters and adjacent deep ocean waters in August 2018 (Figure 9c) are significantly smaller than their counterparts in February 2018 (Figure 8c), indicating that the wind forcing and wind-induced modulations of large-scale circulation are generally much weaker and smaller in the summer than in the winter.



Figure 9f demonstrates that, in August 2018,   Δ   T ¯   40   C R − N W     is positive over the L2 domain, except for several patches with negative values over the slope waters off the ScS-GoM. The positive values of   Δ   T ¯   40   C R − N W     indicate that subsurface waters are cooler in case NW than in case CR in this month. This can be explained by the fact that the incoming heat fluxes at the sea surface could not easily penetrate downward without wind-induced vertical mixing (case NW) in the summer months. There are many small-scale features with noticeable negative values of   Δ   T ¯   40   C R − N W     over the slope waters and deep ocean waters off the ScS-GoM (Figure 9f), indicating the modulation effect of wind forcing on mesoscale eddies and recirculation over these regions. There are also several small-size patches and narrow strips of negative values of   Δ   T ¯   40   C R − N W     (~−1 °C) over coastal and shelf waters (Figure 9f), such as the western ScS, associated with wind-induced modulation of small-scale nonlinear dynamics.



The magnitudes of   Δ     U ¯  →    40   C R − N W     in August 2018 (Figure 9f) are relatively small over coastal and shelf waters in the L2 domain, due to the fact that winds are generally weak in August and the direct effect of wind forcing on the 3D circulation mainly occurs in the top 10 m. Over slope waters and deep ocean waters off the ScS-GOM, by comparison, the values of   Δ     U ¯  →    40   C R − N W     in this month are relatively large, which are mainly associated with the wind-induced modulation in the locations and intensities of meanders and warm/cold-core eddies.



The accumulative effect of winds on the monthly-mean salinity fields in the two months is examined next based on model results in cases CR and NW. In February 2018, the monthly-mean SSS (    S ¯  0  C R    ; Figure 10a) in case CR is relatively low and ranges between 27 and 32 (psu) over the SLE, southern GSL, and inner shelf of the ScS (Figure 10a). Over the GoM,     S ¯  0  C R     is typically about 33. Over the slope waters off the ScS-GoM,     S ¯  0  C R     ranges between 32 and 35. In the deep ocean waters to the south of the slope waters,     S ¯  0  C R     is high and generally above 35. In this month,     S ¯  0  C R     also has some fine-scale features associated with salinity fronts and nonlinear circulation.



The February-mean sub-surface (40 m) salinity (    S ¯   40   C R    ; Figure 10d) in 2018 has a horizontal distribution very similar to     S ¯  0  C R     (Figure 10a), except for the relatively higher values at 40 m over the SLE, southern GSL, and the inner shelf of the ScS. The high similarity between     S ¯  0  C R     and     S ¯   40   C R     in this month is mainly due to winter convection and the strong wind-induced vertical mixing in winter. It should be noted that a sharp salinity front approximately follows along the shelf break of the ScS-GoM (Figure 10a,d), which forms an important frontal boundary separating the relatively cool and fresh shelf waters from the warm and salty slope and deep ocean waters [45].



Without wind forcing in case NW, the February-mean SSS (; Figure 10b) in 2018 is lower than the counterpart in case CR (Figure 10a) over the eastern GSL, southwestern NFS, ScS, eastern GoM, and coastal waters near river mouths in the northern GSL and western GoM. This indicates the important effect of wind-induced mixing on the salinity distribution in the surface mixed layer and seaward spreading of low-salinity waters over the southwestern GSL and eastern and inner ScS in the winter months. These low-salinity waters are associated with the seaward (equatorward) spreading of estuarine waters from the SLE [41]. Without wind-induced vertical mixing (case NW), the low-salinity waters are unrealistically trapped within the very thin surface layer. Strong winds in this month also modify the salinity distributions over the slope waters and adjacent deep waters through wind-induced modulations of baroclinic dynamics and nonlinear circulation features in the upper water columns.



Over the coastal and shelf waters of the L2 domain, the monthly-mean sub-surface (40 m) salinity (    S ¯   40   N W    ; Figure 10e) in February 2018 in case NW has large-scale features highly similar to the counterpart in case CR (    S ¯   40   C R    ; Figure 10d), due to the winter convection. Significantly large differences between     S ¯   40   N W     and     S ¯   40   C R     occur over the slope waters and deep ocean waters off the ScS-GoM, mainly due to the large modulation effect of wind forcing on mesoscale eddies and warm/cold-core rings over these regions. A sharp salinity front also occurs at the shelf break of the ScS-GoM in this month in case NW.



Figure 10c presents the differences in February-mean SSS in 2018 between cases CR and NW (  Δ   S ¯  0  C R − N W    ). The salinity differences are significantly positive over the southwestern NFS, inner and middle ScS, and coastal waters of the GoM, with the maximum positive value of about 4. Due to the important effect of wind forcing on large-scale circulation and associated eddies and meanders over the slope waters and adjacent deep ocean waters off the ScS-GoM, large negative (positive) values of   Δ   S ¯  0  C R − N W     are associated with cyclonic (anticyclonic) rings of   Δ     U ¯  →   0  C R − N W     (Figure 10c) in February 2018.



At 40 m, due to winter convection, the monthly-mean sub-surface salinity differences between cases CR and NW (  Δ   S ¯   40   C R − N W    ; Figure 10f) in February 2018 are relatively small in the GSL, ScS, and GoM, except for some coastal areas due to the local wind effects. In the slope waters and adjacent deep ocean waters,   Δ   S ¯   40   C R − N W     is relatively large, with large negative (positive) values associated with the cyclonic (anti-cyclonic) currents of   Δ     U ¯  →    40   C R − N W    , mainly due to the modulation effect of wind forcing as mentioned above.



In August 2018, the monthly-mean SSS (    S ¯  0  C R    ; Figure 11a) is relatively low and ranges between 26 and 29 over the western GSL and coastal waters off CBI. The relatively low     S ¯  0  C R     over these areas is due mainly to the large discharge from the SLR during the spring and subsequent propagation of the low-salinity estuarine plume. Over the eastern GSL, southwestern NFS, GoM, and coastal waters of the ScS (except for coastal waters off CBI),     S ¯  0  C R     generally ranges from 30 to 32. Over the slope water region of the ScS,     S ¯  0  C R     ranges from 31 to 34. Over the deep ocean waters off the ScS-GoM,     S ¯  0  C R     is generally above 35. There are some fine-scale SSS features of     S ¯  0  C R     associated with salinity fronts and nonlinear circulation over the GSL, GoM, slope waters of the ScS-GoM, and adjacent deep ocean waters. A salinity front occurs at the shelf break of the ScS-GoM.



Since wind-induced vertical mixing is generally weak in summer, the August-mean sub-surface (40 m) salinity (    S ¯   40   C R    ; Figure 11d) in case CR differs from the counterpart at the sea surface (Figure 11a). Over the GSL, ScS and GoM,     S ¯   40   C R     in this month is nearly uniform and varies between 32 and 33, with a well-defined salinity front at the shelf break of the ScS and GoM. In the slope waters and adjacent deep ocean waters off the ScS-GoM,     S ¯   40   C R     in this month is high and varies between 35 and 37.



The August-mean SSS (    S ¯  0  N W    ; Figure 11b) in case NW is relatively low and varies between 22 and 28 over the western GSL and coastal waters around CBI. This can be explained by the fact that, without wind forcing, freshwater discharge from the SLR remains in the thin surface layer for a long time and spreads seaward. In this month,     S ¯  0  N W     is nearly uniform and ~32 in the GoM, and between 30 and 32 over the central and southwestern ScS. At the shelf break of the ScS-GoM,     S ¯  0  N W     in this month has a well-defined frontal boundary, with high     S ¯  0  N W     over 35 in the offshore waters beyond the shelf break.



The August-mean sub-surface (40 m) salinity (    S ¯   40   N W    ; Figure 11e) in case NW in 2018 is horizontally uniform and ~33 over shelf regions of the GSL, ScS, and GoM, and relatively high of over 35 in the slope waters and adjacent deep ocean waters. There is a sharp salinity front at the shelf break (Figure 11e).



The differences in the August-mean SSS (  Δ   S ¯  0  C R − N W    ; Figure 11c) between cases CR and NW are significantly positive and about 4 over the northwestern GSL and inshore waters of the northern GSL, which indicates the important role of wind forcing in blending the low-salinity surface waters with high-salinity sub-surface waters over these areas. Over the ScS, GoM, and deep ocean waters,   Δ   S ¯  0  C R − N W     is also positive but small, about 1. Over the slope waters of the ScS-GoM,   Δ   S ¯  0  C R − N W     is mostly negative. By comparison, the differences in the August-mean sub-surface salinity (  Δ   S ¯   40   C R − N W    ; Figure 11f) between cases CR and NW are relatively small over the whole L2 domain, particularly over the shelf regions.



Over the slope water region off the ScS-GoM,   Δ   S ¯  0  C R − N W     in August 2018 features a noticeable negative-value zone (Figure 11c). To further demonstrate the role of wind forcing in generating the negative values of   Δ   S ¯  0  C R − N W     over this slope region, we examine the August-mean salinity in cases CR (    S ¯   PQ   C R    ) and NW (    S ¯   PQ   N W    ) along transect PQ (marked in Figure 1b), which is a cross-shelf transect over the swScS. Distributions of     S ¯   PQ   C R     and     S ¯   PQ   N W     in the top 80 m along transect PQ in August 2018 are shown in Figure 12a,b. The salinity front in the top 20 m is broader over the slope portion of the transect (between 41.5 ° N and 42.8° N; Figure 12c) in case CR than in case NW (Figure 12a,b), which is mainly due to the effect of wind forcing on the seaward transport of coastal waters in case CR. As a result,     S ¯  0  C R     (Figure 12a) is lower than     S ¯  0  N W     (Figure 12b) over the slope region of transect PQ in August 2018. For the same reason, negative values of   Δ   S ¯  0  C R − N W     also occur over other slope waters to the south of the ScS and GoM in the summer months (Figure 11c).



Vertical profiles of the monthly-mean temperature and salinity in February and August 2018 on transect PP’ (Figure 1c) produced by submodel L3 in cases CR and NW (    T ¯   PP   C R    ,     T ¯   PP   N W    ,     S ¯   PP   C R    ,     S ¯   PP   N W    ) are analyzed to examine the role of winds in the vertical stratification over the swScS. In February 2018, both     T ¯   PP   C R     and     S ¯   PP   C R     (Figure 13a,c) have a three-layer vertical structure with a cold (<5 °C) and fresh (<32) surface layer in the top ~40 m, a relatively warmer (between 5 °C and 7 °C) and saltier (between 32 and 33) intermediate layer at depths between 40 m and 100 m, and a warm (>7 °C) and salty (>33.5) bottom layer at depths below 100 m. As mentioned earlier, strong winter convection is responsible for the nearly uniform vertical stratification in the surface mixed layer in this month in case CR (also reduces the upper-column vertical stratification in case NW). Wang et al. [9] demonstrated that the Nova Scotia Current splits into two branches over the northern flank of LaHave Basin: a narrow inshore branch (southwestward) over the inner shelf of the swScS and a broad offshore branch (meandering southward) over the western portion of LaHave Basin. The offshore branch of the Nova Scotia Current transports relatively cool and low-salinity upper-column waters seaward and crosses transect PP’ at the middle, resulting in the relatively cool (~4 °C) and low-salinity (~31) waters in the top ~40 m in the middle section of the transect.



In case NW, by comparison, the vertical stratification of     T ¯   PP   N W     and     S ¯   PP   N W     (Figure 13b,d) in the top ~40 m in February 2018 is noticeably stronger than the counterpart in case CR, indicating the important role of wind-induced vertical mixing. In additional to vertical mixing, winds also affect the hydrography over the swScS through wind-induced modulation of circulation. Both   Δ     U ¯  →   0  C R − N W     and   Δ     U ¯  →    40   C R − N W     (Figure 8c,f) are northeastward in the inner ScS, and strong and offshore over the western portion of LaHave Basin. This implies the modulation effect of winds on the Nova Scotia Current in February 2018 counteract the inshore branch and enhance the offshore branch of the Nova Scotia Current, which also contributes to the differences between     T ¯   PP   C R     and     T ¯   PP   N W     and between     S ¯   PP   C R     and     S ¯   PP   N W     in this month.



In August 2018,     T ¯   PP   C R     and     S ¯   PP   C R     in case CR (Figure 13e,g) show a three-layer vertical structure, consisting of a warm (>18 °C) and fresh (<31.5) surface layer in the top ~10 m, a relatively cool (~6 °C) and fresh (between 32 and 33) intermediate layer between 20 m and 80 m, and a warmer (between 8 °C and 9 °C) and saltier (>33) bottom layer below 80 m. This three-layer structure of hydrography is normally well-established between the late spring and early autumn [1]. The August-mean thermocline along transect PP’ in case CR is nearly horizontal and at depths of about 10 m over the middle shelf of the transect (beyond ~50 km away from the coast), tilts up over the inner shelf, and reaches the surface near the coast (Figure 13e). The tilts of the August-mean thermocline and 31.5-salinity layer over the inner shelf in case CR (Figure 13e,g) are associated by coastal upwelling induced by upwelling-favorable (northeastward) winds in the summer months.



The August-mean thermohaline on transect PP’ in case NW is unrealistically too shallow over the middle of the transect (Figure 13f), due to the absence of wind-induced vertical mixing. Furthermore, the August-mean thermohaline in case NW does not tilt up over the inner shelf due to the absence of wind-induced upwelling. Below 30 m,     T ¯   PP   N W     and     S ¯   PP   N W     (Figure 13f,h) also have vertical distributions considerably different from the counterparts in case CR (Figure 13e,g) in August 2018. These differences (below 30 m, in August 2018) are partially associated with wind-induced modulation of baroclinic hydrodynamics. The shelf waves excited by winds in submodel L2 are present in case CR, but absent in case NW, also contributing to the differences between     T ¯   PP   C R     and     T ¯   PP   N W     and between     S ¯   PP   C R     and     S ¯   PP   N W     in August 2018.



To quantify the effects of winds on the monthly-mean currents over the swScS, we calculate the impact index (   W i D   ) of wind forcing at depth  D  ( D  equals 0 and 40 at the sea surface and the subsurface of 40 m, respectively) based on the L3 model results using the method by Wang et al. [9].


   W i D  =    |      U ¯  →   D  C R   −     U ¯  →   D  N W    |     |      U ¯  →   D  C R    |  +  |      U ¯  →   D  N W    |     



(1)







In February 2018, the values of    W i 0    (Figure 14a) are large in the inner swScS mainly due to the northeastward wind-driven currents. The large values of    W i 0    in the middle shelf are mainly associated with the wind-induced modulation of nonlinear circulation features, with contributions from wind-driven currents (e.g., eastward   Δ     U ¯  →   0  C R − N W     in the southwestern and southeastern portions of the swScS). In this month, the values of sub-surface (40 m) impact index (   W i  40    ; Figure 14b) are highly comparable to their counterparts at the sea surface (   W i 0   ; Figure 14a), except for the relatively smaller magnitudes at the sub-surface (40 m) than at the sea surface. The high similarities between    W i 0    and    W i  40     in February 2018 can be mainly explained by the strong vertical mixing and weak vertical stratification over the swScS in winter.



In August 2018, the wind-driven currents are northeastward and oppose the inshore branch of the Nova Scotia Current in the surface mixed layer over the inner swScS. In the middle shelf of the swScS, winds generate the eastward wind-driven transport and modulate the fine-scale gyres (Figure 14c) in the surface mixed layer in this month, resulting in the large values of    W i 0    over the middle shelf. In August 2018, the values of    W i  40     (Figure 14d) in the sub-surface (40 m) significantly differ from their counterparts at the sea surface. This can be mainly explained by the weak vertical mixing and strong vertical stratification over the swScS in the summer months. The large values of    W i  40     over the inner and middle shelves of the swScS are mainly associated with the wind-induced modulation of gyres and the propagation of shelf waves excited by winds in submodel L2.




4.2. Effects of Tidal Forcing


The role of tidal forcing on 3D circulation and hydrography over the GSL-ScS-GoM region and adjacent deep waters is examined based on the differences in model results between cases CR and NT. The tidal forcing is excluded in the latter case (Table 1). In February 2018, the differences in the monthly-mean currents, temperature, and salinity at the sea surface (  Δ     U ¯  →   0  C R − N T    ,   Δ   T ¯  0  C R − N T   ,     Δ   S ¯  0  C R − N T    ) and at 40 m (  Δ     U ¯  →    40   C R − N T    ,   Δ   T ¯   40   C R − N T   ,     Δ   S ¯   40   C R − N T    ) between cases CR and NT have large values in the deep ocean region off the ScS-GoM, due to tide-induced modulations of the Gulf Stream, eddies, and meanders (Figure 15). Tides also modify the intensities and locations of warm-core rings over the slope water region off the ScS-GoM, as shown by the large cyclonic and anticyclonic circulation differences   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     over the slope waters. As mentioned above, warm-core rings are associated with Gulf Stream instability processes related to the conversion between the potential energy and eddy kinetic energy. Tidal forcing affects these instability processes through tide-induced modulation of baroclinic dynamics.



Over the inner shelf of the ScS in February 2018, tides modify the southeastward outflow from the southeastern GSL and induce relatively large (between 0.1 m s−1 and 0.2 m s−1) and northeastward   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     (Figure 15a,c). This indicates the important role of tide-induced horizontal advection over the ScS and southeastern GSL. Over coastal waters of the L2 domain, large values of   Δ   T ¯  0  C R − N T     and in this month occur only over several local areas with strong tidal mixing (e.g., the BoF), intense tide-induced upwelling (e.g., coastal waters to the south of Cape Sable Island), and significantly stratified upper-column temperature or salinity (e.g., the SLE, with significant salinity vertical stratification). The relatively large and northeastward currents of   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     over the inner shelf of the ScS in this month result in northeastward transport of relatively warm and salty waters (associated with strong tidal mixing and tide-induced topographic upwelling; Kim and Smith, 1993) along the coast of south Nova Scotia.



In August 2018, large values of   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     (Figure 16a,c) occur in the BoF, northern GoM, southwestern ScS, western GSL, and Cabot Strait, which are mainly density-driven currents associated with tide-induced modulations of local density gradients. Some of these large   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     do not appear in February 2018 (e.g., in Cabot Strait and the northern GoM), mainly due to the strong convection and wind-induced mixing (resulting in typically small density gradients) in winter. The anticyclonic features of   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     around GeB (Figure 16a,c) are associated with tidal rectification [46]. The values of   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     around GeB are significantly larger in summer than in winter due to the reduced friction resulting from the weaker wind stress and stronger local density stratification in summer [46].



In August 2018, the tidal forcing reduces the August-mean SST over the BoF, coastal waters of the northern GoM, GeB and adjacent waters, and swScS, with negative and large values of   Δ   T ¯  0  C R − N T     up to −7 °C (Figure 16a). Some noticeable SST cooling induced by tides also occurs in the northern GSL and the outer portion of the eastern ScS and adjacent waters. In summer, the large and positive net heat flux at the sea surface significantly warms the surface water and causes strong temperature vertical stratification in the top ~15 m over the L2 domain. Strong tide-induced vertical mixing and tidal rectification are the main reason for the significant SST cooling (subsurface warming) shown in Figure 16a (Figure 16c), with some contribution from the horizontal transport of different water masses by tide-induced mean currents. The tide-induced vertical mixing is also responsible for the large and positive values of   Δ   S ¯  0  C R − N T     over the coastal and shelf waters of the L2 domain (up to ~4; Figure 16b). In the deep waters off the ScS-GoM, there are small patches of positive and negative values of   Δ   S ¯  0  C R − N T     due to tide-induced modulations of the Gulf Stream, Labrador Current (inshore branch in the southwestern NFS and offshore branch along the shelf break of the eastern ScS), eddies, meanders, and rings. These tide-induced modulations are also responsible for the large and positive   Δ   T ¯   40   C R − N T     in the deep waters off the GoM and southwestern ScS, and for the large and negative values of   Δ   T ¯   40   C R − N T     over the southeastern portion of the Laurentian Channel and deep waters off the southeastern ScS (Figure 16c). In this month,   Δ   S ¯   40   C R − N T     is relatively small in the GSL and northeastern ScS, but relatively large and positive over the swScS (Figure 16d). The latter is associated with strong tidal mixing and tide-induced topographic upwelling [47]. In the deep waters off the swScS and GoM, small patches of positive   Δ   S ¯   40   C R − N T     occur mainly due to tide-induced modulations of fronts, eddies, and meanders.



To demonstrate the effect of tides on vertical stratification, we examine vertical profiles of monthly-mean temperature and salinity along the north-south transect EE’ off Yarmouth (Figure 1c) based on model results produced by submodel L2 in cases CR (    T ¯   EE   C R    ,     S ¯   EE   C R    ) and NT (    T ¯   EE   N T    ,     S ¯   EE   N T    ). In both February and August 2018,     T ¯   EE   C R     and     S ¯   EE   C R     in case CR (Figure 17a,c,e,g) are vertically uniform in the whole water columns over the northern section (within 50 km from the coast) and weakly stratified over the southern section of the transect (beyond 50 km from the coast). Without tides in case NT,     T ¯   EE   N T     and     S ¯   EE   N T     in February 2018 are nearly uniform in the surface mixed layer along transect EE’, mainly due to the strong winter convection caused by negative net heat flux and partially to the local wind-induced vertical mixing in the winter months (Figure 17b,d). At depths below 30 m over the southern section of the transect,     T ¯   EE   N T     and     S ¯   EE   N T     in case NT are relatively warm and salty in February 2018, due to the effect of warm-core eddy separated from the Gulf Stream. A comparison of monthly-mean hydrographic profiles in February 2018 in cases CR and NT (Figure 17a–d) indicates strong tide-induced vertical mixing at transect EE’, particularly over the northern section of the transect.



The August-mean     T ¯   EE   C R     and     S ¯   EE   C R     in 2018 in case CR (Figure 17e,g) are vertically uniform in the whole water columns over the northern section, and weakly stratified over the southern section of transect EE’. Without tides in case NT, the August mean     T ¯   EE   N T     and     S ¯   EE   N T     are highly stratified in the top 20 m (Figure 17f,h). The large differences in August-mean hydrography between cases CR and NT indicate the important role of strong tidal mixing in the vertical distributions of temperature and salinity over the inner and central shelves off Yarmouth. Over other areas with strong tides (e.g., the SLE and BoF), the vertical distributions of temperature and salinity are affected by tides in very similar ways.



To quantify the effects of tides on the monthly-mean currents over the swScS, we calculate the impact index (   T i D   ) of tides at depth  D  based on the L3 model results using the method by Wang et al. [9].


   T i D  =    |      U ¯  →   D  C R   −     U ¯  →   D  N T    |     |      U ¯  →   D  C R    |  +  |      U ¯  →   D  N T    |     



(2)







In February 2018, the values of    T i  40     and   Δ     U ¯  →    40   C R − N T     at 40 m (Figure 18b) are highly comparable to their counterparts at the sea surface (   T i 0    and   Δ     U ¯  →   0  C R − N T    ; Figure 18a). In particular,   Δ     U ¯  →   0  C R − N T     and   Δ     U ¯  →    40   C R − N T     in this month are mostly northeastward or offshore in the middle shelf of swScS, except for a few narrow strips. This can be mainly explained by the tide-induced horizontal transport and the modulation effect of tides on the Nova Scotia Current, as well as other nonlinear circulation features. The February-mean tide-induced transport in 2018 (Figure 15a,c) is generally northeastward over the swScS, weakening the alongshore (southwestward) transport of the Nova Scotia Current and thus enhancing its offshore transport (conservation of water mass). The values of    T i 0    (   T i  40    ) are large in the middle shelf of the swScS, particularly over the areas with large   Δ     U ¯  →   0  C R − N W     (  Δ     U ¯  →    40   C R − N T    ), quantifying the modulation effect of tides on the Nova Scotia Current and fine-scale gyres.



The August-mean   Δ     U ¯  →   0  C R − N T     (Figure 18c) in 2018 is large and westward to the south of Cape Sable Island, leading to a narrow strip of southwestward   Δ     U ¯  →   0  C R − N T     over the inner shelf in this month, which enhance the inshore branch of the Nova Scotia Current at the sea surface. The August-mean   Δ     U ¯  →   0  C R − N T     in 2018 also features a narrow strip of northeastward   Δ     U ¯  →   0  C R − N T     in the middle shelf of the swScS, and a strong and cyclonic gyre of   Δ     U ¯  →   0  C R − N T     over the southwestern portion of Emerald Basin (Figure 1c), indicating the tide-induced modulation in the offshore branch of the Nova Scotia Current. In the rest of the swScS, the large values of    T i 0    in this month are mainly associated with the tide-induced modulation of fine-scale gyres and meanders. In August 2018,    T i  40     and   Δ     U ¯  →    40   C R − N T     (Figure 18d) at the sub-surface (40 m) show some general similarities with their counterparts at the sea surface (Figure 18c) over most areas of the swScS, indicating that the tide-induced modulation in circulation occurs in the whole water column over the swScS.





5. Summary and Conclusions


A nested-grid circulation-ice modelling system for the southeastern Canadian Shelf (NGMS-seCS) was used in examining the variability of circulation and hydrography over the southwestern Scotian Shelf (swScS). The NGMS-seCS uses a three-level nesting setup, with the outermost submodel (L1) for the seCS and the innermost submodel (L3) for the swScS. The NGMS-seCS was validated using available observations and reanalysis data. The model was found to have satisfactory skills in reproducing the hydrography, circulation, and sea level over the study regions. The model was also found to have satisfactory skills in simulating the seasonal cycle of SST.



Three numerical experiments were conducted using the NGMS-seCS, which were: the Control Run (CR, with realistic forcing), NW (without winds in submodels L2 and L3), and NT (without tides). Model results from these experiments were analyzed to investigate the effects of winds and tides on the 3D circulation and hydrography over the swScS.



Model results (produced by submodel L2) in cases CR and NW were analyzed to quantify the effects of winds on hydrography and circulation over the L2 model domain, i.e., the Gulf of St. Lawrence (GSL)-Scotian Shelf (ScS)-Gulf of Maine (GoM) region and adjacent deep waters. In the late fall and winter months, negative surface heat fluxes significantly reduce the upper column (top ~40 m) vertical stratification in the swScS due to strong winter convection. In the summer months, the surface heat fluxes significantly warm the surface waters, resulting in strong vertical stratification in the top ~20 m over the swScS. Wind-induced vertical mixing is typically strong in winter and typically weak in summer, which also significantly affects the hydrographic distribution in the upper water column (~40 m in winter and ~10 m in summer) of the swScS. In particular, wind-induced vertical mixing warms (significantly reduces) the SST and cools (slightly warms) the subsurface (40 m) temperature over most coastal areas of the GSL-ScS-GoM region in winter (summer). Wind-induced vertical mixing also increases the SSS over most of this region. In the winter (summer) months, wind forcing reduces (increases) the local SST over Georges Bank (GeB), the Bay of Fundy (BoF), and the inner shelf off Yarmouth mainly through latent and sensible heat fluxes, with additional contributions from wind-induced horizontal mixing and advection. Wind-induced horizontal mixing and advection also enhance the seaward propagation of low-salinity estuarine waters over coastal areas of the GSL-ScS-GoM. Winds also modify the eddies and meanders over the swScS through wind-induced modulations of baroclinic hydrodynamics and wind-driven currents.



Model results in cases CR and NT indicated the important role of tidal forcing in 3D circulation and hydrography over the GSL-ScS-GoM and adjacent deep waters. In the winter months, tides increase the SST over the BoF and coastal waters of the swScS and increase the SSS over the SLE, BoF, and swScS. Tides also generate the northeastward transport of relatively warm and salty waters (originating from the swScS) along the south coast of Nova Scotia, modulating the Nova Scotia Current and nonlinear circulation features over the swScS. Over the BoF, northern GoM, swScS, western GSL, and Cabot Strait, tide-induced modulations of local density gradients result in large density-driven currents in summer months. Strong tidal mixing and tidal rectification also significantly reduces the SST, increase the SSS, and increase subsurface temperature in the BoF, coastal waters of the northern GoM, GeB and adjacent waters, and coastal waters of the swScS in the summer months. In deep waters off the ScS-GoM, tidal forcing also modifies the Gulf Stream, eddies, meanders, and warm/cold-core rings through tide-induced modulation of baroclinic hydrodynamics.



This study sought to further our understanding of the 3D circulation and hydrography over the Scotian Shelf and surrounding areas through numerical experiments designed to identify the roles of winds and tides. In a future study, we plan to study the relationship between the physical and biogeochemical states of the Scotian Shelf waters by coupling the L3 submodel to a simple oxygen model. Additional future research is needed on the interaction between tides and currents (e.g., the Gulf Stream), which is indicated in the differences between simulations with and without tides. The numerical simulation results of Wang et al. [9] indicated that internal tides are generated near the southwestern end of the Scotian Shelf and propagate offshore. A detailed study of the internal tides in this region and their interaction with subtidal flows, as has been done for the Mid-Atlantic Bight by Kelly and Lermusiaux [48], would provide further insights into the dynamics of the Scotian Shelf and adjacent waters.
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Appendix A. List of Abbreviations and Symbols Used


Appendix A.1. Abbreviations




	3D
	Three-dimensional



	BoF
	Bay of Fundy



	CBI
	Cape Breton Island



	CCI
	Climate Change Initiative



	CICE
	Los Alamos Sea Ice Model



	CMC
	Canadian Meteorological Center



	CR
	Control run



	ECS
	eastern Canadian shelf



	ECV
	Essential Climate Variable



	ESA
	European Space Agency



	GB
	Grand Banks



	GDS
	GHRSST Data Processing Specification



	GeB
	Georges Bank



	GEBCO
	General Bathymetric Chart of the Oceans



	GHRSST
	Group for High Resolution Sea Surface Temperature



	GLORYS
	Global Ocean Physics Reanalysis



	GoM
	Gulf of Maine



	GSL
	Gulf of St. Lawrence



	ICOADS
	International Comprehensive Ocean-Atmosphere Data Set



	L1
	Level one



	L2
	Level two



	L3
	Level three



	LS
	Labrador Shelf



	NARR
	North American Regional Reanalysis



	NFS
	Newfoundland Shelf



	NGMS-seCS
	Nested-grid modelling system for the southeastern Canadian Shelf



	NoL3Wind
	Wind forcing in submodel L3 turned off



	NT
	Tidal forcing turned off, otherwise identical to CR



	NW
	Wind forcing in submodels L2 and L3 turned off, otherwise identical to CR



	OTIS
	Oregon State University Tidal Inversion System



	PEI
	Prince Edward Island



	PODAAC
	Physical Oceanography Distributed Active Archive Center



	ROMS
	Regional Ocean Modeling System



	ScS
	Scotian Shelf



	seCS
	Southeastern Canadian Shelf



	SLE
	St. Lawrence Estuary



	SLGO
	St. Lawrence Global Observatory



	SLR
	St. Lawrence River



	swScS
	Southwestern ScS



	SSS
	Sea surface salinity



	SST
	Sea surface temperature







Appendix A.2. Symbols




	    N 2    
	Brunt–Väisälä frequency square



	    r 2    
	Correlation square



	   T  A ¯     (   T  B ¯    )
	Temperature averaged over green box A (B) in Figure 1b.



	    T i D    
	Impact index of tides at depth D



	   Δ   T ¯  Y  C 1 − C 2     
	Monthly-mean temperature difference between cases C1 and C2 at the depths of Y meters (0 represents the sea surface)



	   S  A ¯     (   S  B ¯    )
	Salinity averaged over green box A (B) in Figure 1b.



	  σ  
	Standard deviation



	   Δ   S ¯  Y  C 1 − C 2     
	Monthly-mean salinity difference between cases C1 and C2 at depths of Y meters (0 represents the sea surface)



	       U ¯  →   D  C 1     
	Monthly-mean currents at depth D in case C1



	   Δ     U ¯  →   Y  C 1 − C 2     
	Monthly-mean circulation difference (two-dimensional vector field) between cases C1 and C2 at the depths of Y meters



	   Δ   U ¯   P P   C R − N T   &   Δ   V ¯   P P   C R − N T     
	Monthly-mean alongshore (northeastward) and onshore

Current differences between cases Control Run and NoTide along transect PP’ (shown in Figure 1c)



	    W i D    
	Impact index of winds at depth D



	β
	Coefficient for semi-prognostic method



	γ2
	Metric to assess model performance (defined in Appendix G)



	  θ  
	Coefficient for sponge layer nudging



	Var( )
	Variance



	z
	Vertical Caresian coordinate



	z0
	Thickness of bottom boundary layer in the parameterization of bottom friction








Appendix B. Parameterization of Bottom Friction


The logarithmic parameterization of bottom friction is used in this study. This parameterization assumes that currents have the classic vertical logarithmic profile in the bottom boundary layer:


   | u |  =    u *   κ  l n  (   z   z 0     )   



(A1)




where    | u |  =    u 2  +  v 2      is the current speed,    u *  =    |   τ  b x    |  +  |   τ  b y    |      is the friction velocity,    τ  b x     and    τ  b y     are components of kinematic bottom stress, z is the elevation above the sea bottom,  κ  = 0.41 is the von Karman constant, z0 is the bottom roughness length (set to 0.02 m in this study).



The kinematic stress is parameterized as


   τ  b x   =    κ 2  u    u 2  +  v 2      l  n 2   (   z   z 0     )     



(A2)






   τ  b y   =    κ 2  v    u 2  +  v 2      l  n 2   (   z   z 0     )     



(A3)







The parameterization for the bottom friction can be found in Warner et al. [29].




Appendix C. Sponge Layer Nudging


In submodel L1, a thin sponge layer (with a thickness of 20 grid points) is defined along each lateral boundary in which the model temperature and salinity are nudged toward the daily GLORYS 12V1 reanalysis values as:


   X A  =  X U  + θ Δ  (   X  G L O   −  X U   )   



(A4)




where XA is the adjusted temperature or salinity, XU is the prognostic temperature or salinity, and XGLO is the reanalysis temperature or salinity. In this study, θ is set to 0.5 day−1 in the 15 grid points closest to the model boundary and decreases linearly to 0 in the next 5 grid points.




Appendix D. Semi-Prognostic Method


In the semi-prognostic method, the model hydrostatic equation


    ∂ P   ∂ z   = − g  ρ m   



(A5)




is adjusted to


    ∂ P   ∂ z   = − g  [   ρ m  + β    (   ρ C  −  ρ m   )   ¯   ]   



(A6)




where    ρ m    is the prognostic density,    ρ c    is the density calculated from the climatological temperature and salinity, and  β  is the nudging coefficient. The coefficient  β  is set to 0.15 in this study. The operator      (   )   ¯    denotes spatial averaging.



The semi-prognostic method introduces a correction term   −  1   ρ 0    ∇  P ^    to the horizontal momentum equations, where   P ^   satisfies


    ∂  P ^    ∂ z   = − g β    (   ρ C  −  ρ m   )   ¯   



(A7)




with    P ^  = 0   at z = 0. This correction term modifies the simulated circulation, and thus indirectly alters the simulated temperature and salinity. More details of the semi-prognostic method are available in Sheng et al. [25].




Appendix E. The Spectral Nudging Method


In the spectral nudging method, the model-computed temperature and salinity are nudged toward the climatological temperature and salinity values at certain frequency bands. Using temperature as an example, the tracer equation with spectral nudging is:


    ∂ T   ∂ t   +  (  u · ∇  )  T = A ·  ∇ 2  T + γ  〈   T c  − T  〉   



(A8)




where the nudging term


   〈   T c  − T  〉  =   ∫   − ∞  0  ϕ  ( τ )   [   T c   (  t + τ  )  − T  (  t + τ  )   ]    d τ  



(A9)




is a weighted average of previous differences between the climatological and prognostic temperatures,  γ  is a coefficient controlling the strength of the nudging,   ϕ  ( τ )    is a weighting function that controls the frequencies at which the nudging is applied,  T  is the prognostic temperature,    T c    is the climatological temperature, and  u  is the 3D velocity vector. More details of the spectral nudging method are available in Thompson et al. [26]. In this study,  γ  for both temperature and salinity is 0 between the sea surface and the 30-m depth, linearly increases from 0 to 0.0011 between depths of 30 and 40 m, and is 0.0011 at depths greater than 40 m.




Appendix F. Validation of Sea Ice Concentration


Figure A1a shows the monthly-mean sea ice concentration (represented as a fraction of model grid point area) in February 2018 simulated by submodel L1. Model results feature high sea ice concentration over the LS, northeastern NFS, the SLE, Strait of Belle Isle, and coastal waters off western PEI. Over these areas, the local ice production is large in the winter months due to strong negative heat flux (i.e., net heat loss from the ocean surface to the atmosphere) and relatively low SSS in comparison with other areas of the seCS. The freezing point is higher for lower salinity waters, leading to more local ice production. Urrego-Blanco and Sheng [49] demonstrated that both thermodynamics and ice dynamics play important roles in affecting the sea ice concentration in the GSL. Furthermore, over the LS and northern NFS, the sea ice conditions are also affected by the southward advection of some Arctic and sub-Arctic sea ice carried by the Labrador Current in the winter months [50,51].
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Figure A1. Monthly-mean sea ice concentration (as a fraction of model grid point area) in February 2018 (a) produced by NGMS-seCS and (b) from the daily GHRSST Level 4 CMC0.1deg Global Foundation Sea Surface Temperature Analysis (GDS version 2) dataset over the domain of submodel L1. 






Figure A1. Monthly-mean sea ice concentration (as a fraction of model grid point area) in February 2018 (a) produced by NGMS-seCS and (b) from the daily GHRSST Level 4 CMC0.1deg Global Foundation Sea Surface Temperature Analysis (GDS version 2) dataset over the domain of submodel L1.
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As shown in Figure A1, submodel L1 has satisfactory skills in reproducing the observed monthly-mean sea ice concentrations over the LS, Strait of Belle Isle, northern GSL, and northeastern NFS. However, submodel L1 has large deficiencies in simulating the sea ice concentration over the southwest GSL and coastal waters off CBI and eastern PEI. The reasons for the large model deficiencies in simulating sea ice conditions are still under investigation. One possible reason is that the thermodynamics over these local areas may not be simulated well due to deficiencies in the parametrization of local vertical mixing. Another plausible reason is inaccuracies in the simulated net heat flux during the ice formation period.




Appendix G. Definition of  γ 2


The metric γ2 is defined by Thompson and Sheng [52] as:


   γ 2  =   V a r  (   X o  −  X s   )    V a r  (   X o   )     



(A10)




where XS and XO respectively represent the simulated and observed value of variable X at a given time. Smaller values of γ2 indicate better agreement between observed and simulated values of the variable X. Values of γ2 below 1 can be considered as indicators of good model performance.




Appendix H. Seasonal Variability of the Vertical Stratification over the swScS


To examine the seasonal variability of the vertical stratification in the swScS, the time series (produced by submodel L2) of temperature (   T  A ¯    ; Figure A2a), salinity (   S  A ¯    ; Figure A2b), and Brunt–Väisälä frequency square (    log   10    (   N  A ¯  2   )    in Figure A2c calculated based on    T  A ¯    ,    S  A ¯   ,   and pressure fields) averaged over green box A (Figure 1b) are analyzed. In the winter months, strong winter convection and wind-induced vertical mixing significantly reduce the vertical stratification in the top ~40 m over the swScS, as shown by the nearly uniform    T  A ¯     (~4°C) and    S  A ¯     (~31) in the top ~40 m in Figure A2a,b. During the same period, the values of     log   10    (   N  A ¯  2   )    are small (between −6 and −4) in the upper water column, indicating the small density gradients in the vertical in the surface mixed layer. Between 40 m and 80 m, the vertical stratification over the swScS in winter is relatively stronger than its counterpart in the surface mixed layer, with    T  A ¯     increasing from ~5.5 to ~7.5 with depth,    S  A ¯     increasing from ~31.5 to 33.5 with depth, and     log   10    (   N  A ¯  2   )    between −4 and −3.5. Below 140 m, the density gradients in the vertical are generally weak, with small values of     log   10    (   N  A ¯  2   )    about −4.5. Between early spring and late summer, the wind forcing over the swScS is generally much weaker than its counterpart in the winter months, and the positive surface heat fluxes gradually raise the upper-column (top ~20 m) temperature. This results in the strong vertical stratification in the top ~20 m over the swScS, with large values of     log   10    (   N  A ¯  2   )    between −3 and −2.5. Although wind-induced vertical mixing is much weaker in summer than in winter, it still noticeably reduces the vertical stratification in the top ~10 m over the swScS in summer (as shown by the very small patches of small values of     log   10    (   N  A ¯  2   )    in the top ~5 m in the summer months). Between early autumn and early winter, the wind-induced vertical mixing over the swScS gradually increases (due to gradually increasing wind speed), and the upper column temperature gradually decreases (from ~18 °C to ~5.5 °C, due to negative surface fluxes). As a result of strong convection resulting from surface cooling and wind-induced vertical mixing, the upper-column vertical stratification in the swScS significantly decreases (with     log   10    (   N  A ¯  2   )    decreases from ~−3.5 to ~−6), and the surface mixed layer depths over the swScS increase from ~10 m to ~35 m.
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Figure A2. Time series of (a) temperature, (b) salinity, and (c)     log   10    (   N 2   )    averaged in green box A (Figure 1b, in the swScS) in 2018. The time series of temperature, salinity, and     log   10    (   N 2   )    are calculated based on the daily-mean model results produced by submodel L2. 
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Figure 1. Major geographic features and domains of the three submodels composing the nested-grid coupled circulation-ice modelling system (NGMS-seCS) for the southeastern Canadian shelf and adjacent deep ocean waters of the northwest Atlantic Ocean. The horizontal resolutions of submodels (a) L1, (b) L2, and (c) L3 are 1/12°, 1/36°, and 1/108°, respectively. The color image in each subplot represents water depths. Transect PP’ is a cross-shelf transect originating from Liverpool Bay. Transect PQ is the extension of transect PP’ over the L2 domain. Transect EE’ is a north-south transect originating from Yarmouth, which is close to the western open boundary of submodel L3. Figure 1c shows the coordinate system for the transects PP’ and PQ. Definitions of abbreviations are given in Appendix A. Green boxes A and B are in the swScS and central GoM, respectively, over which the time series of simulated SST are compared with the satellite remote sensing observations. 
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Figure 2. Time series of observed (red) and simulated (blue) (a) total, (b) tidal, and (c) non-tidal sea levels at Halifax for the period from 5 February to 27 March 2018. The simulated results are produced by submodel L1. 
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Figure 3. Co-phases (black contour lines) and co-amplitudes (color image) of the M2 (a,b) and K1 (c,d) tidal sea levels simulated by submodel L1 (a,c), and from the OTIS regional tidal model solution (b,d). 
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Figure 4. (a) Ellipses of (a) surface M2 tidal currents (blue ellipses) for June 2018 simulated in case CR and (b) the counterparts taken from Wang et al. [9] (red ellipses represent baroclinic M2 tides and blue ellipses represent barotropic M2 tides). For clarity, the M2 tidal current ellipses in (a) are plotted at every 14th grid point of submodel L2. The ellipses inside (outside) the black box in (a) are based on results of submodel L3 (submodel L2). The magenta and green contours represent the 200-m and 1000-m isobaths, respectively. The red box in (b) indicates the L2 domain of the NGMS-seCS. 






Figure 4. (a) Ellipses of (a) surface M2 tidal currents (blue ellipses) for June 2018 simulated in case CR and (b) the counterparts taken from Wang et al. [9] (red ellipses represent baroclinic M2 tides and blue ellipses represent barotropic M2 tides). For clarity, the M2 tidal current ellipses in (a) are plotted at every 14th grid point of submodel L2. The ellipses inside (outside) the black box in (a) are based on results of submodel L3 (submodel L2). The magenta and green contours represent the 200-m and 1000-m isobaths, respectively. The red box in (b) indicates the L2 domain of the NGMS-seCS.



[image: Jmse 10 01706 g004]







[image: Jmse 10 01706 g005 550] 





Figure 5. Monthly-mean sea surface temperature (SST) over the submodel L1 domain in (a,b) March and (c,d) September 2018 from (a,c) the results of submodel L1 and (b,d) satellite remote sensing SST data. 
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Figure 6. The monthly-mean sea surface salinity (SSS) over the L1 domain in (a,b) March and (c,d) September 2018 from (a,c) the results of submodel L1 and (b,d) SSS remote sensing data. 
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Figure 7. Time series of daily-mean SSTs produced by submodel L2 in 2018 (blue lines) averaged over green boxes (a) A (swScS) and (b) B (central GoM) in Figure 1b. The red lines represent the time series of remote sensing SST observations extracted from the daily GHRSST Level 4 CMC0.1deg Global Foundation Sea Surface Temperature Analysis (GDS version 2). 
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Figure 8. Monthly-mean currents and temperature in February 2018 produced by submodel L2 at (a,b) the sea surface and (d,e) 40 m over the L2 domain in cases (a,d) CR and (b,e) NW. Differences in the monthly-mean currents and temperature between cases CR and NW at (c) the sea surface and (f) 40 m. For clarity, velocity vectors are plotted at every 14th model grid point. 
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Figure 9. Monthly-mean currents and temperature in August 2018 produced by submodel L2 at (a,b) the sea surface and (d,e) 40 m over the L2 domain in cases (a,d) CR and (b,e) NW. Differences in the monthly-mean currents and temperature between cases CR and NW at (c) the sea surface and (f) 40 m. For clarity, velocity vectors are plotted at every 14th model grid point. 
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Figure 10. Monthly-mean currents and salinity in February 2018 produced by submodel L2 at (a,b) the sea surface and (d,e) the 40-m depth over the L2 domain in cases (a,d) CR and (b,e) NW. Differences in salinity and currents between cases CR and NW at (c) sea surface and (f) 40 m. For clarity, velocity vectors are plotted at every 14th model grid point. The current velocity vectors are identical to those shown in Figure 8. 
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Figure 11. Monthly-mean currents and salinity in August 2018 produced by submodel L2 at (a,b) the sea surface and (d,e) the 40-m depth over the L2 domain in cases (a,d) CR and (b,e) NW. Differences in salinity and currents between cases CR and NW at (c) sea surface and (f) 40 m. For clarity, velocity vectors are plotted at every 14th model grid point. The current velocity vectors are identical to those shown in Figure 9. 
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Figure 12. Vertical distributions of monthly-mean salinity for August 2018 in the top 80 m simulated by submodel L2 in cases (a) CR and (b) NW along cross-shelf transect PQ (shown in Figure 1b), and (c) profile of local water depths along transect PQ. 
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Figure 13. Vertical profiles of monthly-mean (a,b,e,f) temperature and (c,d,g,h) salinity in (a–d) February and (e–h) August 2018 produced by submodel L3 along transect PP’ (shown in Figure 1c) in cases (a,c,e,g) CR and (b,d,f,h) NW. 
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Figure 14. Differences in the monthly-mean (a,c) surface and (b,d) sub-surface (40 m) currents (vector fields) in (a,b) February and (c,d) August 2018 between cases CR and NW (calculated based on the L3 model results). For clarity, velocity vectors are plotted at every 7th model grid point. The color image indicates the associated impact index calculated using the method by Wang et al. [9]. 
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Figure 15. Differences in monthly-mean currents (black and red arrows), temperature (a,b), and salinity (c,d) simulated by submodel L2 for February 2018 between cases CR and NT at (a,b) the surface and (c,d) 40 m. For clarity, velocity vectors are plotted at every 12th model grid point. Different scales are used for the black and red arrows. 






Figure 15. Differences in monthly-mean currents (black and red arrows), temperature (a,b), and salinity (c,d) simulated by submodel L2 for February 2018 between cases CR and NT at (a,b) the surface and (c,d) 40 m. For clarity, velocity vectors are plotted at every 12th model grid point. Different scales are used for the black and red arrows.
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Figure 16. Differences in monthly-mean currents (black and red arrows), temperature (a,b), and salinity (c,d) simulated by submodel L2 for August 2018 between cases CR and NT at (a,b) the surface and (c,d) 40 m. For clarity, velocity vectors are plotted at every 11th model grid point. Different scales are used for the black and red arrows. 
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Figure 17. Vertical distributions of monthly-mean (a,b,e,f) temperature and (c,d,g,h) salinity in (a–d) February and (e–h) August 2018 along transect EE’ (shown in Figure 1c) simulated by submodel L2 in (a,c,e,g) case CR and (b,d,f,h) case NT. 
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Figure 18. Differences in the monthly-mean (a,c) surface and (b,d) sub-surface (40 m) currents (vector fields) in (a,b) February and (c,d) August 2018 between cases CR and NT (calculated based on the L3 model results). For clarity, velocity vectors are plotted at every 7th model grid point. The color image indicates the associated impact index calculated using the method by Wang et al. [9]. 






Figure 18. Differences in the monthly-mean (a,c) surface and (b,d) sub-surface (40 m) currents (vector fields) in (a,b) February and (c,d) August 2018 between cases CR and NT (calculated based on the L3 model results). For clarity, velocity vectors are plotted at every 7th model grid point. The color image indicates the associated impact index calculated using the method by Wang et al. [9].
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Table 1. List of four numerical experiments using the NGMS-seCS.






Table 1. List of four numerical experiments using the NGMS-seCS.





	Numerical

Experiment
	Tidal Forcing
	Wind Forcing in Submodel L2
	Wind Forcing in Submodel L3
	Other Forcing





	CR
	Yes
	Yes
	Yes
	Yes



	NW
	Yes
	No
	No
	Yes



	NT
	No
	Yes
	Yes
	Yes
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Table 2. List of γ2 values for total, tidal, and sub-tidal surface elevations.






Table 2. List of γ2 values for total, tidal, and sub-tidal surface elevations.





	Stations
	Total
	Tidal
	Sub-Tidal





	Halifax
	0.089
	0.040
	0.304



	Yarmouth
	0.023
	0.013
	0.318



	Charlottetown
	0.031
	0.017
	0.298



	Port aux basques
	0.054
	0.030
	0.336



	North Sydney
	0.067
	0.044
	0.166
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