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Abstract Circulation patterns and thermohaline fields of the Northwest Atlantic are highly variable in
space and time and are strongly impacted by various mesoscale phenomena such as quasi-stationary
frontal zones with sharp gradients, meandering jet-like currents, vortexes, and filaments. These all contribute
to building and maintaining complex large-scale regional structures of ocean tracers, such as temperature
and salinity, which persist over time periods of decades and longer. To reflect the existence of these
long-term mesoscale phenomena and diagnose their changes, a new high-resolution in situ climatology of
the Northwest Atlantic was developed. At its core, this eddy-resolving climatology, with 1/10° horizontal
resolution, reveals a cumulative effect of mesoscale dynamics within the Northwest Atlantic. Additionally,
strong agreement exists between this in situ climatology and climatologies derived from high-resolution
satellite data, thus providing a validation of the presence of stochastic periodicity of ocean tracer patterns on
decadal timescales. Furthermore, large and very localized multidecadal subsurface heat gains southeast of
the Gulf Streamwas diagnosed using this new high-resolution regional climatology. It was demonstrated that
the climatic shifts in the wind stress over the Northwest Atlantic may play a leading role in this heat
accumulation due to subtropical water heaving through Ekman pumping. It is argued that uncovering many
important details of long-term ocean climate variability from in situ ocean data can only be ascertained
through the use of eddy-resolving climatologies.

Plain Language Summary Historically, the long-term state of the global ocean, particularly for
temperature and salinity, has been derived from in situ observational data and mapped to rather coarse
horizontal resolutions of 1° and more recently to 1/4°. Most mesoscale activity, such as the meandering of jet
streams, eddies, large vortexes, and filaments, cannot be adequately mapped with such resolutions.
Unfortunately, in most places in the World Ocean a better resolution is unattainable due to limited
observations. However, in a small number of ocean regions higher-resolutionmapping is now possible. These
regions are well sampled and in many cases are extremely important for the ocean and Earth’s climate. The
Northwest Atlantic is one of these regions. Using a large volume of temperature and salinity data, a new
decadally averaged high-resolution (with 1/10°) ocean climatology was compiled for this region and used, in
conjunction with ancillary data, to assess ocean climate change and decadal variability in this region with
higher accuracy over the past six decades.

1. Introduction

Monthly, seasonal, and annual values of seawater parameters, for example, temperature and salinity, mapped
onto regular spatial grids at specified depth levels and averaged over sufficiently long periods of time (dec-
ades and longer) are called “ocean climatologies”—a term first used in Levitus (1982) to describe the long-
term mean state of the ocean. The regional ocean climatologies discussed in this study are a subset of the
World Ocean Atlas (WOA), a global ocean climatology of many parameters. A brief review of WOA’s evolve-
ment from the first edition in 1982 under the name of Climatological Atlas of World Ocean (Levitus, 1982) to
WOA13 v2 published in 2013 (https://www.nodc.noaa.gov/OC5/woa13/) can be found in Seidov et al. (2018).
All WOA editions are compiled using ocean profiles data archived in theWorld Ocean Databasewhich is pub-
lished and maintained by NOAA’s National Centers for Environmental Information (NCEI; https://www.nodc.
noaa.gov/OC5/WOD/pr_wod.html).

All WOA editions were compiled using a procedure widely known in geophysics as objective analysis of irre-
gularly distributed data (Barnes, 1973; Boyer et al., 2005; Thomson & Emery, 2014). The goal of this procedure
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is to use data that are nonuniform in time and space to create relatively
smooth yet realistic fields of ocean variables on a regular grid. It ensures
that all grid cells without observed data (i.e., “data gaps”) are filled using
weighted differences between the statistical mean and a first-guess field.
The entire procedure can be seen as “mapping” of the ocean’s essential
parameters (temperature, salinity, oxygen, nutrients, etc.) on a regular grid
using all available data (see Seidov et al., 2018). Two significant elements of
the objective analysis are the first-guess field and radius of influence. The
choice of the first-guess field is of paramount importance, especially where
data density is low. The radius of influence is equally if not more important.
The more data available within the radius of influence, the more weight
the observed data gain relative to the first-guess values (see Table 1 and,
e.g., Boyer et al., 2005; Locarnini et al., 2013; Seidov et al., 2016, 2018).

This approach works best with no or relatively few gaps in data coverage, and if the gaps do exist, there are
enough data in neighboring cells to fill empty cells confidently (Boyer et al., 2005; Levitus, 1982). Data
coverage on a 1° resolution grid in data-rich regions would have very few, if any, data gaps on the decadal
timescale. While climatological fields at 1° resolution are still adequate for many scientific applications,
present-day ocean models and many regional research projects demand significantly finer-resolution data
mapping. Unfortunately, only a few areas in the World Ocean exist where the observation density is sufficient
to allow finer than 1° spatial resolutions data mapping. Although this may limit the spatial range of high-
resolution mapping, the mandates for better data coverage often coincide with regions that are researched
most. Among such, for example, are the East and West Coasts of the United States and Canada, Gulf of
Mexico, Gulf of Maine, Bays of Nova Scotia, Greenland-Iceland-Norwegian Seas, and some other locations.

Moving toward fulfilling the requirements for a higher-resolution ocean mapping, a new edition of WOA,
namedWOA13, was published in 2013 with two spatial grid resolutions—1° × 1° and 1/4° × 1/4° at 102 depth
levels, instead of 1° × 1° at 33 levels in all previous editions (Boyer et al., 2014; Locarnini et al., 2013; Zweng
et al., 2013). In most of the World Ocean, a grid resolution finer than 1° does not provide across the board
improvements because of data insufficiency (see data distribution on 1/4° × 1/4° grid in the WOA13 at
https://www.nodc.noaa.gov/OC5/woa13/). On the contrary, in regions with a comparatively high density of
observations, a substantial improvement in the 1/4° × 1/4° version of WOA13 compared to the 1° × 1° version
was achieved (Boyer et al., 2014). In some of those data-rich regions, a greater level of detail can be reached
with an even finer resolution of 1/10° × 1/10° (several examples can be found at NCEI’s regional climatology
homepage: http://www.nodc.noaa.gov/OC5/regional_climate/). Of all such regions, the Northwest Atlantic
(NWA) has perhaps the densest data coverage and was therefore selected as a testing field for employing
a new NWA regional climatology (NWARC) in a regional multidecadal ocean climate change study on the
grids with 1/4° × 1/4° and 1/10° × 1/10° resolutions (see brief description in Seidov et al., 2018). The
NWARC maps and data are available at https://www.nodc.noaa.gov/OC5/regional_climate/nwa-climate/.

Mesoscale eddies are often referred to as energetic ocean currents with the size of about 100 km (Rhines,
2001). A parameter called the Rossby baroclinic radius of deformation R (e.g., Gill, 1982) provides the condi-
tion for resolving oceanic mesoscale motion in numerical models or in ocean data mapping. The grid size
needed for resolving mesoscale motion must be smaller than R. In the middle latitudes, R is ~30–40 km,
which is roughly the latitudinal dimensions of one to two grid cells with 1/4° × 1/4° resolution (~25-km spatial
resolution in latitude). A hydrographic front ~50–70 km wide, which is approximately the width the Gulf
Stream, can be relatively well resolved on a 1/10° × 1/10° grid (~10-km spatial resolution in latitude and
~8 km in longitude in midlatitudes) and would be just barely visible or “permitted” on the 1/4° × 1/4°grid.
Such a front would be completely unresolved at coarser resolutions (e.g., 1° × 1° with scale of ~100 km
in latitude).

2. The NWA Thermohaline Structure and Ocean Circulation

The NWA ocean circulation is very complex hosting essential elements of the entire North Atlantic (NA)
circulation system, including the fundamentally important Atlantic Meridional Overturning Circulation
(AMOC; e.g., Buckley & Marshall, 2016). Figure 1 schematically illustrates the major NWA currents, that is,

Table 1
Radii of Influence Used in NWA Climatologies’ Objective Analysis for 1° × 1°,
1/4° × 1/4°, and 1/10° × 1/10° Grids (Updated From Boyer et al., 2005; See
Also Seidov et al., 2016, 2018)

Pass

Radius of influence (km)

1° × 1° grid 1/4° × 1/4° grid 1/10° × 1/10° grid

1 892 321 253
2 669 267 198
3 446 214 154

Note. NWA = Northwest Atlantic.
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the Gulf Stream System, NA Current, Labrador Current, Slope Water Current, and Deep Western Boundary
Current. They are all or partly contained within the NWARC domain shown as a white rectangle in Figure 1.

The Gulf Stream Current System is perhaps one of the most thoroughly explored and charted ocean current
systems to date (Richardson, 2001). By the middle twentieth century, oceanographers had already gained
rather detailed knowledge of the Gulf Stream, especially in close vicinity to the U.S. East Coast (Fuglister,
1963; Iselin, 1936; Iselin & Fuglister, 1948; Stommel, 1958), with much added insight attained in recent years
through a multitude of international observing programs (Yashayaev et al., 2015) and as a part of an intense
observing and modeling effort to better understand the AMOC (Buckley & Marshall, 2016).

As the scheme in Figure 1 portrays, the Gulf Stream begins as a confluence of the Florida and Antilles
currents. There are cold and warm Gulf Stream recirculation gyres to the north and south of the eastbound
Gulf Stream extension (the east part of the Gulf Stream beyond 45°W). Further downstream, the Gulf
Stream extension splits into the NA and Azores currents (Hogg & Johns, 1995; Richardson, 2001; Schmitz &
McCartney, 1993; Wunsch, 1978). The cold water of the Labrador Sea flows westward along the
Newfoundland-Nova Scotia-Northeast U.S. Coasts. This flow is also known as the Slope Water Current. The
warm water between 55°W and 75°W, southeast of the Gulf Stream and its extension, recirculates within
and around the Sargasso Sea and comprises the Gulf Stream Recirculation Gyre (Hogg et al., 1986;
Worthington, 1976).

The position of the Gulf Stream path after separation from U.S. East Coast varies seasonally (Cornillon, 1986;
Joyce & Zhang, 2010; Rossby, 1999; Taylor & Stephens, 1998). In the fall, the path migrates to the north, while
in the spring it moves to the south relative to its mean annual position. The annual mean path also varies
interannually (e.g., Cornillon, 1986; Taylor & Stephens, 1998), although its decadally averaged annual mean
position is remarkably stable (Seidov et al., 2017).

East of 75°W, the Gulf Stream is a free baroclinic jet with a great deal of mesoscale activity and increasingly
large meanders. By 65°W, the amplitudes of the meanders are nearly 500 km wide, which is almost 10 times

Figure 1. Schematic view of the ocean circulation in the North Atlantic. Warm and cold Gulf Stream rings are shown as
small orange and blue circles north and south of the Gulf Stream. Red arrowed vectors indicate major warm surface cur-
rents, yellow arrowed vectors indicate major cold surface currents, and gray arrowed vectors show major deep currents.
The white box outlines the NWA domain. Abbreviations: NwC = Norwegian Current, IC = Irminger Current, SWC = Slop
Water Current, DWBC = Deep Western Boundary Current.
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the jet width at the separation point near Cape Hatteras. Although the Gulf Stream and its extension serve as
an effective barrier between warm and cold waters along its edges, some blending of those waters is enabled
by meanders and mesoscale eddies (Bower et al., 1985). Further mixing occurs through submesoscale strea-
mers enabling the transition from eddy-induced mesoscale geostrophic mixing to smaller-scale turbulent
mixing. New studies show that this type of mixing is of particular importance at the Gulf Stream North
Wall, where the warm outer core of the Gulf Stream interacts with the cold water originating from the
Labrador Sea (e.g., Gula et al., 2016; Klymak et al., 2016).

Through years of dedicated regional observation programs in the NWA (a short review in Yashayaev et al.,
2015) and years of eddy-resolving modeling efforts, a consensus was reached that the mesoscale eddies
modify the mean circulation in regions of intense baroclinic currents. The mean circulation and mean struc-
ture of the ventilated thermocline therefore strongly differs in ocean models when switching from 1° to 1/9°
(or even finer) resolution (Lévy et al., 2010). In our analysis, we contend that the structure of the observed
ocean climatologies, if compiled with sufficiently fine resolution, should reflect the impact of mesoscale
eddies similar to how the long-term averaged ocean tracers are impacted by the mesoscale motion in
eddy-resolving ocean models.

3. NWARC

The high-resolution versions of the NWARC, on 1/4° and 1/10° grids, provide a more precise depiction of the
ocean climate state and its variability with details not attainable in coarser-resolution analyses. After the first
assessment of NWARC capabilities, a hypothesis was put forth that the seasonal signal carries the superim-
posed repetitive mesoscale signals and thus decadal climatologies—monthly, seasonal, and annual—reflect
the cumulative effect of mesoscale dynamics on mapping of the large-scale regional ocean climate state and
variability (Seidov et al., 2016, 2018, 2017).

The NWARC domain is bounded by 80.0°W and 40.0°W longitudes and 32.0°N and 65.0°N latitudes which
enclose the most dynamic and complex current systems of the western NA (white rectangle in Figure 1).
The NWARC is a set of analyzed temperature and salinity fields with additional statistical parameters mapping
the state of the ocean and aimed at assessing the long-term climatological changes in the NWA area. The
NWARC is compiled similarly to the WOA13 as described in Locarnini et al. (2013) and Zweng et al. (2013).
It includes six decadal climatologies, from 1955–1964 to 2005–2012. (The climatology of 2005–2012 covers
only 8 years because of the WOA13 cutoff time.) The NWARC maps and data are available for viewing and
downloading at https://www.nodc.noaa.gov/OC5/regional_climate/nwa-climate/.

Since the NWARC is a subset of WOA13, all elements, structure, and techniques inherent in WOA13 are found
in NWARC. The following brief description of the NWARCmostly follows the detailed discussion in theWOA13
publications (e.g., Locarnini et al., 2013; Zweng et al., 2013) and in Seidov et al. (2016). Each monthly decadal
climatological parameter (temperature, salinity, etc.) is calculated as an average of each month over 10 years
(for the last “decade”—over only 8 years). Averaging every three consecutive decadal months provides four
decadal seasons beginning with the winter season defined as January-February-March. The yearly or annual
decadal fields are computed as the average of four decadal seasons. The decadal monthly climatologies are
defined for the upper 57 of the WOA13 standard depth levels (see https://data.nodc.noaa.gov/woa/WOD13/
CODES/PDF/standard_depths.pdf for details) or from the surface to 1,500 m. Seasonal and annual means are
computed as averages of monthly fields above 1,500 m with annual means computed as averaged seasonal
(without monthly) fields from 1,500 to 4,000 m.

Although data coverage is much denser in the NWA than in most regions of the World Ocean, the availabil-
ity of temperature and salinity profiles varies in space and time within the NWA domain quite substantially
(Seidov et al., 2016). The differences in data coverage over decades are largely due to the evolution in
observation systems. The modern equipment, such as Argo profiling floats (Roemmich & Argo-Steering-
Team, 2009), covers wider areas (Argo program aims at near-global coverage at 3° × 3° observation
resolution), especially away from the coastline but at the expense of fewer focused local observations,
which were characteristic of dedicated regional studies of the Gulf Stream in the 1960s to 1970s and of
the mesoscale ocean eddies in the 1970s to 1980s (Yashayaev et al., 2015). Data from Argo floats help to
close the gaps outside the areas of intense ship-based observations. For example, the Labrador Sea was
far better covered in 1995–2004 than in 1965–1974, with improved coverage due to the introduction of
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Argo floats (e.g., Roemmich et al., 1998; Steven et al., 2017). At the same time, the Gulf Stream area between
Florida Strait and Cape Hatteras was better covered in the 1950s through 1980s, when many special
programs studying the Gulf Stream system were operational (e.g., Fofonoff, 1980; Stommel, 1958). There
have been several successful attempts to reconstruct key ocean circulation parameters (temperature,
salinity, and current velocities) using real and virtual (simulated within a numerical model) Argo floats
(e.g., Chapman & Sallée, 2017; Kamenkovich et al., 2011; Koszalka & LaCasce, 2010; LaCasce, 2008). The
mean temperature and salinity fields reconstructed from Argo profiling floats were shown to be substan-
tially modified by mesoscale eddies. It corroborates our assertion (see the following sections) that the heat
and salt patterns and variability, including long-term heat and salt content change, cannot be properly
reconstructed from observations without explicitly resolving mesoscale structures. It should be noted that
although this approach in simulating observations shows promise, the entire Argo program covers only the
last two decades (with full coverage achieved just ~13 years ago) and thus is insufficient for long-term (sev-
eral decades) ocean climate change studies. In contrast, the NWARC provides ~60 years of observations.
The monthly data coverage maps for each of the six decades showing all observations by all instruments
for all three grids in NWARC at all standard depth levels can be viewed at https://www.nodc.noaa.gov/
OC5/regional_climate/nwa-climate/.

One of the primary goals of NWARC was to find out if the cumulative effects of mesoscale eddies, meanders,
filaments, and rings would become evident in high-resolution mapping on decadal and longer timescales
(we consider any climatology on a grid coarser than 1/4° × 1/4° as a “coarse-resolution” climatology).
Presumably, the cumulative effect of the mesoscale motion emerges in the in situ mapping as long-term
averaged repetitive mesoscale elements—meanders, eddies, filament, etc.—that develop quasiperiodically.
These elements tend to appear in approximately the same locations, so the averaging over a long period, for
example, a decade, would show their stochastic presence even though individual elements cannot be
identified in the averaged fields.

In order to identify quasiperiodic mesoscale elements in decadal climatologies, measurements, which
capture the hydrographic properties at that particular time, within or in nearby grid cells would need to be
made every month throughout the 10 years. However, regardless of how many and/or how frequently the
measurements were made, if the values are averaged over space with the resolution of 1° × 1° or coarser,
the mesoscale features (shorter than ~100 km in size; e.g., Rhines, 2001) cannot be captured. At 1/4° × 1/4°
resolution, the mesoscale elements would be barely seized, whereas on the 1/10° × 1/10° and finer grids they
would be reasonably well represented.

The concept of space-time averaging in a statistically steady turbulent flow, when applied to mesoscale
motion in the ocean (sometimes referred to as “geostrophic turbulence”; Cushman-Roisin & Tang, 1990;
Rhines, 1979), falls within the definition of space-time homogeneity best described by ergodic hypothesis.
In its simplest form, it implies that a dynamic system is ergodic if, while being averaged over time, it
behaves as if it was averaged over all system’s states in its phase space (Monin, 1986; Monin &
Yaglom, 1971).

On this point, it is important to understand how the decadal monthly climatologies in WOA and in all NCEI
regional climatologies are derived. For a chosen decade, all data with a selected month time stamps for
any year in the entire decade are considered to belong to one snapshot of the entire area, in our case the
NWA. Effectively, it means that the averaging over any selected area is replaced by averaging over time.
For example, all data with a time stamp between 1955 and 1964 for a selected month (i.e., September) would
be used to compute the decadal monthly value of the observed parameter (temperature, salinity, etc.), which
can be called an “ensemble average.” All temperatures with the September time stamp within the decade
1955–1964 would be used for calculating the ensemble average of temperature in each cell of this grid.
The simplest method would be to compute a mean of the monthly decadal temperature in this cell by aver-
aging all monthly temperature observations within this cell for the selected decade. Using the objective ana-
lysis procedure after monthly averaging over the cell volume (as we use all data with the specified time stamp
within a cell) does not change the fundamental principle of replacing the ensemble average, that is, aver-
aging over both time and space, by time average based on the assumption that the ocean climate system
is an ergodic system (Monin, 1986). Hence, to “eddify” a climatology, we simply select a grid with a spatial
resolution that allows mesoscale disturbances to be explicitly included and not filtered out by the
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objective analysis which is analogous to switching from a noneddy-
resolving to an eddy-resolving model of ocean circulation (Malone et al.,
2003; Oschlies, 2002).

Eddy-resolving ocean circulation models have consistently shown that the
level of eddy kinetic energy in the Gulf Stream system is higher than the
kinetic energy of the mean currents (e.g., Thoppil et al., 2011). It was also
noted that mesoscale variability is integrated in the seasonal cycle of the
large-scale currents, with a rather complicated interdependence (Kang
et al., 2016; Rieck et al., 2015). Therefore, for the cumulative effects of
mesoscale processes to be mapped properly, the seasonal signal should
be fully resolved in the first place (Seidov et al., 2018).

4. Data Coverage and Signal-to-Noise Estimates

The central question regarding gridded data quality and reliability on dif-
ferent grids is how densely the grid cells are filled with observed data. In
practice, it reduces to a ratio of the number of grid cells with data to the
number of all cells in the region. Obviously, this ratio would be very differ-
ent for the three implemented resolutions of 1° × 1°, 1/4° × 1/4°, and
1/10° × 1/10° when one cell of the 1° × 1° grid contains sixteen 1/4° × 1/
4° cells and one hundred 1/10° × 1/10° cells. There is no effective way to
compute mean (MEAN) and standard deviation (STD) for high-resolution
grids that would be comparable to coarse-resolution values. In some
extreme cases, those statistical measures may even become meaningless.
For instance, if 100 observed profiles were regularly spaced across an idea-
lized 1° × 1° grid cell, it would translate into a single profile in each of the
1/10° × 1/10° grid cells. Although simple descriptive statistics (MEAN and
STD) in the hypothetical 1° × 1° grid cell with 100 evenly spaced profiles
would be well attainable and meaningful, the statistics for each of the
100 cells of the 1/10° × 1/10° grid would yield just one profile for MEAN
and no STD at all, thus rendering the simple statistics meaningless.
Indeed, in the aforementioned idealized data distribution case, high-
resolution mapping would have provided a detailed spatial temperature
distribution across the imaginary 1° cell instead of just one number in
the center of it, thus assuming homogeneity within the cell. For instance,
if a hydrographic front of ~30 kmwidth runs across a cell of the 1° × 1° grid,
it would not be detected on such a coarse grid. On the contrary, if this front
runs across the same 1° × 1° area but covered by a 1/10° × 1/10° grid, it
would be seen. It should be noted that data coverage on finer-resolution
grids, although still good in the NWA region, is far from uniform, and thus,
there are many empty cells on the finer grids—far more if compared to the
coarser 1° × 1° grid.

Figure 2 illustrates the data distribution for climatological July for the
decade 1995–2004. All other decades (not shown) have comparable
coverage. Each dot in Figure 2 represents a cell where at least one profile
was observed during any July within the 1995–2004 decade for all three
grids—1° × 1° (a), 1/4° × 1/4° (b), and 1/10° × 1/10° (c). We illustrate
monthly rather than yearly or seasonal distributions because monthly data

are the key for revealing mesoscale variability. The red circles in Figures 2a–2c show the radii of influence for
the three passes of optimal interpolation varying from longer (coarse resolution) to shorter (fine resolution)
lengths (see the numbers in Table 1). The difference between the radii of influence for the grids with different
resolutions explains the structural disparities between fine- and coarse-resolution ocean mapping and
respective climate analyses discussed in the following sections.

Figure 2. Temperature observation density at 10-m depth for the decadal
July of 1995–2004 on grids of: (a) 1° × 1°, (b) 1/4° × 1/4°, and (c) 1/10° × 1/
10° resolutions. The dots indicate that there is at least one profile in a grid
cell. Red circles schematically show the radii of influence of the three
passes for the different resolutions during the objective analysis procedure
(see text and Table 1).
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The total number of cells with water (i.e., excluding land and bottom) at 10-m depth is 864 (of total 1,320 cells,
i.e., with the land and bottom cells included) on 1° × 1° grid, 14,174 (of 21,120 total) on 1/4° × 1/4°, and 89,873
(of 132,000 total) on 1/10° × 1/10°, respectively (showing almost perfect 1:16:100 ratio). Noticeably, with
higher resolutions and smaller grid cells, a more accurate representation of the coastline and bottom topo-
graphy is attained when compared to coarser resolutions. This increased areal coverage by ~3% on the
1/10° × 1/10° grid relative to the 1° × 1° grid.

Unsurprisingly, almost all cells on the 1° × 1° grid have data for a selected month regardless of the decade
(Figure 2 illustrates the data distributions in climatological July for 1995–2004 on the three grids). In most
cases, there are more than five profiles in a 1° cell, sometimes many more (see data distributions at https://
www.nodc.noaa.gov/OC5/regional_climate/nwa-climate/). The data distribution on the 1/4° × 1/4° grid
(Figure 2b) reveals somewhat sparser but still relatively good coverage. Finally, despite expectedly far more
data gaps on 1/10° × 1/10° grid, the Gulf Stream region is well covered with most cells having at least one
profile per climatological month for each decade. Since every 1° cell contains one hundred 1/10° cells, the
data-rich regions along the coast appear as heavy-shaded areas in Figure 2c, with empty grid cells in many
other places.

It is important to recall here that irregularly distributed observed data are mapped onto a regular grid
using the objective analysis procedure that begins with a first-guess value of the parameter assigned to
the center of each cell followed by three passes with decreasing radiuses of influence (see section 1 and
Table 1). Two portions of the entire objective analysis process are critical for building high-resolution cli-
matologies. First, the empty cells on higher resolutions are not “empty” anymore as they are filled with
first-guess values before the objective analysis procedure begins. In both cases of 1/4° × 1/4° and
1/10° × 1/10° grids, the first-guess fields are simply the objectively analyzed values from the 1° × 1° grid
(temperature, salinity, etc.). Second, the neighboring cells within the radius of influence are used to modify
(through a weighting scheme) the first-guess values initially assigned to each cell, with a low-pass filter
completing the procedure (see, e.g., Locarnini et al., 2013, for more information). In areas with little or
no data on the finer-resolution grids, the 1° × 1° grid climatological field becomes the dominant signal
as it is the first-guess field.

Also important, the climatic fields with empty cells on higher-resolution grids inherit the signal-to-noise ratio
(S2N, discussed below) from the 1° × 1° grid. This becomes the baseline that can or cannot be further
improved on finer grids depending on data availability.

In principle, one could have calculated S2N on 1° × 1° grid using the classical definition of S2N as the ratio of
the MEAN to STD, that is, S2N = MEAN/STD (Smith, 2013). There is a caveat, though. The MEAN in the NWA
region would change significantly from much colder water in the north to much warmer water in the south.
This would provide a misrepresentation of the S2N because the signal is not necessarily higher in warmer
water and lower in colder water. Therefore, regardless of the actual geographical distributions of MEAN
values, the only real measure of the noise in such an inhomogeneus region would then be STD. The STD
for each cell was calculated using the technique described in, for example, Locarnini et al. (2013) and can
be used for assessing the noise level on any grid for any decade at any depth level for monthly, seasonal,
or annual time periods (data available at https://www.nodc.noaa.gov/OC5/regional_climate/nwa-climate/).

Figure 3 presents the STD (i.e., the measure of variability) of monthly (here for July as an example) tempera-
ture at 10 m for the 1995–2004 decade on (a) 1° × 1°, (b) 1/4° × 1/4°, and (c) 1/10° × 1/10° grids. As might have
been expected, STD is elevated in the Gulf Stream System area. What is less intuitive, the STD values on the
finer grids are lower than on 1° × 1° grid. However, there are far more areas on finer grids where STD could not
be computed because of data sparsity (black dots indicate cells with at least two profiles and where STD was
calculated; white cells indicate where STD could not be calculated due to insufficient data). However, because
the first-guess field for the finer grids is the objectively analyzed values from the 1° × 1° grid, the S2N in the
cell without data on finer grids inherits the S2N from the coarser grid.

It is imperative to have a large S2N or, equivalently, small STD everywhere meaning the signal dominates the
noise. Otherwise, any operation with a small S2N would be liable to the noise dominance over the signal. In
regions with high variability, S2N is lower because STD is large regardless of MEAN. For example, in the
subtropics, far from the Gulf Stream and other intense currents, the variability (and accordingly STD) of
temperature and salinity is lower than the vicinity of such currents allowing for a small STD and large S2N.
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In contrast, STD is greater in the frontal zones where the temperature
changes rapidly across the front and the jet meanders. In such dynamic
areas, S2N is expectedly low because STD is large.

The analysis of STD distribution on different grids provided in Figure 3 indi-
cates that the STD (S2N) is greater (lower) on the 1° × 1° grid compared to
the finer grids. The greater (lower) STD (S2N) values on coarser grids result
from higher variability across the larger cells, whereas finer-resolution cells
would have a smaller (larger) STD (S2N) due to lower variability of the mea-
sured data within the smaller cells. Consider the idealization with uniform
data distribution (e.g., 100 profiles) across a 1° cell with temperature and
salinity varying between 10 and 24 °C. The STD of the data within that cell
would be quite large. On the other hand, in a single 1/10° cell within that 1°
cell, there would bemore homogeneous temperature and salinity translat-
ing into a smaller STD in each cell on the finer-resolution grid and, conse-
quently, a higher S2N ratio.

As seen in Table 1 and Figure 2, the radius of influence varies during the
three successive passes of the objective analysis. It begins with a range
of 892 to 446 km in the coarse-resolution grid of 1° × 1° to the range of
321 to 214 for 1/4° × 1/4° grid and finally to the range of 253 to just
154 km on the finest grid with 1/10° × 1/10° resolution. Thus, the radius
of influence at the end of the three passes on 1/10° × 1/10° grid resolution
is 30% shorter than on 1/4° × 1/4° and nearly 3 times—300%—shorter
than on 1° × 1° grid. In a crude analogy to numerical models, the shorten-
ing of the radius of influence could be seen as decreasing the role of lateral
turbulent mixing (or eddy diffusion) in eddy-resolving models (Kantha &
Clayson, 2000).

The decision on whether to use eddy-permitting or eddy-resolving
mapping in any region with sufficient data is a trade-off between eddy-
resolving mapping on the 1/10° × 1/10° grid with many empty cells filled
by the objective analysis and eddy-permitting mapping on the 1/4° × 1/
4° grid with fewer empty cells filled by objective analysis but with less
detailed representation which could miss important mesoscale elements.

5. NWARC Applications
5.1. NWARC Ocean Climate Applications

One of the major goals of data-based ocean climate mapping is to support
ocean and climate studies. Since the ocean has a much larger heat
capacity than the atmosphere and land, climate change on decadal and
longer timescales is therefore strongly controlled by the ocean. Water tem-
perature and corresponding ocean heat content averaged over ~30-year
periods (considered a “climate normal” by the World Meteorological
Organization, WMO, 2011) would then be the most meaningful definition
of the ocean climate. Thus, analyzing oceanic climate changes (or more
accurately climate shifts) can be done by examining the temperature and
heat content differences between two consecutive ~30-year intervals.

Figure 4 illustrates the superiority of higher spatial resolutions by showing January decadal temperature (left
column) and salinity (right column) at 50 m in the NWA for the decade of 1985–1994 with three grid
resolutions: (a, b) 1° × 1°, (c, d) 1/4° × 1/4°, and (e, f) 1/10° × 1/10°. Figures 4a and 4b depict a coarse-resolution
representation of the Gulf Stream dynamics reflected in the temperature and salinity structure. On a coarse-
resolution grid, many of the essential characteristics of this system (e.g., the width of the jet, separation from
the coast, intensity of the frontal zone, and the area occupied by the cold Slope Water Current) are not

Figure 3. (a–c) Standard deviation of seawater temperature at 10-m depth
for July 1994–2004. Only data points with two or more profiles are plotted
(i.e., where standard deviation can be computed).
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correctly replicated. On the contrary, the high-resolution regional climatologies on 1/4° × 1/4° (Figures 4c
and 4d) and 1/10° × 1/10° (Figures 4e and 4f) grids reveal many of these important details not seen in
Figures 4a and 4b.

A more detailed climatology is important for diagnosing ocean climate change, quite similar to ocean circu-
lation modeling, when not only are the finer details of the circulation seen in the calculations but the calcula-
tions themselves become more accurate and physically consistent. For example, only eddy-resolving ocean
models with much finer (at least 6 times finer) resolution when compared to the traditional 1° resolution
ocean models solved the problem of correctly representing the Gulf Stream separation from the coast within
the Cape Hatteras vicinity (e.g., Chao et al., 1996). Even grid resolutions which are 6 to 10 times finer than a 1°
grid are not fully satisfactory for simulating all the details of the Gulf Stream separation (Ezer, 2016). With
1/10° × 1/10° resolution, we are approaching the accuracy needed for properly detailing this important
feature, which is not possible on coarser grids.

Although the 1/4° × 1/4° fields (Figures 4c and 4d) are improved over the 1° × 1° fields, they are still somewhat
oversmoothed when compared to the results of eddy-resolving models (i.e., Barnier et al., 2014; Chao et al.,
1996; Maze et al., 2013; Treguier et al., 2005). The 1/10° × 1/10° mapping (Figures 4e and 4f) reveals a better
structured Gulf Stream system comparable to what is seen in eddy-resolving models and satellite images
(e.g., Andres, 2016; Barnier et al., 2014; Kelly et al., 2010; Madec, 2008; Treguier et al., 2017; Zhai &
Greatbatch, 2006). Importantly, both 1/4° × 1/4° and 1/10° × 1/10° grids show very different temperature

Figure 4. The 1985–1994 January objectively analyzed seawater temperature (left column) and salinity (right column) at
50-m depth on the grids with: (a, b) 1° × 1°, (c, d) 1/4° × 1/4°, and (e, f) 1/10° × 1/10° resolutions.
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and salinity fields when compared to the 1° × 1° grid, while the fields on the 1/10° × 1/10° grid are closer to
the 1/4° × 1/4° fields than the 1° × 1° fields.

5.2. Decadal Ocean Climate Variability and ~30-Year Ocean Climate Shift

Ocean climate shift can be assessed by ocean temperature and heat content differences between two
consecutive ~30-year periods. Using WOA13 on 1/4° × 1/4° grid, Seidov et al. (2017) showed that the heat
is accumulated in the NA heterogeneously, with the strongest heat gain in the ~30-year (1985–2012 minus
1955–1984) climate shift found in the subsurface layers south of the Gulf Stream System. A detailed view of
the western part of the NA suggested that this heat gain occurred in two layers of water. Applying this
analysis for the NWA region using NWARC, we found an even more complex heat gain pattern mapped
on the 1/10° × 1/10° grid resolution. Figure 5 demonstrates the ~30-year climate shift in seawater tempera-
ture and salinity between the multidecadal periods of 1955–1984 and 1985–2012 within the NWA domain
on the (a, b) 1° × 1°, (c, d), 1/4° × 1/4°, and (e, f) 1/10° × 1/10° spatial resolutions. Both heat and salt are

Figure 5. Seawater temperature and salinity anomalies between two 30-year ocean climates (1985–2012 minus 1955–1984) within the Northwest Atlantic domain
(80°W to 40°W, 32°N to 65°N) over the 0- to 1,000-m depth layer on the grids with (a, b) 1° × 1°, (c, d) 1/4° × 1/4°, and (e, f) 1/10° × 1/10° resolution. The isothermal
surfaces of ΔT = �0.5, �0.25, 0.5, 0.75, and 1 °C and isohalines surfaces of ΔS = �0.5, �0.25, 0.5, 0.75, and 1 are shown by different colors.
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gained in the 30-year shift, with these gains occurring mostly south and
southeast of the Gulf Stream. Additionally, both eddy-permitting and
eddy-resolving analyses suggest a substantial heat and salt gain in the
vicinity of the Gulf Stream separation from the coast near Cape
Hatteras, which cannot be resolved in the coarse-resolution analysis.
There is a much stronger heat gain in the upper 300 m of the southeast-
ern Gulf Stream vicinity than in the coarse-resolution mapping (compare
Figures 5a, 5c, and 5e).

Coarse-resolution analysis provides an oversimplified pattern of tempera-
ture and salinity fields with one generalized body of warmer water
(Figure 5a) and one body of saltier water (Figure 5b). While it is expected
that temperature and salinity changes will be density compensating
(e.g., warming with salinification and cooling with freshening), this is not
always true in the NWA. Salinity changes at the sea surface are mainly con-
trolled by air-sea freshwater exchange and ocean advection, while surface
temperature is primarily controlled by air-sea heat exchange. Therefore,
the temperature and salinity climate shifts do not always correlate and
the cores of salt accumulation (or loss) do not always coincide with the
cores of heat gain (or loss) as seen in distinct areas of strong freshening
north of the Gulf Stream without corresponding cooling (Figures 5b, 5d,
and 5f). Moreover, the regions of heat and salt gains are not completely
coincidental—the warmer regions are within the upper 200 m and
between 300 and 700 m, while the salt gains occur closer to the surface
(compare Figures 5c and 5d and 5e and 5f). In contrast, the heat and salt
gains near the Gulf Stream separation do coincide but with the heat gain
penetrating much deeper than the salt gain. The area occupied by the

Slope Water freshens without any significant warming or cooling.

The ocean heat content (OHC) distribution is generally consistent with temperature distributions (i.e., as the
water temperature changes, the OHC follows). Multiple studies have found that the strongest OHC changes
over the last half century have occurred in the NA (Boyer et al., 2007; Levitus et al., 2012; Lozier et al., 2008).
The changes in OHC have been analyzed in numerous studies (Chafik et al., 2016; Cheng et al., 2016;
Domingues et al., 2008; Giese et al., 2016; Häkkinen et al., 2016; Williams et al., 2015; Willis et al., 2004), inferred
from climate models (Cheng et al., 2016; Desbruyères et al., 2015), and diagnosed through reanalysis efforts
(Balmaseda et al., 2013; Carton & Santorelli, 2008; Häkkinen et al., 2015; Palmer et al., 2015). The NA decadal
OHC variability and its connection to the Atlantic Multidecadal Oscillation have been discussed in Seidov
et al. (2017). As Figures 5a, 5c, and 5e suggest, the character of heat accumulation on finer grids differs radi-
cally from that on the coarser one. Like the ~30-year temperature differences, the OHC analysis on the coarse-
resolution grid is too general and does not reflect the mesoscale features of the OHC variability.

5.3. Comparison With Satellite Snapshots of Mesoscale Variability

Repetitiveness or stochastic periodicity of the major elements of mesoscale processes in the Gulf Stream
system is seen in high-resolution in situ climatologies, satellite images (Kelly et al., 2010), and eddy-resolving
models (Barnier et al., 2014). To illustrate the presence of the repetitive mesoscale disturbances in remotely
sensed sea surface temperature (SST), two March snapshots, separated by 4 years, similar to the snapshots
depicted in Kelly et al. (2010), are analyzed in Figure 6. Comparing Kelly et al. (2010) and Figure 6, there
are clearly seen repeating filaments with comparable amplitudes appearing in nearly the same places even
though the monthly snapshots are separated by four years. The monthly SST data are from the Moderate-
resolution Imaging Spectroradiometer onboard the Aqua satellite. We used the midinfrared (4 μm) monthly
SST data with a horizontal resolution of ~9 km acquired from http://apdrc.soest.hawaii.edu/dods/public_
data/satellite_product/MODIS_Aqua/9km_sst4 (OBPG, 2015; Werdell et al., 2013).

To reaffirm the contention that repetitive mesoscale patterns can be seen in decadal climatologies,
near-surface NWARC and surface satellite-based monthly decadal climatologies are compared side by side.
Figure 7 shows three sets of decadal October temperature maps from NWARC (left column) on the

Figure 6. Monthly sea surface temperature in the Gulf Stream area: (a) March
2003 and (b) March 2007 from the Moderate-resolution Imaging
Spectroradiometer-Aqua acquired from http://apdrc.soest.hawaii.edu:80/
dods/public_data/satellite_product/MODIS_Aqua/9km_sst4.
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1/10° × 1/10° grid at 10 m and satellite decadal October SSTs (~4-km resolution) computed using the
Advanced Very High Resolution Radiometer (AVHRR) Pathfinder Version 5.2 data (right column) for the
decades 1985–1994, 1995–2004, and 2005–2012. Similar to the two individual monthly snapshots in
Figure 6, repetitive mesoscale features can be seen in Figure 7 (some of the meanders, squirts, and
filaments are marked by black circles for easier spotting). Both NWARC and satellite-based ocean surface
(or near-surface) mapping are consistent with the hypothesis that mesoscale variability is interlocked with
the seasonal cycle and that there is a great deal of repetitiveness of specific patterns surrounding
unstable jet currents, especially the Gulf Stream and its extension (e.g., (Kelly et al., 2010)).

5.4. Eighteen Degree Water and Subtropical Water Heaving

Since temperature and salinity fields show similar tendencies in the core of the subtropical gyre (Figure 5),
one may argue that subtropical water heaving could be the cause of the warming/salinization in the subtro-
pical gyre, at least to some extent. This heaving, presumably instigated by a long-term wind stress pattern
change (Huang, 2015; Lozier et al., 2008), was noticed in the analysis of the NA climate change based on
WOA13 data with 1/4° × 1/4° grid resolution (Huang, 2015; Seidov et al., 2017).

Figure 7. October seawater temperature from Northwest Atlantic regional climatology at 10-m depth (left column) and
sea surface temperature from AVHRR Pathfinder satellite observations (right column) for the decades: (a, b) 1985–1994,
(c, d) 1995–2004, and (e, f) 2005–2012. Examples of repetitive filaments in the Gulf Stream area are denoted by the
black circles.

10.1029/2018JC014548Journal of Geophysical Research: Oceans

SEIDOV ET AL. 52



Since subtropical water heaving is seen as a possible cause of localized heat trapping on multidecadal time-
scales, the geography of the gain-trapping pockets from in situ climatological mapping is important.
According to Seidov et al. (2017) and Figure 5, the highest rates of heat and salt gain occur in the Sargasso
Sea, southeast of the Gulf Stream path in the region occupied by the Atlantic Mode Water, also known as
the Subtropical Mode Water or the Eighteen Degree Water (EDW; Hanawa & Talley, 2001; Joyce, 2012;
McCartney & Talley, 1982; Worthington, 1976). Some authors argue that the maximum heat gain below
200-m southeast of the Gulf Stream could be caused by the vertical displacement of isopycnal surfaces con-
stituting the EDW heaving (e.g., Bindoff & McDougall, 1994; Häkkinen et al., 2015, 2016). The assumption that
the subtropical heat gain in the Gulf Stream System is linked to EDW variability has existed for quite some
time (Hanawa & Talley, 2001; McCartney & Talley, 1982; Worthington, 1976). It has been argued that EDW
can store large amounts of heat through expansion and discharge large amounts of heat through contraction
over time periods of several years to decades (Kelly & Dong, 2013) and that there is a strong positive correla-
tion between the volume of EDW and the heat content of the EDW layer (Kwon & Riser, 2004; see their Figures
2b and 2d).

The assumed interplay of the EDW and OHC in the NA implies that the volume of EDW depends on the inter-
action between Ekman pumping, heat fluxes across the surface, and heat advection within the Gulf Stream
and in the subtropical recirculation gyre (Dong & Kelly, 2004; Kelly & Dong, 2004, 2013; Seidov et al., 2017).
Additionally, a combination of warm subtropical water heaving and the apparent AMOC slowdown (e.g.,
Bryden et al., 2005; Cunningham et al., 2013; Smeed et al., 2014) may be responsible for the excessive heat
accumulation in the Gulf Stream System and that the heat and salt anomalies buildup can be rather patchy
because of the high level of mesoscale dynamics in this region. However, we emphasize that comparing
observed long-term changes of AMOC with changes in observed OHC should be done cautiously because
the observations of each may not be from the same years and/or the same seasons. Therefore, we cannot
prove or disprove this hypothesis, but we do believe that it could be a reasonable explanation worthy of
future exploration.

With in situ decadal ocean mapping, an enhanced ocean climate shift below 300-m depth southeast of the
Gulf Stream approximately within the EDW area is evident in Figure 5 (see also Figures 1 and S1 in Seidov
et al., 2017). It is tempting to attribute, at least partially, this strong and localized subsurface warming to ver-
tical migration (“heaving”) of isopycnal surfaces (Bindoff & McDougall, 1994; Häkkinen et al., 2015, 2016).
Lozier et al. (2008) showed the role of the curl of wind stress in deepening the thermocline in the subtropical
NA (which now is termed by many as heaving). In turn, Seidov et al. (2017) argued that heat accumulation
follows SST anomalies created by large-scale, long-term ocean-atmosphere heat exchange which is then fol-
lowed by wind-induced heaving of warm water. This is in line with the finding that increased EDW volume
leads to EDW heat content increase (Kwon & Riser, 2004). Moreover, an increase in the volume of EDW leads
to an increase in OHC which should coincide with increased salinity over long periods of time.

To illustrate how long-term changes of temperature in the subtropical NWA may be indicative of EDW heav-
ing, the depths of EDW for two ~30-year intervals and their differences were computed and analyzed in con-
junction with the changes of the curl of wind stress and related Ekman pumping over the comparable time
interval. Figure 8 shows the depths of EDW (in meters) for two ~30-year intervals, 1955–1984 (Figures 8a– 8c)
and 1985–2012 (Figures 8d–8f), and the EDW’s depths differences between those two ~30-year intervals
(Figures 8g–8i; note the different color scales for the depths and depth differences). It is clear that the differ-
ences in grid resolution do matter for mapping EDW depth as the comparison between the depths and their
differences for the three grids—1° × 1°, 1/4° × 1/4°, and 1/10° × 1/10° (left, middle, and right columns, respec-
tively) can be clearly seen. EDW depths and their differences on the coarse-resolution grid (Figures 8a, 8d, and
8g) illustrate smooth EDW depth distributions and EDW heaving, while the finer-resolution grids provide a
more detailed picture and are consistent with strong mesoscale variability southeast of the Gulf Stream.

The ~30-year climate shift in the EDW depth in Figure 8 is compared with the Ekman pumping change (wind
stress curl serves as a proxy) over approximately the same period. The wind stress curl was computed using
the wind stress data from Carton and Giese (2008) on 1/2° × 1/2° grid (see the data source at http://apdrc.
soest.hawaii.edu/dods/public_data/SODA/soda_pop2.2.4.info). The wind stress curl for the period 1955–
2010 is shown in Figure 9a, with the wind stress vectors superimposed on the wind stress curl map. The areas
of positive wind stress curl show where vertical Ekman velocities are upward, while the regions with negative
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values of wind stress curl are the regions of downward Ekman velocities. The climatic shift of the wind stress
curl between 1985–2010 and 1955–1984 is displayed in Figure 9b. The areas with negative values of the
climate shift in Ekman pumping signify slowing upward or increasing downward Ekman velocities, and the
positive values indicate the opposite.

The change in the EDW depths (Figures 8g– 8i) compares quite well with the climatic shift of Ekman pumping
velocities between the years 1985–2010 and 1955–1984 as shown in Figure 9b. As Figures 8 and 9b reveal,
both on 1/4° × 1/4° and 1/10° × 1/10° grids (middle and right columns in Figure 8), the EDW depth change

Figure 8. Depths of the Eighteen Degree Water for the decades: (a–c) 1955–1984 and (d–f) 1985–2012 and differences of
Eighteen Degree Water ’s depths (1985–2012 minus 1955–1984) between those two periods (g–i) on the grids with 1° × 1°
(a, d, g), 1/4° × 1/4° (b, e, h), and 1/10° × 1/10° (c, f, i) resolutions. The color scales for depths (a–f) and the 30-year dif-
ferences of the depths (g–i) are different.

Figure 9. (a) Wind stress curl (10–7 Nm�3, shaded) and wind stress (Nm�2, vectors) over the 1955–2010 time period and
(b) the differences of the wind stress curl (10–7 Nm�3, shaded) between 1985–2010 and 1955–1984. Black rectangles show
the area where the Eighteen Degree Water depths are plotted in Figure 8. Wind stress adopted on 1/2° × 1/2° grid from
Carton and Giese (2008); data at http://apdrc.soest.hawaii.edu/dods/public_data/SODA/soda_pop2.2.4.info.
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closely reflects the ~30-year climate shift in the Ekman vertical velocity pattern (Figure 9b). The regions where
the EDW deepens coincide closely with the areas of negative vertical Ekman velocities indicating stronger
sinking motion. Although the curl of wind stress is not at an eddy-resolving resolution from the ocean
perspective, it is close to the eddy-permitting resolution of 1/4° × 1/4° which gives it a closer resemblance
to the eddy-permitting EDW depths and their climatic shifts than eddy-resolving maps (Figures 8b, 8e, and
8h and 9b). Comparison of the EDW heaving with the ~30-year shift of the wind stress curl (and consequently
Ekman pumping) reveals a strong resemblance of the eddy-permitting and eddy-resolving EDW heaving
patterns with two major cores of heat accumulation. In contrast, the EDW heaving pattern on 1° × 1° grid
(Figures 8a, 8d, and 8g) does not match the ~30-year Ekman pumping shift and therefore does not reflect
the localized nature of EDW heaving.

Another contributing factor of heat accumulation in the subtropical part of the NWA could be the slowing of
AMOC’s upper limb—the Gulf Stream and its extension (Bryden et al., 2005; Kelly et al., 2016; Smeed et al.,
2014). It can be argued that the fast accumulation of OHC in the subtropical southwestern NAmay result from
a combination of the AMOC slowing and wind-induced subtropical water heaving (Seidov et al., 2017).
However, without dismissing a possible role of the AMOC in the EDW long-term variability, comparing the
wind-stress and EDW heaving patterns (Figures 8 and 9) confirms that the wind stress is most probably the
lead factor in subtropical subsurface water warming.

6. Discussion and Conclusions

The major advantage of in situ mapping of ocean temperature and salinity on regular grids with resolution
matching eddy-permitting and even eddy-resolving ocean circulation models is that it yields regional
ocean climatologies qualitatively and quantitatively superior to ones with coarser resolution. An important
inference from analyzing eddy-resolving ocean climatologies is that the stochastically repetitive mesoscale
variability in dynamically active regions preserves repeated mesoscale dynamics in the decadal tracer fields.
Comparison of high-resolution in situ ocean mapping of near-surface temperature with the climatologies
computed from satellite SST supports our hypothesis that the seasonal signal carries the superimposed repe-
titive mesoscale signals and thus decadal climatologies—monthly, seasonal, and annual—reflect the cumula-
tive effect of mesoscale dynamics on mapping of the large-scale regional ocean climate state and variability.
Eddy-permitting and eddy-resolving in situ mappings both retain this cumulative effect of mesoscale
dynamics in gridded thermohaline fields computed using in situ observations with the eddy-resolving cli-
matologies on the 1/10° × 1/10° resolution more accurately depicting them, especially in the Gulf Stream
vicinity. The most important conclusion is that eddy-permitting and eddy-resolving mappings do retain
some mesoscale elements of the large-scale thermohaline fields (i.e., sharp frontal zones, jet meanderings,
mesoscale filaments, and eddies), while the noneddy-permitting mapping does not show any trace of
these phenomena.

The stochastic nature of repeating mesoscale elements within the tracer fields does not necessarily mean
that, for example, the March synoptic and mesoscale pattern of temperature for one decade would most clo-
sely match the pattern for March of another decade; it might more closely resemble February or April of a
different decade instead (or any time between February and April for that matter). However, the mesoscale
variability is unmistakably repetitive within the seasonal cycles in all six decades.

The role of the changes in wind stress curl over the NA in ocean heat content accumulation was assessed in
all three NWA regional climatologies—the coarse resolution, eddy permitting, and eddy resolving. The ~30-
year climatic shift of the wind stress curl and related Ekman pumpingmost likely play a leading role in subsur-
face ocean heat accumulation in the region southeast of the Gulf Stream (east of the Gulf Stream separation
from the coast at Cape Hatteras) although ocean-air heat exchange and advection within the Gulf Stream and
recirculation are also important (Kelly & Dong, 2004). The heat accumulation or loss works through the EDW
heaving induced by Ekman pumping. Although this, by itself, is not new andwas proposed and discussed in a
number of studies (Bindoff & McDougall, 1994; Häkkinen et al., 2016; Lozier et al., 2017), we contribute by
showing that eddy-permitting mapping of the wind stress curl based on SODA v2.2.4 (Carton & Giese,
2008) correlates with the EDW heaving revealed in the ~30-year temperature differences from NWARC’s
eddy-permitting and eddy-resolving mapped temperature fields. It also demonstrated that a noneddy-
permitting climatology (NWARC with the 1° × 1° resolution) departs from the wind stress curl patterns.
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To summarize, the high-resolution climatologies of the NWA Ocean can be instrumental in detailing the
regional descriptions of ongoing global ocean climate change, long-term variability, and trends. It also sup-
ports the case for using eddy-permitting resolution climatologies, with eddy-resolving climatologies desired
in regions with dense data distributions (as in the coastal zone along the east coast of the United States and
Canada). In a more general framework, NCEI’s collection of regional ocean climatologies may help to better
connect data processing and investigative efforts in the realm of regional oceanography.
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