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ABSTRACT

The overall goal is to downscale ocean conditions predicted by an existing global prediction system and
evaluate the results using observations from the Gulf of Maine, Scotian Shelf and adjacent deep ocean.
The first step is to develop a one-way nested regional model and evaluate its predictions using observa-
tions from multiple sources including satellite-borne sensors of surface temperature and sea level, CTDs,
Argo floats and moored current meters. It is shown that the regional model predicts more realistic fields
than the global system on the shelf because it has higher resolution and includes tides that are absent
from the global system. However, in deep water the regional model misplaces deep ocean eddies and
meanders associated with the Gulf Stream. This is not because the regional model’s dynamics are flawed
but rather is the result of internally generated variability in deep water that leads to decoupling of the
regional model from the global system. To overcome this problem, the next step is to spectrally nudge
the regional model to the large scales (length scales > 90 km) of the global system. It is shown this leads
to more realistic predictions off the shelf. Wavenumber spectra show that even though spectral nudging
constrains the large scales, it does not suppress the variability on small scales; on the contrary, it favours

the formation of eddies with length scales below the cutoff wavelength of the spectral nudging.

© 2016 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The present generation of data-assimilative ocean models is ca-
pable of realistic eddy resolving simulations of the global ocean
and interactions with other components of the climate system
(e.g., atmosphere, sea ice). Two well known examples of the new
generation of operational ocean systems with global domains and
relatively high resolution are the US Naval Oceanographic Office
1/12° system based on the HYbrid Coordinate Model (HYCOM,
Chassignet et al., 2009) and the 1/12° MERCATOR system based
on the Nucleus for European Modelling Ocean framework (NEMO,
Molines et al., 2014).

Despite these recent advances in the development of global
ocean forecast systems, many practical applications (e.g., calculat-
ing the probability of extreme events, forecasting oil spill trajecto-
ries, supporting marine search and rescue, interpreting the move-
ment of tagged marine animals) require information on smaller
spatial scales. The need for higher resolution can be particularly
acute on continental shelves where variability on scales of sev-
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eral km and less can be of practical importance. However, re-
gional ocean conditions are often controlled by processes operating
on large scales, e.g., western intensification of boundary currents,
propagating Rossby waves. This leads to the need for downscaling
to help estimate local and regional features from coarser scale pat-
terns. Ocean modellers are responding to this need by developing
unstructured grid and nested structured grid models with higher
resolution reserved for regions of primary interest (i.e., dynamical
downscaling, see Blayo and Debreu, 2006, for an overview of the
ocean nesting problem).

The atmospheric modelling community has considerable ex-
perience in dynamical downscaling and the specification of lat-
eral open boundary conditions for nested high resolution models.
Many studies have examined the accuracy of one-way nesting (e.g.,
de Elia et al., 2002; Denis et al., 2002; Laprise, 2003; Nutter et al.,
2004). In general, one-way nesting is challenging because of i) in-
ternally generated variability in the regional model that may lead
to decoupling of the regional model solution from the large scale
fields used to drive it (e.g., Giorgi and Bi, 2000; Caya and Biner,
2004; Rinke et al., 2004; Alexandru et al., 2009; Laprise et al.,
2012) and, ii) practical difficulties in the specification of lateral
open boundary conditions (e.g., sponge layers, Davies, 1976). Simi-
lar problems have been noted by the ocean modelling community
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(e.g., Marchesiello et al., 2001). To constrain atmospheric inter-
nal variability, and overcome the impact of ill-posed lateral open
boundary conditions, a method referred to as spectral nudging has
been proposed (Waldron et al., 1996; von Storch et al., 2000). Ac-
cording to this method, the large scales of the regional model are
nudged towards independent estimates of the true large scales (es-
timated from, for example, a coarser resolution global system or a
reanalysis) and the small scales are left to evolve freely according
to the regional model’s dynamics.

Spectral nudging is based on the idea that the large scales may
be used to guide the reconstruction and prediction of the small
scales. (See Appendix A for the relationship between frequency de-
pendent and spectral nudging.) In an independent study based on
a similar idea, Henshaw et al., 2003 showed that small scale modes
of variability of the solutions to the unforced Navier-Stokes and
Burger’s equations can be recovered with surprising accuracy from
the time history of a few of the large scale modes, due to their
nonlinear coupling. Katavouta and Thompson (2013) extended the
analysis of Henshaw et al. (2003) to a flow regime that approxi-
mates the real ocean using an ocean quasi-geostrophic model. They
showed that important features of the ocean circulation, including
the positions of a meandering mid-ocean jet and the associated
pinch-off eddies, can be recovered from the time history of a small
number of large scale modes. This result is significant because it
implies that even though the atmosphere and ocean have impor-
tant differences (e.g., the ocean’s internal Rossby radius of defor-
mation is typically 100 times smaller than that of the mid-latitude
atmosphere, coastal boundaries have a major impact on ocean cir-
culation), spectral nudging of realistic ocean models may also be
effective due to the shared nonlinearity of the governing equations.

As a follow-up to Katavouta and Thompson (2013), we now
check if the skill of a realistic regional ocean model can be im-
proved by assimilating information on the large scales. The focus of
the present study is on downscaling only information on the large
scales; we do not consider the benefit of assimilating observations
directly into the regional model. This means that the present study
is relevant to applications for which the number of observations
can be very low or even zero. For example, the present study is rel-
evant to i) downscaling global climate change scenarios for which
no observations will be available, ii) downscaling global and basin
scale ocean hindcasts for the last 50 years for which time the avail-
ability of observations will be limited, and iii) using a rapidly re-
locatable ocean model to predict conditions for an arbitrary area
(e.g., a small coastal bay, part of the shelf or shelf break) undergo-
ing a marine emergency and with an uncertain number of observa-
tions. The difficulties and benefits of assimilating observations into
the regional model are discussed in the final section.

As a case study we focus on downscaling ocean conditions from
a well known global system (the US Naval Oceanographic office
1/12° assimilative system based on HYCOM) to the Gulf of Maine,
Scotian Shelf and adjacent North Atlantic. We first construct a one-
way nested regional model, based on the NEMO modelling frame-
work, in order to identify the limitations of the global system on
the shelf. The regional model is evaluated using a range of obser-
vations, and challenges unique to ocean downscaling are identified.
For example, the regional model includes both shelf and deep wa-
ter and thus covers environments with significantly different pro-
cesses, and spatial and temporal scales. As will become clear, this
means the regional model may predict more realistic fields than
the global system on the shelf, but less accurate fields in deep wa-
ter due to the problems associated with one-way nesting described
above. To overcome this problem, we then spectrally nudge the re-
gional model to the large scales predicted by the global system.

The outline of this paper is as follows. The global and regional
ocean models, the spectral nudging methodology modified for re-
alistic ocean applications, and the design of the numerical experi-

Table 1
Main characteristics of the global system, GoMSS and GoMSS*.
Global system GoMSS GoMSS+
Model Framework HYCOM NEMO NEMO
Resolution 1/12° 1/36° 1/36°
Domain Global Gulf of Maine, Gulf of Maine
Scotian Shelf, and Scorian Shelf, and
adjacent deep ocean adjacent deep ocean
Atmosperic NOGAPS CFSR CFSR
forcing
Tidal forcing No FES2004 FES2004
Assimilation NCODA No Spectral nudging

ments, are described in Section 2. In Section 3 the performance of
the one-way nested version of the regional model is evaluated and
discussed. The improvements resulting from the spectral nudging
are discussed in Section 4. In Section 5 we estimate wave-number
spectra of predictions by the three models (global, one-way nested
and spectrally nudged) and examine the impact of spectral nudg-
ing on the small scales that are not directly influenced by spectral
nudging. The main results of the study, and their implications, are
summarized in Section 6. Note on terminology: we subsequently
use “model predictions” in the generic sense (i.e., in the same way
a regression model predicts y from x) and not in the sense of fore-
casting (i.e., predicting the future).

2. Methods

A brief description is given below of the global system and the
higher resolution regional model. The period of integration of the
regional model is 2010-2012. The spectral nudging method is then
described. The characteristics of each system are summarized in
Table 1.

2.1. Global system

The fields to be downscaled are obtained from the HY-
COM+NCODA global 1/12° analysis system. These fields are pro-
vided by the HYCOM Consortium (www.HYCOM.org). NCODA
(Navy Coupled Ocean Data Assimilation) refers to the assimilation
scheme used in the global system. The global system has a hor-
izontal resolution of 1/12° in both longitude and latitude (about
7 km at mid-latitudes and 3.5 km at the poles). Daily snapshots
from the global system are available for 32 vertical z-levels. The
surface atmospheric forcing comes from the 3-hourly Navy Oper-
ational Global Prediction System (NOGAPS) with a 1/2° resolution.
A simple thermodynamic ice model is used that includes ice for-
mation and melting but no ice motion. For further details about
the global system’s physics and configuration see Bleck (2002) and
Chassignet et al. (2007); (2009).

The global system assimilates along track altimeter observa-
tions, sea surface temperature observed by satellites, sea ice con-
centration from the special sensor microwave/imager (SSMI), and
in-situ vertical profiles of temperature and salinity from various
platforms (e.g., Argo floats, ships, moored buoys). The analysis up-
dates sea ice concentration, salinity, temperature, dynamic height
and velocity. The assimilation is performed using multivariate op-
timum interpolation (Cummings, 2005; Cummings and Smedstad,
2013). The currents are updated based on multivariate correlations
between velocity and dynamic height, and the altimeters’ sea sur-
face height observations are vertically projected using synthetic
temperature and salinity profiles from the Modular Ocean Data As-
similation System (Fox et al., 2002).
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Fig. 1. The GoMSS model domain (box defined by the black lines), with major bathymetric features, place names and the horizontal variation of y (i.e., ¢(x, y), see (5))
defined by the colorbar. The thin black line shows the 200 m isobath. The black lines labelled Track 1 to 6 define the altimeter tracks. The blue lines (one on the shelf and
one in deep water) define the lines along which wavenumber spectra are estimated. Note that the southern Gulf of St. Lawrence is not represented in the regional model
and has been masked out. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.2. Regional model

The regional model is based on the ocean component (Ocean
Parallelise System, Madec et al., 1998) of the Nucleus for European
Modelling of the Ocean (NEMO) version 3.1 framework (Madec,
2008). The model domain covers the Gulf of Maine, Scotian Shelf
and adjacent deep ocean (Fig. 1). Henceforth the regional model in
the one-way nesting set-up is referred to as GoMSS. It has a hori-
zontal resolution of approximately 1/36° in longitude and latitude
(2.8 km average grid spacing) and 52 z-levels with a spacing that
varies from 0.7 m closest to the surface to 233 m for the deepest
level (4000 m). All depths exceeding 4000 m were set to this value
(i.e., clipped). A barotropic-baroclinic time split approach is used
to solve separately for the fast (barotropic) motions and the slower
(baroclinic) motions. The barotropic and baroclinic time steps are
6 s and 180 s respectively.

Six atmospheric variables from the global NCEP climate fore-
cast system reanalysis (CFSR, Saha et al., 2010) are used to force
the model at the atmosphere-ocean interface: wind at 10 m above
the ocean surface, air temperature and humidity at 2 m, precipita-
tion, and longwave and incoming shortwave radiation. The reanal-
ysis fields have a time spacing of 6 hours and a horizontal resolu-
tion of approximately 0.3°.

The model’s initial and lateral open boundary conditions for
temperature, salinity, sea surface height and velocity are specified
using predictions from the global system extracted daily. Five tidal
constituents (M,, Ny, Sy, K;, O7) are also used to drive the model
along its lateral open boundaries. (The global system does not
include tides.) Tidal elevation and transport were obtained from

the FES2004 barotropic global tidal model (Lyard et al., 2006). A
Flather radiation scheme (Flather, 1976), based on prescribed nor-
mal flow and sea surface height, is used for the barotropic currents
normal to the open boundaries. A radiation relaxation type algo-
rithm (Orlanski forward implicit, Marchesiello et al., 2001) with a
10 grid point sponge layer is used for the baroclinic currents. (The
barotropic currents are estimated by vertical averaging the global
system fields and then adding the contribution from the tides.)
Temperature and salinity within GoMSS’s sponge layer are set to
the global system values when flow enters the domain and a sim-
ple upwind advection scheme is used when the flow leaves the do-
main. For further details about the model’s physics see Katavouta
et al. (2015).

2.3. Spectral nudging

The basic idea is to additionally force the model over its in-
terior using large scales from the global system. Henceforth the
regional model with spectral nudging is referred to as GoMSS™.
In this study two variables are updated directly by spectral nudg-
ing: temperature and salinity. Following Katavouta and Thompson
(2013) we write the discretized salinity and temperature equations
in the form

T, = Di(T1) + Y (T%° = De(T-1))1 (1)

St = De(Se-1) + V(S — De(Se-1))1 (2)

where T; and S; are the model temperature and salinity state vec-
tors at time t (with each element corresponding a specific model
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Table 2
Spectral nudging parameters.

Parameter Value

Number of Butterworth filter passes 10

Cutoff wavelength, A, 90 km
Nudging time step 12 minutes
Relaxation time 1h
Overall nudging strength, y, 0.2
Width of transition zone, Ah 1200 m
Transition depth, hg:
Laurential Channel 350 m
Elsewhere 2000 m

grid point), D; is a nonlinear operator representing the model’s
dynamics and forcing, T¢ and S are the temperature and salin-
ity fields from the global system, y is the nudging coefficient and
( - ). denotes a quantity that has been spatially smoothed to ex-
tract its large scale component. The same y is used for salinity and
temperature. According to the above updating equations, only the
large scales are nudged and the small scales evolve freely accord-
ing to the dynamics and forcing of GoMSS.

To obtain the large scale component (Katavouta and Thomp-
son, 2013) used two dimentional Fourier transforms. This approach
is commonly used in atmospheric regional models and simple
rectangular model domains. For the real ocean the complexity of
the coastline prohibits the use of Fourier transforms. To spatially
smooth the temperature and salinity nudges (i.e., evaluate ( - );)
we used 10 passes of a two dimensional recursive low-pass, sec-
ond order Butterworth filter (similar to Thompson et al., 2006).
The nudges over land were reset to zero after each pass of the fil-
ter.

The parameter choices for the Butterworth filter and y are
listed in Table 2. The Butterworth filter cutoff wavelength (1) was
set equal to 90 km, which is about three times larger than the first
baroclinic Rossby radius of deformation over the model domain.
This choice of A, was based on sensitivity experiments that en-
sured spectral nudging does not suppress variability on eddy and
smaller scales.

The nudging parameter y varies with horizontal and vertical
position as follows

Yy =vl®y.2) (3)

where I'(x, y, z) is a function of position and y( is a constant
that can be interpreted as the ratio of the nudging time step di-
vided by the nudging relaxation time scale. The nudging time step
is set equal to 12 minutes, corresponding to four baroclinic time
steps. The value of the relaxation time scale depends on the appli-
cation and we chose it based on sensitivity experiments. Because
the purpose of this study is to show that spectral nudging can ad-
dress weaknesses in the one-way nesting method, we decided to
apply relatively strong nudging and used a relaxation time of one
hour leading to yy = 0.2. Note that similar results were obtained
for 0.05 < yg < 1.

As will become clear in Section 3, the differences between
GoMSS and the global system are largest in deep water. Addition-
ally, GoMSS is more realistic than the global system on the shelf
because it includes tides and has higher resolution. For these rea-
sons, we decided to apply spectral nudging only in the deep wa-
ter and made I'(x, y, z) a function of bathymetry. Furthermore, the
realism of the global system’s temperature and salinity fields is
expected to be higher near the surface where there are relatively
more observations available for assimilation. These considerations
led to the following form for I'(x, y, z):

Z]% (4)

hmax

rmun=¢mwp—

¢(x,y):;|:1+tanh(h;:°>i| (5)

where z denotes model depth, h(x, y) and hmax are the regional
model bathymetry and its maximum value (4000 m) respectively,
and hg is the transition depth (set equal to 2000 m, except along
the Laurentian Channel where hy =350 m). The parameter Ah
controls the rapidity of the transition from no nudging to nudging
as water depth increases. We set Ah equal to 1200 m. To smooth
variations of y in the horizontal, the regional model bathymetry
used in (5) was smoothed using a central moving average filter
with a 100 km spatial window. The horizontal variation of T, i.e.,
¢(x, y), is shown in Fig. 1.

3. Strengths and weaknesses of global system and GoMSS

The global system has been extensively evaluated by compari-
son with observations (e.g., Chassignet et al., 2009; Metzger et al.,
2008) and shown to be capable of providing accurate predictions
of temperature, salinity, sea level, currents and the position of mid-
ocean jets and associated eddies and meanders. However, as noted
in the Introduction, higher resolution and the explicit representa-
tion of tides (missing from the global system) may be required for
several important coastal applications.

GoMSS has been designed to address the above weaknesses of
the global system through increased model resolution and the in-
clusion of tides which are known to be important in the Gulf of
Maine and on the Scotian Shelf. In a recent study Katavouta et al.
(2015) showed that the tides and their seasonal variability are well
represented in GoMSS. It was also shown that GoMSS can repro-
duce important features caused by the interaction of water den-
sity, bathymetry and the tides. For example it was shown that the
model generates strong currents that can exceed 0.2 m s~! around
shallow features like Georges Bank and Browns Bank due to tidal
rectification and the density fronts that arise due to the intense
tidal mixing in the shallow water. Note on terminology: we use
“tidal rectification” to refer to the mean currents caused by the
nonlinear advection terms in the horizontal momentum equation
(e.g., Loder, 1980).

To investigate if GoMSS improves the global system’s predic-
tions of temperature, salinity, sea level and current, we now com-
pare both of them with observations.

3.1. Temperature and Salinity

The hydrographic fields predicted by the global system and
GoMSS have been compared to sea surface temperature obser-
vations from satellites and observed vertical profiles of tempera-
ture and salinity. The sea surface temperature observations are in
the form of daily Moderate Resolution Imaging Spectroradiome-
ter (MODIS) data at 4.6 km resolution downloaded from the
NASA OceanColor website (http://dx.doi.org/10.5067/Terra/MODIS_
0C.2014.0 and http://dx.doi.org/10.5067/Aqua/MODIS_0C.2014.0).
The vertical profiles of temperature and salinity were obtained
from i) CTDs deployed on the shelf and ii) Argo floats in
deep water. The horizontal locations of all profiles are shown
in Fig. 2. The CTD data were obtained from the World Ocean
Database 2013 (WOD13, Boyer et al., 2013) and the Argo float data
from the Global Data Assembly Centre (http://dx.doi.org/10.12770/
1282383d-9b35-4eaa-a9d6-4b0c24c0cfc9).

Sea surface temperature: The top panels of Fig. 3 show snap-
shots of surface temperature from satellite observations, the global
system and GoMSS for 22-July 2012. This date was selected be-
cause of the relatively good satellite coverage; similar results were
obtained for different dates. A more quantitative comparison is
shown in the bottom panel of Fig. 3 where time variations of sea
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Fig. 2. Locations of the observed CTD (gray dots) and Argo (black dots) profiles of
temperature and salinity for 2010-2012. The squares (labelled C1 to C6) mark the
locations of the temperature and salinity profiles shown in Figs. B.1 and B.2. The
black line is the 300 m isobath.

surface temperature predicted by GoMSS and the global system at
a deep water location are compared with co-located observations.
The fit is summarized in Table 3. The global system has small bias
and the standard deviation of the differences is 1.85°C. Overall, the
sea surface temperatures predicted by the global system are con-
sistent with the satellite observations in the deep water. This is
to be expected because the global system assimilates these obser-
vations. However, the upper panels of Fig. 3, and similar compar-
isons for other dates (not shown), indicate that the global system
differs from the observations on the shelf, particularly in regions
with strong mixing caused by vigorous tidal currents (e.g., Gulf of
Maine).

On the shelf, GoMSS provides more accurate predictions of sur-
face temperature than the global system at locations where tides
are known to have a significant effect on the density field, e.g.,
Gulf of Maine, Bay of Fundy, Georges Bank (see Fig. 3). More quan-
titatively, Table 3 shows the global system and GoMSS have neg-
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Table 3

Mean and standard deviation of the difference between the ob-
served and predicted time series of daily sea surface temperature,
2010-2012. The first and second rows correspond to a location in
the deep water (shown by the black star in Fig. 3). The third and
fourth rows correspond to a location on the shelf (shown by the
black circle in Fig. 3). All values are in °C.

Global system  GoMSS GoMSS+
Deep water
Mean -0.64 -0.24 -0.71
Standard deviation 185 2.82 1.77
Shelf
Mean -0.67 -0.56 -0.55
Standard deviation 1.51 139 138

ligible bias at a representative shelf location but GoMSS has a
smaller time-varying deviations about the observations than the
global system. The situation is reversed in deep water and GoMSS
predictions of surface temperature are much less accurate than
those of the global system. For example, Fig. 3 clearly shows that
GoMSS misplaces the front between the warm slope water and
the cold shelf water, and the position of several eddies and mean-
ders. Table 3 also shows that, similar to the global system, GoMSS
has negligible bias at the representative deep water location but
the standard deviation of the errors is 2.82°C, approximately 50%
higher than the corresponding value for the global system.

Vertical profiles of temperature and salinity: A detailed com-
parison of observed and predicted vertical profiles for six repre-
sentative locations (C1 to C6 in Fig. 2) is given in Appendix B. It is
shown that, on the shelf, GOMSS gives more accurate predictions of
mixed layer depth, and the shape of the thermocline and halocline,
than the global system. In deep water the global system predicts
temperature and salinity profiles more accurately than GoMSS.

To quantify the agreement between the observed and predicted
profiles, the temperature and salinity bias, and the standard devi-
ation of the difference between observations and predictions, are
shown in Fig. 4 as a function of depth for the shelf and deep
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Fig. 3. Representative sea surface temperature snapshots for 22 July, 2012 based on satellite observations, the global system, GoMSS and GoMSS* (top panels). The bottom
panel shows the time variation of sea surface temperature for the deep water location shown by the black star on the top panels. The means and standard deviations of the

difference between observed and predicted time series are listed in Table 3.
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water. The standard deviations of the temperature and salinity er-
rors at depth z will henceforth be denoted by o1(z) and o(z) re-
spectively.

On the shelf, GoMSS has a smaller temperature bias than the
global system over the top 200 m (z < 200 m). GoMSS also has
smaller salinity bias (by about 0.2) for z < 100 m. By way of con-
trast, the global system has smaller salinity bias than GoMSS (by
about 0.2) for z > 100 m. o1(z) and og(z) for GoMSS are smaller
than the global system values throughout the water column.

In deep water, o 1(z) and o 5(z) for the global system and GoMSS
are less than 1°C and 0.1 respectively, for z > 600 m presumably
because there is low variability of temperature and salinity at these
depths. The global system has a smaller bias, o 1(z) and og(z) than
GoMSS throughout the water column.

In summary, on the shelf GoMSS generally fits the observed
temperatures and salinities better than the global system. This is
not surprising because GoMSS has higher horizontal and vertical
resolution and includes tidal mixing absent from the global sys-
tem. Nevertheless, there are locations on the shelf (e.g., location
C3 during summer) where the global system provides more accu-
rate predictions of surface temperature. This shows that the assim-
ilation of observations can compensate for lack of resolution and
tides in the global system, particularly near the surface where most
hydrographic observations are available. In deep water, the global
system’s predictions of temperature and salinity are in good agree-
ment with the observations, presumably because the assimilation
of satellite and in situ observations keeps the eddies and meanders

close to their true locations. By way of contrast, GoMSS’s predic-
tions of temperature and salinity have larger bias, o 1(z) and o g(z)
than the global system because GoMSS misplaces eddies and me-
anders (e.g., top panels of Fig. 3).

3.2. Sea level

To evaluate the sea level predicted by GoMSS we compare it to
repeated profiles of sea level observed by altimeters along the six
tracks shown in Fig. 1. The altimetry data are based on sea level
anomalies that have been processed, validated, and distributed by
CTOH/LEGOS France for coastal applications (X-Track). The data
have a time spacing of 9.92 days and an along track spacing of ap-
proximately 6 km. The profiles were corrected by CTOH/LEGOS for
coastal effects and aliasing by tides, storm surges and the inverse
barometer effect (Roblou et al., 2011).

Hovmoller diagrams of the coastal altimeter observations along
Track 4, and sea level predictions by the global system and GoMSS,
are shown in Fig. 5. The high frequency variability of the model
output was removed using a Butterworth filter with a cutoff fre-
quency of 20 days (the Nyquist period of the altimeter observa-
tions). As expected, the largest variability occurs in deep water
due to the effect of ocean eddies and meanders. The uniformity of
the sea level signal across the shelf implies the observed coastal
sea level variability is primarily due to changes in the adjacent
North Atlantic. This seems to contradict previous studies where
surface height has been observed to increase shoreward along the
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Fig. 5. Hovmoller diagrams of sea level along Track 4 (Fig. 1) based on observations from the coastal altimeter dataset (top panel), and predictions by the global system,
GoMSS and GoMSS*. High frequency variability of all model output time series was removed using a Butterworth filter with a cutoff frequency of 20 days (the Nyquist
period of the altimeter observations). The horizontal red line shows the shelf edge (near the 300 m isobath). Sea level is in meters.

Halifax Line (e.g., Loder et al., 2003). The reasons for this are not
clear and further investigation (beyond the scope of the present
study) is necessary to establish the dominant mechanism respon-
sible for sea level variability across the Scotian Shelf. The largest
discrepancies between the global system and GoMSS are evident
in deep water. This is because the regional model and the global
system place the eddies and meanders in different locations. Simi-
lar results are found for the other tracks.

Taylor diagrams (Taylor, 2001) have been used to quantify the
differences between the observed and predicted sea levels along
the six tracks. The results are presented separately for the shelf
and deep water (Fig. 6). Note Track six runs along the Laurentian
Channel and is assumed to be entirely in deep water for the pur-
poses of this figure.

Over the shelf, along Tracks 1 and 2 (Gulf of Maine), GoMSS
has slightly higher correlations with the observations and lower er-
ror standard deviations than the global system. However, GoMSS
is less energetic than the observations and the global system.
Over the southern part of Scotian Shelf (Tracks 3 and 4), GoMSS
is in better agreement with the observations than the global
system but it underestimates the observed variability by about
30%. The global system overestimates the observed variability by
about 90%. Over the northern Scotian Shelf (Track 5) GoMSS and
the global system have similar fits to the observations. Overall,
GoMSS is in better agreement with the altimeter observations

than the global system on the shelf but is less energetic than the
observations.

In deep water, along Tracks 1 to 5 the global system has sig-
nificantly higher correlations with the altimeter observations and
lower error standard deviations than GoMSS. For Track 6 (Lauren-
tian Channel) the global system and GoMSS have similar statistics.
Both GoMSS and the global system are less energetic than the ob-
servations for Tracks 1 to 3 and more energetic for Track 5. Overall,
the global system’s predictions of sea level are in better agreement
with the observations than GoMSS in deep water. This is not sur-
prising because the global system assimilates the altimeter obser-
vations.

3.3. Currents

Monthly means of observed currents archived by DFO (Ocean
Data Inventory, http://www.bio.gc.ca/science/data-donnees/base/
data-donnees/odi-en.php) are now used to evaluate the winter
(January-March) and summer (July-September) seasonal mean cir-
culation predicted by GoMSS and the global system. Only locations
with multiple month records from the period 1960 to 2014 are in-
cluded. Due to the limited number of observations the following
discussion is supplemented by results from previous studies. Figs. 7
and 8 show the 0-100 m depth averaged seasonal circulation cal-
culated from the observations and predicted by the global system
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Fig. 6. Normalized Taylor diagrams comparing sea level observed by coastal altimeters with predictions by the global system, GoMSS and GoMSS* along the six tracks
shown in Fig. 1. The solid symbols are for the shelf and the open symbols for deep water.

and GoMSS. Note the observed means are based on averages of
observations from different depths (depending on data availabil-
ity for each location). For the scatterplots shown in the insets, and
the error statistics discussed below, the predictions by the global
system and GoMSS were averaged over the same depths as the
observations for each location. No observations were available in
deep water and so the following discussion focuses on the shelf
and shelf break.

Overall, the seasonal mean currents predicted by the global sys-
tem (Fig. 7) and GoMSS (Fig. 8) are in reasonable agreement with
observations and previous studies (e.g., Smith, 1983; Lynch et al.,
1996; Han et al., 1997; Loder et al., 1998; Hannah et al., 2001;
Urrego-Blanco and Sheng, 2014). The general circulation on the
shelf and along the shelf break is towards the southwest. Farther
offshore, where the effect of the Gulf Stream eddies and meanders
can dominate, there is an indication of flow to the northeast in
summer.

GoMSS simulates well the observed clockwise circulation
around Sable Island, with typical speeds of 0.08 m s~! (winter) and
0.20 m s~! (summer) as shown in Fig. 8. The tidally rectified cur-
rent around the Sable Island, estimated by a run forced solely by
the barotropic tide, with no atmospheric forcing or density varia-
tions in either space or time, reaches speeds of 0.1 m s~!. This im-
plies that tidal rectification is a major contributor to the observed
clockwise circulation around Sable Island and explains why this
current is not captured as accurately by the global system. Over
the Gully, at the shelf break, GoMSS generates a cyclonic circula-
tion that varies seasonally, in agreement with Han et al. (2001) and
Shan et al. (2014). We speculate that the mechanism responsible
for this cyclonic gyre is similar to the one discussed by Allen et al.
(2001) based on conservation of potential vorticity. GoMSS and the
global system simulate well the position, and summer weakening,
of the Nova Scotia Current. However, during summer, the global
system significantly underestimates the current speed. Comparison
of Figs. 7 and 8 shows that offshore of Nova Scotia, along the shelf
break, the global system predicts circulation in better agreement
with the observations than GoMSS during winter.

Near Cape Sable, at the southern tip of Nova Scotia, GoMSS
predicts flow from the Scotian Shelf into the Gulf of Maine dur-

ing winter, consistent with observations. GoMSS generates a clock-
wise circulation above Browns Bank that persists throughout the
year. This flow is driven by tidal rectification and density fronts
caused by intense tidal mixing on top of the Bank, consistent with
previous studies (e.g., Greenberg, 1983; Hannah et al., 2001). The
global system underestimates the clockwise flow on top of Browns
Bank because it does not include tides. GoMSS also simulates well
the clockwise circulation around Georges Bank with a peak speed
in summer that exceeds 0.2 m s~! along the north side of the
Bank, consistent with previous studies (e.g., Loder, 1980; Butman
et al., 1982; Naimie et al., 1994; Chen et al.,, 2001). This flow is
due to tidal rectification and frontal circulation caused by intense
tidal mixing on top of Georges Bank (e.g., Loder and Wright, 1985;
Naimie et al., 1994; Hannah et al, 2001) and is thus missed by
the global system. Along the Northeast Channel both GoMSS and
the global system simulate the observed circulation that persists
throughout the year: inflow towards the Gulf of Maine along the
north side of the Channel and outflow along the south side. The
global system underestimates the outflow along the south side of
the Channel. This is because this flow is part of the clockwise cir-
culation around Georges Bank that is related to the tidal processes
discussed above. Along the coast of Maine, GoMSS predicts a cy-
clonic circulation that intensifies in summer in agreement with
Brooks (1985) and Lynch et al. (1996). The global system does not
capture this flow during summer.

To assess the predictions of observed seasonal mean currents
by the global system and GoMSS, the following regression model
was used:

Upps = BO + umodﬂl +€ (6)

where u,,; and u,,,; denote the co-located observed and modelled
seasonal mean currents respectively, and € denotes the error. All
variables and regression coefficients are assumed to be complex.
The intercept B, corresponds to a large scale flow not captured by
the ocean model. B; scales and rotates the model currents to best
fit the observations. |B;] smaller (greater) than one corresponds
to model overestimation (underestimation) of the observed current
speed.
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Fig. 7. Comparison of observed (red arrows) and predicted (black arrows) currents averaged over the top 100 m. The predictions are from the global system for 2010-2012

and are shown every 3rd grid point. The black lines show the 200 m isobath. The insets are scatterplots of observed and predicted speed (m

s~1) and direction (degrees,

clockwise from eastward). The open circles corresponds to directions of currents with speed less than 0.05 m s~!. The top panel is for winter (January-March) and the
bottom panel is for summer (July-September). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The estimates of 8y and ; were obtained using complex least
squares and are denoted by 8, and B;. The predicted mean flow is

then given by @ = /§0 + umodﬁ1 and we use the following statistic
to quantify model fit:

Nobs [#512
R — i af;
- NO S
Z,‘J |“obs|i2
where N, is the number of observed seasonal means. Note that
R? is constrained to be between 0 and 1. Further details about the
above regression model and R? are given by Katavouta et al. (2015).

BO, ﬁl and R? for the global system and GoMSS are listed in

Table 4. For both systems |/§0| is small (less than 2.8 cm s 1)
During winter, the global system and GoMSS have similar skill

(7)

(R2 = 0.63 and 0.62, respectively). The global system underesti-
mates the current speed (| B1| > 1) while GoMSS overestimates it.
However, they both have small rotation error indicating they simu-
late well the direction of the mean circulation during winter. Dur-
ing summer the skill of GoMSS and the global system both drop
and their rotation error increases. However, GoMSS has higher skill
than the global system during this season.

In deep water the global system and GoMSS predict very dif-
ferent circulation patterns. The lack of current observations for the
deep water means we cannot say which pattern is the most real-
istic based on this data source. However, comparisons with sur-
face temperature and sea level (Figs. 3 and 5) discussed above
strongly suggest the global system correctly places most of the
large scale patterns in deep water. It is also clear that GoMSS
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Fig. 8. Comparison of observed (red arrows) and predicted (black arrows) currents averaged over the top 100 m. The predictions are from GoMSS for 2010-2012 and are
shown every 9th grid point. Otherwise same format as Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Table 4

Prediction of observed seasonal mean currents by the global system, GoMSS and GoMSS* in
both winter and summer. The complex regression coefficients 8, and f; (see (6)) are given
in polar form. \BO\ is in cm s~! and |/§1| has no units. The angles of BO and Bl are both in
degrees measured counter clockwise from east. R* has no units and lies between 0 and 1.

Global system GoMSS GoMSS+

Winter Summer Winter Summer Winter Summer

B, (12,-162) (28,-160) (18, -171) (13,156) (21,-168) (15, 174)
B, (116,-06) (122,68) (0.82,24) (0.81,70) (0.80,2.5) (093, 81)
R2 063 031 0.62 0.43 0.61 0.48
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Fig. 9. Correlation of temperature predicted by the global system with temperature predicted by (left panel) GoMSS and (right panel) GoMSS*. The correlation is based on
daily temperatures from the global and regional systems for the same time (no time lag) and the same point (co-located). The black lines show the 200 m isobath. The
temperatures were averaged over the top 20 m, and the annual and the semiannual cycles were removed, before calculating the correlation. Based on data for the period

2010-2012.

generates some unrealistic circulation features near its lateral open
boundaries, e.g., the persistent clockwise circulation near the west
open boundary shown in Fig. 8. We return to this point in the fol-
lowing subsection.

3.4. Internal Variability and Recirculation near Lateral Open
Boundaries

As discussed in the Introduction, all nonlinear regional models
are affected by internally generated variability to some degree. To
illustrate the effect of such variability, the left panel of Fig. 9 is a
map of the correlation between co-located values of daily temper-
ature, averaged over the top 20 m, from GoMSS and the global sys-
tem. In other words, this figure shows the strength of the linear re-
lationship between co-located, and contemporaneous, near surface
temperatures predicted by the global system and GoMSS. A value
close to zero shows that the global system and GoMSS predict very
different temperatures at this grid point, i.e., their variability has
decoupled. A value close to one shows that both the global sys-
tem and GoMSS predict similar temperatures at this location. Note
the annual and semi-annual cycles were removed before calculat-
ing the correlations and so the seasonal cycle does not affect the
correlations.

On the shelf, surface temperature is driven by atmospheric forc-
ing, mixing and advection. Both the global system and GoMSS have
similar atmospheric forcing. GoMSS represents better the mixing
and circulation on the shelf because of its tides and higher reso-
lution, however, the global system compensates for the absence of
tides and lower resolution by assimilating observations (e.g., sur-
face temperature from satellites). Thus, it is not surprising that
Fig. 9 indicates the correlations between the co-located tempera-
tures predicted by the global system and GoMSS generally exceed
0.5 on the shelf.

In the sponge layer adjacent to the lateral open boundaries,
the temperatures predicted by the global system and GoMSS are
strongly correlated as expected (Fig. 9). However, the correlation
drops rapidly moving from the sponge layer to the model inte-
rior. This drop in correlation is the result of internal variability:
GoMSS and the global system both generate eddies, meanders and
fronts, but they place them at different locations. This can be seen
more clearly in Fig. 10 which shows Hovmoller diagrams of the

vertical component of relative vorticity, normalized by the plane-
tary vorticity, along the blue line in deep water defined in Fig. 1.
Fig. 10 shows that GoMSS predicts more small scale vorticity than
the global system which is not surprising given its higher resolu-
tion. It can also be seen however, that there are large differences in
the locations of many of the major vorticity features predicted by
GoMSS and the global system. Thus, further control beyond one-
way nesting is required to ensure GoMSS is consistent with the
fields introduced along its lateral open boundaries.

Note that although a radiation algorithm, with different relax-
ation coefficients for inflow and outflow, was used along GoMSS
lateral open boundaries in an attempt to allow perturbations to
leave the model domain, perturbations remained trapped within
the domain leading to unrealistic recirculation near the lateral
open boundaries. The recirculation occurs in areas where GoMSS
has large outflow in contrast to the global system (the source of
the lateral open boundary condition) which has weaker outflow,
or possibly inflow. To illustrate, Fig. 8 shows an unrealistic anti-
cyclonic eddy located adjacent to the west open boundary.

Several sensitivity experiments, based on varying the outflow
relaxation strength, were performed in an attempt to reduce the
unrealistic circulation features near the lateral open boundaries of
GoMSS. Very strong relaxation led to more unrealistic recirculation
near the boundaries, however, it kept the model outflow locations
consistent with the global system. Very weak relaxation limited
the recirculation but caused areas of outflow that were inconsis-
tent with the global system. Even allowing for different relaxation
times along the four lateral open boundaries could not remove
these unrealistic circulation patterns.

In summary, on the shelf GoMSS predicts temperature, salin-
ity, sea level and seasonal mean circulation more accurately than
the global system. In deep water, GoMSS’s predictions differ greatly
from the global system and the observations. This is because
GoMSS is affected by unrealistic internal variability and recircula-
tion features near its lateral open boundaries. Note that previous
studies using one-way nested regional models have identified sim-
ilar problems related to the open boundary across the New Eng-
land Shelf (e.g., Naimie et al., 1994; Hannah et al., 2001; Brickman
and Drozdowski, 2012). In the next section we investigate if spec-
tral nudging can suppress these unrealistic features.
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Fig. 10. Hovmoller diagrams of relative vorticity, normalized by planetary vorticity, defined along the blue line in deep water shown in Fig. 1. The length of the line is about
650 km. Vorticity was calculated from the daily fields of surface velocity predicted by the global system, GoMSS and GoMSS* for 2012.

4. Impact of spectral nudging

We now examine if spectral nudging of the large scales can im-
prove the realism of GoMSS. GoMSS™ is evaluated by comparing its
predictions with those of the global system and GoMSS, and also
the observations. To simplify the discussion, the deep water and
shelf are discussed separately.

4.1. Deep water

A typical snapshot of surface temperature predicted by GoMSS*
is shown in the rightmost top panel of Fig. 3. GoMSS* places the
front between the warm off-shelf water and cold on-shelf water,
and the associated eddies, at locations consistent with the obser-
vations and the global system, e.g., spectral nudging has removed
an unrealistic meander in the vicinity of 60°W and 41°N. Fur-
thermore, GOMSS™ predicts variations in surface temperature that
are in closer agreement with the observations than GoMSS and
have slightly smaller error standard deviations than the global sys-
tem (bottom panel of Fig. 3, Table 3). These results indicate that
GoMSS* has successfully ingested the large scales of the global
system and that spectral nudging has reduced the unrealistic in-
ternal variability. This can also been seen in Fig. 9 which shows
that spectral nudging eliminates the decoupling of surface temper-
atures predicted by GoMSS and the global system in deep water.

Below the surface, and beyond the shelf break, GoMSS*
predicts vertical profiles of temperature and salinity that are
in better agreement with the observations than GoMSS (see
Appendix B). Quantitative comparison with the hydrographic ob-
servations (Fig. 4) reveals that spectral nudging has reduced both

the temperature and salinity bias, o(z) and og(z) of GoMSS
throughout the water column in deep water. The global system still
has smaller bias, o (z) and og(z) than GoMSS™ because it assimi-
lates the observed vertical profiles.

It is not surprising that spectral nudging significantly changes
GoMSS temperature and salinity in the deep water because it as-
similates information on their large scales. However, spectral nudg-
ing also modifies variables that are not directly nudged. To demon-
strate, sea level predicted by GoMSS™* is in better agreement with
the observations than GoMSS along Track 4 (Fig. 5). It can be seen,
for example, that spectral nudging has eliminated an unrealistic
sea level anomaly occurring between 41°N and 43°N in the late
summer of 2010. The Taylor diagrams (Fig. 6) confirm that GoMSS*
is in better agreement with the altimeter data along Tracks 1 to 5
in the deep water. Along Track 6 all the three systems have simi-
lar sea level statistics. As expected, the sea level predictions by the
global system are in slightly better agreement with the observa-
tions than GoMSS™ in deep water because the global system as-
similates these observations.

GoMSS™ predictions of the winter and summer mean circula-
tion are shown in Fig. 11. Comparisons with GoMSS (Fig. 8) and
the global system (Fig. 7) show that in deep water GoOMSS™ is more
consistent with the global system than GoMSS in both winter and
summer. GoMSS* does not generate unrealistic recirculation along
the west and south open boundaries. This is encouraging because
it shows that spectral nudging has eliminated the trapped eddies
associated with ill-posed open boundary conditions.

Overall, spectral nudging places the large scale features at
locations consistent with the global system in the deep water.
Fig. 10 shows that the global system and GoMSS* place most of
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of this article.)

the major features in the relative vorticity at approximately the
same locations. However, GOMSS™ generates more small scale vor-
ticity than the global system which suggests that spectral nudging
has not suppressed the small scale variability in deep water. We
return to this point in Section 5.

4.2. Shelf

GoMSS* and GoMSS predict similar temperatures and salinities
on the shelf and they are generally in better agreement with the
observations than the global system (Table 3, Figs. 3 and 4 and
Appendix B). This is not surprising because there is only weak
nudging in the vicinity of the shelf break and no nudging on the
shelf. Within 80 m of the surface GoMSS has smaller temperature
and salinity bias than GoMSS* (Fig. 4). By way of contrast, GoMSS*

has smaller temperature and salinity bias below 80 m than GoMSS.
The major contribution to this change in bias comes from areas
close to the shelf break where weak nudging is applied.

GoMSS+ predicts sea levels that are more consistent with the
observations than the global system along Track 4 (Fig. 5). The
Taylor diagrams (Fig. 6) confirm that, overall, GoOMSS™ predicts sea
levels that are in better agreement with the observations than the
global system, similar to GoMSS, on the shelf. GoMSS™ sea levels
are slightly more energetic than GoMSS along Tracks 2, 3, 4 and 5,
consistent with observations.

GoMSS+ and GoMSS predict similar seasonal circulations (com-
pare Figs. 11 and 8) on the shelf. GoMSS* simulates well the
Nova Scotia Current, the observed clockwise circulation around
Sable Island (similar to GoMSS) and its summer intensification, and
the cyclonic circulation and its seasonal variation over the Gully.
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Similar to GoMSS, GoMSS* generates the flow from the Scotian
Shelf into the Gulf of Maine near Cape Sable and the overall cy-
clonic circulation in the Gulf of Maine and its intensification during
summer. Additionally, GoOMSS* generates the clockwise circulations
over Georges and Browns Banks (associated with tidal rectification
and frontal circulation) that persist throughout the year. Neverthe-
less, GoMSS and GoMSS* have some differences. For example, dur-
ing summer GoMSS™ generates i) a more limited clockwise circu-
lation on top of Emerald Bank that does not extend north of the
Bank and into Emerald Basin as in GoMSS, ii) a stronger northward
flow north of Emerald Bank, in agreement with the observations
and iii) a weaker southward flow along the south edge of Georges
Bank. Table 4 shows that during winter GoMSS* has similar skill
(R = 0.61) to GoMSS and the global system but higher skill in
summer.

In summary, in deep water GoMSS* predictions are in better
agreement with the observations than GoMSS. Spectral nudging
places the front between the slope and the shelf water, and the
associated eddies and meanders, in positions that are more consis-
tent with the global system and the observations. On the shelf the
predictions by GoMSS* and GoMSS are similar (except close to the
shelf break where some weak nudging occurs) and better than the
global system. Overall, GoOMSS™ leads to realistic predictions both
on the shelf and in the deep water. Note that the internal tides,
and their dependence on the local bathymetry and seasonal strati-
fication, is the same in GoMSS and GoMSS* (not shown).

5. Impact of downscaling on wavenumber spectra

In the three systems the energy supply, removal and distribu-
tion are influenced by the surface and bottom boundary conditions.
However, the energy balances of the three systems are also influ-
enced by i) the assimilation of observations in the global system,
ii) the lateral open boundary conditions in GoMSS and GoMSS™,
and iii) spectral nudging in GoMSS*™ which directly affects the
energy of the large scales, and indirectly affects the small scales
through the model’s nonlinear dynamics.

In deep water the global system assimilates all of the readily
available observations; thus, they cannot be used to provide a fair
assessment of the global system and GoMSS*. To evaluate the per-
formance of GoMSS* on length scales that are not directly affected
by spectral nudging, and investigate the distribution and transfer
of energy in the three systems, we now examine the wavenumber
dependence of their sea level variance, kinetic energy and enstro-
phy.

The wavenumber spectra for sea level, eddy velocity (leading to
eddy kinetic energy) and eddy vorticity (leading to eddy enstro-
phy per unit area) are denoted by S(k), £(k) and Z(k) respec-
tively where k is the wavenumber. Spectra for a given geographic
line are estimated by i) removing the spatial and time average of
each variable (resulting in an “eddy” perturbation), ii) applying dis-
crete Fourier transforms along the line for each time, iii) squaring
the absolute value of each Fourier component, and iv) averaging
through time. A factor of 1/2 is applied to £(k) and Z(k) for con-
sistency with the usual definitions of energy and enstrophy. The
analysis below focuses on surface variability.

5.1. Deep water

Wavenumber spectra in variance preserving form were esti-
mated at the surface along the blue line in deep water shown in
Fig. 1. This line was chosen because the variations of sea level, sur-
face velocity and relative vorticity are approximately stationary in
both space and time along the line. Spectra along several other
lines in deep water (with different length and locations), outside
the sponge layer, gave similar results.

The top right panel of Fig. 12 shows that, overall, GOMSS has
higher sea level variance than the global system and GoMSS™
for all length scales. This is not surprising because GoMSS gen-
erates unrealistic internal variability (e.g., Figs. 5 and 9). Particu-
larly, the trapped perturbations, associated with the lateral open
boundary conditions, are probably responsible for GoMSS high sea
level variance. GOMSS™ has a sea level spectrum that is similar to
the global system due to the nudging of temperature and salin-
ity for wavelengths larger than the critical cutoff wavelength (A >
90 km). There is not much sea level variability for wavelengths A
< 100 km. Thus it is difficult to use sea level to determine which
system generates more small scale variability. As an aside we note
that a log-log plot of the sea level spectra (not shown) reveals that,
for A < 250 km, sea level approximately follows a k~11/3 spectrum
for all the three systems, consistent with altimeter observations
(LeTraon et al., 2008).

A Log-log plot of the kinetic energy spectra (not shown) re-
veals that all three systems approximately follow a k=>/3 spec-
trum for 80 < A < 250 km, and a k=3 spectrum for 15 < A <
80 km. Thus, according to geostrophic turbulence theory (Vallis,
2006; Ferrari and Wunsch, 2009), the inverse energy cascade (en-
ergy transfer to larger scales) occurs at A > 80 km which is about
three times the first Rossby radius of deformation for the deep wa-
ter region. The reason for this is not clear but Vallis (2006) notes
that the wavelength of maximum instability can be expected to
exceed the first deformation radius, as in the Eady problem. For A
> 250 km the inverse cascade is halted probably due to the influ-
ence of the f-effect and bottom friction (Rhines, 1975). For A <
15 km, where ageostrophic dynamics becomes important, the en-
ergy spectra have a slope close to —5/3 associated with a forward
cascade, consistent with previous studies (e.g., Capet et al., 2008).

In deep water, the kinetic energy spectra (middle right panel
of Fig. 12) show that, overall, GoMSS is more energetic than the
global system. This is expected for the small scales because GoMSS
has higher resolution than the global system. However, for the
large wavelengths this is probably associated with the unrealis-
tic recirculation occurring due to problems with the lateral open
boundary conditions that can lead to unrealistic high variability in
deep water. For A > 160 km GoMSS* is somewhat less energetic
than the global system. This is because spectral nudging does not
directly influence the velocity and thus the associated kinetic en-
ergy. However, GoMSS* has more energy than the global system,
and GoMSS, for 10 < A < 100 km in deep water. This confirms
that spectral nudging does not suppress the variability below the
critical cutoff wavelength (A < 90 km ) and leads us to speculate
that it acts as a source of potential energy that “feeds” the the ki-
netic energy (through baroclinic instability) and thus the formation
of eddies with wavelengths between 10 km and 100 km.

The enstrophy spectra in deep water (bottom right panel of
Fig. 12) for the global system and GoMSS are similar for A >
30 km. All systems have an enstrophy spectral peak at A ~ 50 km
in the variance preserving form used in Fig. 12. However, GoOMSS™
generally has more enstrophy than both the global system and
GoMSS, and a sharper peak. This implies that spectral nudging acts
as an additional enstrophy source in the deep water. The reason is
that in deep water, the eddies are primarily generated by baroclinic
instability (i.e., transfer of potential energy to kinetic energy), in
contrast to the shelf where other mechanisms dominate the gener-
ation of small scale motions (e.g., atmospheric forcing over variable
bathymetry, tidal mixing and rectification).

5.2. Shelf
We now discuss the wave-number spectra estimated at the sur-

face along the shelf line shown in Fig. 1. Spectra along other shelf
lines gave similar results. The top left panel of Fig. 12 shows the
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Fig. 12. Wave-number decomposition of sea level variance (top panels), turbulent kinetic energy (middle panels) and turbulent enstrophy (bottom panels) shown in variance
preserving form. The spectra were calculated from surface predictions made along the two blue lines (Fig. 1) on the shelf (left panels) and in deep water (right panels). The
grey vertical lines show the spectral nudging cutoff wavenumber, 1/A.. Wavenumber, shown on the x-axis, is in cycles per km. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

sea level spectra for the three systems are similar and there is al-
most no sea level variance for wavelengths below 100 km. The ki-
netic energy and enstrophy spectra for GoMSS and GoMSS* are al-
most identical (middle and bottom left panels of Fig. 12). This is
to be expected because the dynamical processes dominating the
generation of variability (e.g., advection, atmospheric forcing, tidal
rectification and mixing) are the same in GoMSS and GoMSS*. The
global system has weaker energy and enstrophy than GoMSS and
GoMSS™ for A < 100 km. This confirms that the regional model
generates more small scale variability than the global system be-
cause it has higher resolution and includes tides.

6. Summary and discussion

As a part of a broader study of ocean downscaling, we devel-
oped a high resolution regional model of the Gulf of Maine, Sco-
tian Shelf and adjacent North Atlantic in order to resolve processes
that are important on the shelf and yet absent from the present
generation of operational global systems (e.g., tides and their effect
on circulation and stratification). In a previous study, (Katavouta
et al.,, 2015) showed that this regional model, in a simple one-way
nesting configuration, provides realistic predictions of the tides and
the dynamical interaction of variability on the seasonal and tidal
time scales. In the present study, we have further investigated the
regional model’s realism, based on comparisons with in-situ and

satellite observations, and identified strengths and weaknesses of
the regional model in its one-way nested configuration.

In the Gulf of Maine and on the Scotian Shelf the regional
model improves the realism of the global system. This shows that
the explicit representation of finer scales and tides in the regional
model outperforms the assimilation of observations by the global
system.

In deep water, the assimilation of observations ensures that the
global system place features such as eddies and meanders at their
correct locations. The regional model decouples from the global
system just beyond the sponge layer along the lateral open bound-
aries. This is the result of the regional model’s generation of unre-
alistic internal variability in deep water. Furthermore, the regional
model generates unrealistic recirculation features close to the lat-
eral open boundaries that we could not suppress by “tuning” of the
open boundary conditions.

Spectral nudging of the regional model eliminates the decou-
pling of the regional and global models and suppresses the un-
realistic recirculations near the lateral open boundaries. Spectral
nudging also places the large scale features at the correct locations
in deep water. Spectral nudging combines the strengths of the re-
gional model (i.e., explicit representation of small scale dynamics
and tides) and the global system (i.e., placing the eddies and me-
anders at the observed locations) and so generates realistic fields
both on and off the shelf.
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Energy and enstrophy spectra show that even though spectral
nudging only updates length scales exceeding 90 km, it also in-
directly modifies the kinetic energy and enstrophy of the smaller
scales in deep water through the nonlinearity of the governing
equations. More specifically, spectral nudging supplies kinetic en-
ergy to wavelengths between 10 km and 100 km and enstrophy to
all wavelengths.

Turning to future work, detailed energy and enstrophy budgets
are required to better understand how spectral nudging affects the
variability below the wavenumber cutoff of A, =90 km. From a
practical perspective, more test cases and sensitivity experiments
are required to provide guidelines for the specification of the spec-
tral nudging parameters, including their spatial and possibly sea-
sonal variation.

As a final remark, we note that the method discussed in this
study should not be seen as a substitute for the assimilation of ob-
servations into the regional model if they are available. Katavouta
and Thompson (2013) noted that spectral nudging combined with
assimilation of local observations will apply corrections to all
length scales and may account for imperfections in the global sys-
tem fields that are introduced to the regional model through the
open boundary conditions and the spectral nudging of the large
scales. This is significant because although the global model as-
similates observations, these observations are not used to their full
potential (e.g., observations are thinned prior to assimilation) and
thus only correct the length scales resolved by the global model.
Although the present study focuses on spectral nudging, it is part
of a broader effort to develop a relocatable ocean forecast system
that can be used to help guide response to marine emergencies.

14-Jul-2012 C1

14-Mar-2012 C2

Thus, we are currently working on implementing data assimilation
into a relocatable version of GoMSS* designed to extract as much
information as possible from the global model and local observa-
tions.
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Appendix A. Frequency dependent and spectral nudging

Thompson et al. (2006) and Wright et al. (2006) developed and
applied a method for suppressing bias and drift of ocean mod-
els. Initially this method was developed to nudge a model to-
wards an observed climatology in selected frequency bands and
the authors initially referred to their approach as frequency de-
pendent nudging. They subsequently changed the name to spec-
tral nudging after they started spatially smoothing the frequency
dependent nudges (i.e., they nudged in prescribed frequency and
wave-number bands). The use of the same name (spectral nudging)
for two approaches (nudging in frequency and/or wave-number
bands) may cause confusion. The form of spectral nudging used
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(blue). The six locations of the profiles are shown in Fig. 2 and the dates are given in the title of each subpanel. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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in the present study only nudges low wave-numbers (there is no
frequency dependent nudging) and thus is more similar to the
method used to downscale atmospheric conditions.

Appendix B. Observed and predicted temperature and salinity
profiles

Temperature and salinity profiles predicted by GoMSS, the
global system and GoMSS™ for six locations (C1 to C6 in Fig. 2)
are now discussed. The observed and predicted profiles are shown
in Figs. B.1 and B.2. These profiles are representative of the temper-
ature and salinity profiles in the Bay of Fundy, the Gulf of Maine,
the Scotian Shelf, the shelf break and the deep water.

Global System: At C1 (Bay of Fundy) the global system over-
estimates sea surface temperature by about 2°C and underesti-
mates the surface salinity by about 1. It also predicts a sharper
and deeper thermocline and halocline than observed. At C2 (Gulf
of Maine), within 60 m of the surface the global system pre-
dicts well the mixed layer with temperature around 6°C and salin-
ity 32.7, in winter. Below 60 m it underestimates temperature
and salinity. In summer, the global system predicts accurately the
observed thermocline and halocline at C2. At C3 (Scotian Shelf)
the global system reproduces the observed thermocline and halo-
cline shapes during summer. However, in winter it predicts a
more uniform temperature profile and overestimates salinity by
about 1 throughout the water column. At C4 (north Scotian Shelf),
the global system does not capture the observed sharp thermo-
cline and halocline and overestimates surface salinity by about
0.7.

14-Jul-2012 C1

14-Mar-2012 C2
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At the shelf break (C5) the global system accurately predicts
surface temperature and salinity but generates more uniform pro-
files than observed. At C6 (deep water) the global system captures
well the observed temperature and salinity profiles.

GoMSS: At C1 GoMSS reproduces the shape of the observed
salinity and temperature profiles but underestimates surface salin-
ity by about 0.7. At C2 GoMSS predicts temperature profiles consis-
tent with observations during both winter and summer. However,
it underestimates salinity for z < 50 m and overestimates salin-
ity for z > 100 m during winter and summer. At C3 GoMSS re-
produces the temperature and salinity profiles shapes but overes-
timates salinity throughout the water column in winter and under-
estimates salinity for z > 50 m in summer. At C4 GoMSS predicts
a realistic thermocline and halocline, but underestimates surface
temperature by about 0.7°C.

At the shelf break (C5) GoMSS underestimates surface temper-
ature and salinity by about 5°C and 2.5, respectively, and does not
repoduce the overall shape of the profiles. At C6, GoMSS does not
reproduce the shape of the observed salinity and temperature pro-
files. In summer it overestimates temperature and salinity for z <
100 m.

GOoMSS*: At C1 GoMSS™ predicts temperature and salinity pro-
files that are similar to GoMSS and in good agreement with the ob-
servations. At C2 it predicts well the observed temperature profiles
in winter and summer. However, it generally overestimates salinity.
At C3 GoMSS™ captures well the temperature profiles and thermo-
cline shape, but overestimates salinity during winter and predicts
a more uniform salinity profile during summer. At C4 it provides
accurate predictions of the observed temperature and salinity pro-
files.

16-Jul-2012 C2

50
——CTD
1
00 GoMSS
——Global system
150 ——GoMss'
0 729-7Mar-2012 C3 21-Aug-2012 C3 4-Oct-2012 C4
L\
E 50 ~
<
g
3 100
150

16-Mar-2012 C5

16-Jul-2012 C6

=

1-Mar-2012 C6

100 PN
200
300
400 |
30 32 34 36 30 32 34 36 30 32 34 36
Salinity Salinity Salinity

Fig. B2. Vertical profiles of salinity from CTD and Argo observations (black), and predictions by the global system (red), GoMSS (green) and GoMSS* (blue). Otherwise same
format as Fig. B.1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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At the shelf break (C5) GoMSS™ reproduces the shape of the ob-
served salinity and temperature profiles but overestimates temper-
ature and salinity by about 2°C and 1, respectively, for z < 100 m.
At C6 it gives accurate predictions of temperature and salinity in
both winter and summer.
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