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Abstract The upper ocean horizontal heat advection over the middle and outer shelf of the Middle
Atlantic Bight (MAB) is investigated using satellite and in situ observations. In the upper mixed layer, the
heat advection is mostly positive indicating that it decreases the shelf heat content by bringing cold water
from upstream. The domain-averaged heat advection driven by the barotropic geostrophic current is
one-order larger relative to the density-driven geostrophic shear and the wind-driven current. The baro-
tropic geostrophic advection components in the alongshore and offshore direction are of the same order.
To investigate the temporal properties of the heat advection, the temperature and currents are decom-
posed into different time scales using Fast Multidimensional Ensemble Empirical Decomposition
(FMEEMD). The cross-spectral interactions within the advection are quantitatively evaluated with major
components identified. Due to the cross-spectral interaction, energy within the heat advection is found
to be redistributed through different time scales, with at least 46.5% variation retained within the original
band for the barotropic geostrophic advection. Our results help to better understand the temporal vari-
ability of the heat advection, provide a baseline of the nonlinear energy transfer framework within differ-
ent time scales in the heat advection, and imply the possibility of interplays between short and long-term
oceanic phenomena.

1. Introduction

Variations of the ocean heat content are gaining increased attention in the context of the global climate
change [Levitus et al., 2012; Chen and Tung, 2014]. Studies suggested that the roles of the surface heat flux
and ocean heat transport, which directly relate to the heat content, may vary on different time scales
[Kushnir, 1994; He and Weisberg, 2002, 2003; Gulev et al., 2013] and are subjected to regional differences
[Halliwell, 1998; Dong and Kelly, 2004]. In the Middle Atlantic Bight (MAB), the sea surface heat flux is bal-
anced by the heat advection especially the along-isobath heat advection in the sense of the long-term
mean [Lentz, 2009]. On time scales from days to weeks, the heat advection drives the temperature variability
over the New England shelf [Lentz et al., 2010]. On the seasonal scale, the ocean heat content is dominated
by the surface net heat flux [Mountain et al., 1996; Beardsley et al., 2003; Lentz et al., 2010]. Concerning the
interannual variability of the temperature, a study over the Long Island Sound reveals that it is the horizon-
tal heat advection dominating the temperature variability [Lee and Lwiza, 2005]. Also the interannual vari-
ability of the wintertime cooling of the inner shelf is partially influenced by the alongshore heat advection
[Connolly and Lentz, 2014]. Shearman and Lentz [2009] show that the long-term temperature variability
along the U.S. east coast is controlled by the along shelf transport. The study of Grodsky et al. [2017] also
suggests the importance of the horizontal advection to the temperature interannual oscillations.

Despite the importance and varying roles of the heat advection in the heat budget over MAB, it is not yet fully
clarified how the heat advection varies spatially and temporally. Satellite remote sensing gives us a chance to
investigate the horizontal heat advection over the shelf synoptically. Also, provided by more than 20 years’
continuous observation, it is possible to decompose the temperature and currents into components of differ-
ent time scales, which could help to quantitatively analyze the temporal variation of the horizontal heat
advection. This would be essential to further understand the response of the ocean to the climate change.
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In this study, the horizontal heat advection within the mixed layer depth is investigated by considering three
major current components driven by the sea level pressure, by the density gradient, and by the wind. The
data sets and the methods used are described in section 2. The comparison of advection components of dif-
ferent driven forces and of different directions (alongshore and offshore) are shown in section 3. The heat
advection components at different time scales are quantitatively estimated and analyzed in the frequency
domain in section 4. Finally, we discuss the energy exchange among different time scales in section 5.

2. Data and Methods

2.1. Data
The sea surface temperature (SST) data set used in this study is the Optimum Interpolation Sea Surface Tem-
perature (OISST ver.2, AVHRR-only) from 1981 to 2014, with the spatial resolution of 0.258 and the temporal
resolution of 1 day (Figure 1). The total error (standard deviation), which is derived from the random, sam-
pling and bias error, for the AVHRR-only product is approximately 0.48C–0.68C close to the east coast of
United States comparing to the in situ measurements from ships and buoys [Reynolds et al., 2007].

To derive the surface absolute geostrophic velocities, we used the Maps of Absolute Dynamic Topography
(MADT), which is released by AVISO/CNES containing daily maps from 1993 to 2016 on a 0.258 Cartesian grid
with tidal and inverse barometer corrections. The product is the DUACS 2014 version firstly released in 2014
which uses a reference period of 20 years. MADT is the sum of sea level anomaly (SLA) and mean dynamic
topography (MDT). The MDT refers to the Mean Sea Surface Height minus Geoid, by combining GRACE, altime-
ter, and in situ measurements [Rio et al., 2011]. The time-varying sea level is generally considered with an error
of 2�3 cm [Cheney, 1994], yielding geostrophic velocity errors of 12–18 cm/s over the distance of 25 km. Rio
et al. [2011] made a detailed evaluation of the MDT and MADT. They found that the MDT shows a consistent
pattern over the continental shelves comparing with in situ measurements and the geostrophic velocities from
MADT have errors in the order of 12 cm/s over the broad Gulf Stream Current Area (208N–608N, 2758E–3408E)
[Rio et al., 2011]. Despite the uncertainty of the SLA over the shallow waters, this data set is valuable to describe
physical processes on the continental shelf [e.g., Ruiz et al., 2009; Gawarkiewicz et al., 2012; Strub et al., 2015;
Ruiz Etcheverry et al., 2016]. Moreover, if taken monthly mean, the error of the derived velocities will be further
reduced (e.g., 4�6 cm/s given a SLA decorrelation scale of 4 days) [Ponte, 1994]. In this study, due to the ener-
getic tidal mixing and the land contamination, the inner shelf areas within 25 km offshore are excluded, and
monthly averaged data are used and therefore time scales less than 2 months are not considered here.

To quantify the contribution of
the Ekman transport, we use the
blended sea winds [Zhang et al.,
2006] from National Climatic Data
Center (NCDC) of NOAA. The data
set contains monthly ocean sur-
face winds and wind stresses on a
global 0.258 grid from 1987 to
2011. The product has a zonal
speed bias of 0.12 m/s and
a meridional speed bias of
0.055 m/s, with root-mean-square
error being less than 2 m/s within
the Atlantic Ocean for both direc-
tions comparing with in situ buoy
measurements [Peng et al., 2013].

Monthly climatological temper-
ature and salinity profiles come
from the World Ocean Atlas
2013 version 2 (an updated ver-
sion of WOA13) [Locarnini et al.,
2013], as 0.258-gridded monthly

Figure 1. The mean OISST data set (1983–2014) over the Middle Atlantic Bight and
ambient open oceans. The black lines are the bathymetry.
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data sets (12 month, averaged over decades) at WOA standard depth level (e.g., 5 m for the first 100 m
depth). The temperature profiles are used to determine the mixed layer depth (MLD) as stated in section
2.2. The density profiles derived from the temperature and salinity are used to determine the horizontal
density gradient as used in section 2.3. Moreover, the gridded subsurface temperature maps from Simple
Ocean Data Assimilation (SODA v2.2.4) [Carton et al., 2005] between 1990 and 2010 are also employed as a
complementary data set to determine the mixed layer depth. The SODA is a monthly data set on a 0.1258 3

0.258 3 40 grid incorporating WOA and satellite SST measurements.

All above data sets are subject to different temporal coverage and spatial grids. Hence first of all these products are
projected into a common grid of 1/88 with 1 m vertical resolution and a monthly common period (1993–2014)
using the linear interpolation. We use a finer grid of 1/88 to keep the data coverage to a better extent concerning
values near the data margin may be lost in data processing steps such as the data collocating and gradient calcula-
tions. The study area is chosen between the 25 km offshore and the 1000 m isobaths (though the whole area from
coast to 3000 m isobath is shown in our figures). Constrained by the data resolution and coverage, coastal and
small-scale processes could not be resolved, thus only mesoscale flows over the shelf are investigated in this study.

2.2. Estimation of the Mixed Layer Depth
In our study, the upper ocean heat content is calculated by integrating from the surface to the mixed layer
depth (MLD), which is determined from WOA monthly gridded temperature. By adopting such MLD, contin-
uous SST observations for more than 20 years can be used as the approximation of the mixed layer temper-
ature (MLT). Grodsky et al. [2008] made a comparison between the bulk sea surface and mixed layer
temperatures, showing that globally and time-averaged MLT is cooler than SST by approximately 0.18C with
extreme values of 0.88C at eastern equatorial Pacific. Since this study focuses on the heat advection, the
temperature-based MLD definition is preferred than other methods [de Boyer Mont�egut et al., 2007]. The
threshold used to define the MLD is DT50:5�C from the surface water temperature. The MLD is first deter-
mined from the monthly temperature climatology, and then interpolated linearly over our common study
period. The uncertainties of using such MLD are further discussed in the Appendix A.

2.3. Estimation of the Shelf Currents
The ocean currents contain components driven by different forces [Dong and Kelly, 2004; Han et al., 2010].
In this study, we mainly consider three components: the barotropic geostrophic current due to the sloping
sea surface (~uelev ), the geostrophic current shear due to the density gradient (~ushear ), and the Ekman trans-
port due to the surface wind stress (~uwind).Using the sea surface as the reference level [Han et al., 2010], the
total geostrophic current at depth z is given by

~ugðx; y; z; tÞ

5
g
f
~k3rgðx; y; tÞ1 g

q0f

ð0

2z
rqðx; y; z; tÞ3~k dz

5~uelev1~ushear

(1)

where g is the sea surface elevation from the altimetry data, g59:8 m=s2, f 59:3531025s21, ~k is the unit
vector in the z direction (positive upward), and reference density q051025 kg=m3. The density field is
adopted from the WOA gridded monthly climatology.

For the wind-induced Ekman current, the depth-averaged wind current within the Ekman layer can be
approximated as

~uwind5
1

q0fDEðx; y; tÞ ðsyðx; y; tÞ; 2sxðx; y; tÞÞ; (2)

with the Ekman depth DE estimated as [Garratt, 1994; Cushman-Roisin and Beckers, 2011]

DE50:4
1
f

ffiffiffiffiffi
j~sj
q

s
: (3)

It should be noted that the Ekman transport can penetrate below the mixed layer. In such condition, the
Ekman layer consists of the surface mixed layer and a transition layer where there is a velocity shear and
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25�50% Ekman transport occurs [Lentz, 1992]. For those cases, which takes about 6.7% of our total records,
only Ekman currents occurred within the MLD are accounted for in the calculation.

2.4. Fast Multidimensional Ensemble Empirical Mode Decomposition (FMEEMD)
FMEEMD is used in this study to decompose the SST and MADT time series into oscillations on different
time scales. The original Empirical Mode Decomposition (EMD) is a useful tool for the nonlinear, nonsta-
tionary time series, separating the data set into a finite number of intrinsic mode functions (IMFs)
[Huang et al., 1998]. That method identifies different oscillation cycles based on their characteristic tem-
poral scales. The number of IMFs is determined by the length of the data set. To eliminate the mode-
mixing phenomenon in the original EMD, an improved approach Ensemble Empirical Mode Decomposi-
tion (EEMD) [Wu and Huang, 2009] is proposed by adding white noise into the data and treating the
mean of a sufficient number of trials as the final result. EEMD has been applied to decompose observa-
tions and extract the seasonal components [Sha et al., 2015]. Afterward, Multidimensional EEMD
(MEEMD) [Wu et al., 2009] and Complementary EEMD (CEEMD) [Yeh et al., 2010] are developed,
respectively.

One most recent improvement is the Fast Multidimensional Ensemble Empirical Mode Decomposition
(FMEEMD) [Feng et al., 2014]. Using principal component analysis (PCA), the multidimensional climate data
can be decomposed into principal component (PCs) and the corresponding empirical orthogonal functions
(EOFs). Then the MEEMD is applied only to a small fraction of PCs so as to address the time consuming and
data compression problems when processing gridded climate data. This method is validated by analyzing
the extended reconstructed sea surface temperature (ERSST).

2.5. Decomposition of the Horizontal Heat Advection
The horizontal heat advection consists of three components depending on the driven forces considered in
this study: the barotropic advection due to the sea surface elevation (the elevation advection hereafter), the
baroclinic advection due to the density gradient (the shear advection), and the wind induced advection
(the Ekman advection). In addition, these advections can be further decomposed in the alongshore direc-
tion and offshore direction, based on the smoothed bathymetry gradient.

The temporal variations of the heat advection are also investigated by decomposing both the current and
the temperature into sets of oscillations on different time scales using FMEEMD:

Heat Advection5~u � rT5
X5

i51

X5

j51

ð~ui�rTjÞ (4)

where i and j indicate the subseasonal (1–6 cycle/yr), seasonal (1 cycle/yr), interannual (0.1–1 cycle/yr), long-
term and the mean modes, respectively. The subseasonal currents may relate to the mesoscale eddies or
Rossby waves (with period of 90–120 days), while the long-term current variability may be associated with
the large-scale sea level pressure patterns such as NAO (North Atlantic Oscillation) or AO (Arctic Oscillation).
Those modes below the 95% significance level in FMEEMD are excluded. High-frequency oscillations with
period less than 2 months could not be resolved by the monthly data. Limited by the time span of the
records we are unable to recognize multidecadal oscillations with period longer than 10 years. Thus the
long-term mode here refers to the residual by subtracting the subseasonal, seasonal, interannual, and mean
modes from the original data.

The contribution of the advection temporal components (~ui � rTj), except the constant one with the mean
velocity and the mean temperature (�~u � r�T ), can be quantified using a contribution factor Cij :

Cij5
stdð~ui � rTjÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX5

i51

X5
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Cij
251 (6)

where std is the standard deviation of each mode in the temporal decomposition.
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3. Components of the Horizontal Heat Advection

This study mainly considers three advection components: the elevation advection, the shear advection, and
the Ekman advection. The spatial and temporal variations of the advection components are represented in
Figure 2. The total advection shows an almost identical pattern with the elevation advection (Figures 2a
and 2b), which is approximately one-order stronger than the shear advection and the Ekman advection (Fig-
ures 2c and 2d). Strong positive elevation advection values on the order of 10258C/s are found at the south-
ern end of MAB around Cape Hatteras, but turns to be negative in the Southern Atlantic Bight. The
magnitude of the shear advection increases southward, while that of the Ekman advection decreases
southward.

Concerning the domain-averaged temporal variation (Figure 2e), the mean values of elevation, shear, and
Ekman advections are 3.1 (64.5) 3 10278C/s, 20.78 (60.37) 3 10278C/s, and 0.47 (61.0) 3 10278C/s,
respectively (values in the bracket indicate the standard deviation). The elevation advection, which is driven
by the sea level pressure, is the dominant component. The signs of the elevation and Ekman advection are
mostly positive, resulting in a positive total surface advection which causes the shelf to lose heat. This is not
surprising by recalling that the mean flow on the continental shelf is equatorward from northeast to south-
west approximately along the isobaths [Fairbanks, 1982; Chapman et al., 1986; Lentz, 2008], The horizontal
transport brings colder upstream water southward, causing the decrease of the heat content on the shelf.

As revealed in Figure 2, the elevation advection is stronger than the Ekman advection within the mixed
layer depth over the shelf, especially for the southern part of the shelf. Our results here do not conflict with
previous studies which recognized the wind forcing as one of the important factors to the offshore trans-
port within the New Jersey shelf [Kohut et al., 2004; Glenn et al., 2007; Jiang, 2008; Dzwonkowski et al., 2009].
In the conventional Ekman theory, the magnitude of the wind-induced flow decreases as depth increases,
implying the Ekman heat advection at the surface is stronger than the depth-averaged one within the
mixed layer. Thus if we only consider the heat advection at the sea surface (which means the thermal wind
shear can be neglected and the seasonal oscillation of the mixed layer depth is excluded), and follow the
analytical Ekman model to estimate the wind-induced current at the surface instead of using the depth-
averaged velocities, the wind-induced heat advection then increases to the same order to the geostrophic
advection especially during winter times (Figure 3).

The advections are further decomposed in the alongshore and offshore components (Figure 4) correspond-
ing to the alongshore and offshore currents. The alongshore (offshore) direction is defined based on the
bathymetry gradient with positive sign pointing to approximately the northeast (southwest). For the eleva-
tion advection (Figures 4a and 4b), the offshore component is relatively strong in the shelf break region
especially in the southern part of the MAB. The alongshore elevation advection is high at the northern and
the southern end of MAB and low in the middle MAB, with positive advection on the shelf but stronger and
negative advection along the shelf break. For the shear advection (Figures 4c and 4d), stronger negative val-
ues in the southern part indicate that the shear advection goes against the elevation advection and tend to
warm up shelf water. For the Ekman advection (Figures 4e and 4f), coherent patterns are found all over the
shelf except in the southern end of MAB, and the offshore component dominants.

The observed spatial viabilities of advection components are determined by the distributions of both the
temperature gradient and the circulations over the shelf, which may further relate to various ocean dynamic
processes subjected to regional differences. One example is the existence of the warm slope water and the
Gulf Stream (and thus the increased temperature gradient) [Lentz, 2009] in the southern MAB, which may
partially explain the southward intensification of the heat advection all through these advection compo-
nents. Also, the occurring of the shelf break fronts [Linder and Gawarkiewicz, 1998; Flagg et al., 2006] are
probably related to the stronger heat advection along the shelf break region (Figure 4a). The linkage
between patterns revealed here and oceanic processes is worth of further detailed investigation in the
future.

We also investigated the domain-averaged temperature gradient and the barotropic geostrophic current
separately (Figure 5). The temperature gradient is stronger in the offshore direction, while the geostrophic
current is stronger in the alongshore direction. As a result, the heat advection component in the offshore
direction is stronger than the alongshore one but are still of the same order.
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Figure 2. The surface layer heat advection on the shelf. (a) The total advection. (b) The elevation advection. (c) The shear advection. (d) The Ekman advection. (e) Domain-averaged
advection components from 1993 to 2014. The red line is the elevation advection. The blue line is the shear Advection. The solid black line is the Ekman advection. The horizontal lines
indicate the temporal means. The unit of Figures 2a and 2b is one-order larger than that of Figures 2c and 2d.
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Moreover, a cross-shelf diagnostic along a transect off the New Jersey (Figure 6) also demonstrates that
over the middle shelf the alongshore barotropic geostrophic advection is the dominant component, and
over the shelf break region the offshore geostrophic advection is even stronger, while the shear advections
and Ekman advections are relatively small.

4. Temporal Decomposition of the Horizontal Heat Advection

As revealed in Figure 2e, the advection components have strong temporal variations. One question then
rises naturally as what determines the temporal variation of the heat advection. In this section, we take the
elevation advection, the dominant heat advection over the shelf, as the study case. Similar analysis could
also be done for the shear advection and Ekman advection but will not be discussed here. Still, SST is
assumed to represent the MLT. The geostrophic currents from MADT are the depth-independent compo-
nent of the geostrophic currents.

As described in section 2.5, both the temperature and the current can be decomposed using FMEEDM as
an ensemble of five modes on different time scales (subseasonal, seasonal, interannual, long-term modes,
and the mean). Thus the corresponding heat advection (equation (4)) has 25 modes and is summarized as
the 535 matrix in Table 1. The advection component from the mean temperature by the mean current is
constant of 3:031027�C=s. The standard deviation (STD) of other components ranges from 4:331028�C=s
to 1:631026�C=s. The contribution factor as in section 2.5 is introduced to describe the relative magnitudes
of these STDs. The largest three components are the products associated with the seasonal temperature by
the mean current, the mean temperature by the subseasonal current, and the seasonal temperature by the
subseasonal current, which account for 80% of the total energy.

We also noted that advection components resulted from the temporal mean, either the mean of the tem-
perature or the current, totally accounted for 46.5% of the variation. In another words, the ‘‘background’’
temperature and current are playing important roles in the advection variation. The energy contribution
revealed in Table 1 is consistent with the spectral distribution of the SST and surface geostrophic currents
(Figures 7a and 7b). The spectrum of the temperature peaks at the 1 cpy driven by the seasonal oscillation
of the surface heat flux, while multipeaks are found within the subseasonal portion of the surface geo-
strophic currents.

Furthermore, the results suggest that the energy of the advection is transferred through different time
scales due to the cross-spectral interaction, One example is the advection of the seasonal temperature by
the seasonal current. The corresponding advection term in the frequency domain contains a peak at 2 cpy

Figure 3. The domain-averaged heat advection comparison only at the surface between the elevation advection and the Ekman
advection.

Journal of Geophysical Research: Oceans 10.1002/2017JC013043

SHA ET AL. THE MAB HEAT ADVECTION 5658



Figure 4. The temporal mean of the alongshore and offshore advection components. (top: a, b) The elevation advection. (middle: c, d) The shear advection. (bottom: e, f) The Ekman
advection. The left column figures (a, c, e) are in offshore direction. The right column figures (b, d, f) are in the alongshore direction.
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(semiannual scale) and a trough at 1 cpy (seasonal scale). The energy flows from the annual scale to the
semiannual scale. The semiannual signal (Figure 7e) is of the same order (10212ð�C=sÞ2=cpy) as is contained
within the total advection (Figure 7d), and is even the same order as the semiannual oscillation contained
in the heat storage (Figure 7c). In this process, the energy within the seasonal oscillation is flowing into the
semiannual time scale, as well as lower frequency domain (which is straight forward from trigonometry).
Meanwhile, the total advection still peaks at 1 cpy, suggesting the energy of the annual scale is also being
replenished. Possibly there are two replenishing pathways: first, from the retaining of the original seasonal
oscillations (e.g., the advection of the seasonal temperature by the mean current). Second, from the newly
generated seasonal bands in the cross-spectral interaction. As a result of the cross-spectral interactions

Figure 5. Domain-averaged comparison between the alongshore and offshore barotropic geostrophic heat advection. (a) Temperature
gradient. (b). Barotropic geostrophic current. (c) The corresponding heat advection. Black lines are in the alongshore direction while red
lines are in the offshore direction. Dashed lines are the temporal means.
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between the temperature and the current, the energy is redistributed in the heat advection, generating the
nonlinear temporal variation.

5. Discussion

Concerning the heat advection driven by the barotropic geostrophic current, the alongshore component is
smaller than the offshore one due to the strong current but weak temperature gradient in the alongshore
direction. However, it should be noted that most of the strong advection values are focused on the south-
ern end of MAB around Cape Hatteras. This area is known with the shelf water veering offshore and being
entrained with the Gulf Stream, as well as the slope water and Gulf Stream intrusion [e.g., Bane et al., 1988;

Figure 6. Diagnostic analysis along a cross-shelf transect. (a) The location of the transect. The black dots indicate the location of the 10th, 20th, 30th, 40th, and 50th bins along the
transect. (b) The advection components along the transect, starting from the inner shelf, ending in the open ocean. The shelf break region is around the 30th bin.

Table 1. The Temporal Decomposition of the Horizontal Heat Advection Associated With the Surface Geostrophic Currenta

Surface Geostrophic Current

Subseasonal Seasonal Interannual Long-Term Mean Row Sum

SST Subseasonal 1.3% 0.2% 0.2% 0.1% 1.5% 3.2%
Seasonal 39.4% 3.6% 5.0% 1.4% 23.0% 72.4%
Interannual 0.8% 0.1% 0.1% 0.0% 0.7% 1.8%
Long-Term 1.0% 0.1% 0.1% 0.0% 1.0% 2.3%
Mean 16.1% 1.8% 1.9% 0.6% 20.3%
Column Sum 58.6% 5.7% 7.3% 2.2% 26.2%

aThe percentages present the contribution of each component to the total energy (derived from the contribution factor). The major
components are highlighted in bold.
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Churchill and Berger, 1998]. Churchill and Gawarkiewicz [2012] also suggests the approaching of the Gulf
Stream to the shelf may enhance the offshore transport. With the southern end of MAB (south of 378N)
excluded from the averaging domain, however, the barotropic geostrophic heat advection still dominant
the horizontal heat advection, while the domain-averaged offshore barotropic advection reduces to almost
the same magnitude as the alongshore advection especially along the shelf break region (see also Figure 6).
Including the southern MAB or not, the heat exchange between the shelf and the ambient ocean is as
important as the alongshore heat advection over the shelf. Lentz [2010] found that if using the surface heat
flux from OAFlux, the cross-shelf heat flux is required to balance the alongshore heat flux, while using sur-
face heat flux from other data sets (NCEP) indicates the offshore heat flux is small. In this study, our results
from direct advective heat flux estimation also imply that the cross-shelf heat flux could not be neglected.

The components on different time scale within the heat advection are quantitatively assessed (Table 1).
New frequency components are generated in the heat advection as a result of the cross-spectral interac-
tions between the temperature and the currents, and the energy within certain time scales is redistributed.
Due to the nonlinear nature of the interaction process, it would be difficult to quantify the detailed amount
of energy being transferred or retained. However, recalling from section 4, those advection components
involved with the mean component of either the temperature or the current account for about 46.5% of
the total variation without any new frequency generated. This at least provides a baseline of the energy
retained within the original band. The cross-spectral effect revealed here also suggests that the possibility
that the temperature oscillations on seasonal time scales can partially affect interannual variability of the
heat flux, and long-term temperature trend may contribute to the short-term extreme events. One similar
example is the Indian Summer Monsoon, whose interannual variability is revealed to be influenced by the
seasonal mean and the intraseasonal oscillation concerning the kinetic energy [Suhas et al., 2012]. These
cross-spectral interactions within the heat advection are necessarily subject to further investigation to fully
clarify the response of the ocean heat content to variations on different time scales.

Figure 7. Domain-averaged power spectral densities of: (a) SST, (b) surface barotropic geostrophic current~uelev , (c) temporal derivation of temperature, (d) the horizontal heat advection
due to~uelev , and (e) the heat advection component of the seasonal temperature by the seasonal~uelev . Green areas represent the 95% confidence interval for the spectrum [Thomson and
Emery, 2014]. Red lines are domain-averaged values.
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6. Summary

In this study, multisensor satellite data are used to investigate the spatial and temporal properties of the surface
horizontal heat advection over the MAB. Three major current components, driven by the sea level pressure, the
density gradient, and the wind-induced Ekman transport, respectively, are considered in this study. Correspond-
ing advection components (the elevation advection, shear advection, and Ekman advection) are compared over
the shelf and their spatial distributions are described. The total heat advection over the shelf is mostly positive,
suggesting that the role of the heat advection is cooling the shelf by bringing cold water southward.

We found that the domain-averaged elevation advection is one-order larger than the shear advection and the
Ekman advection. As a result, the total heat advection shows an almost identical spatial pattern with the eleva-
tion advection. These advections are further decomposed in the alongshore and offshore direction. Diagnostics
along a transect off the New Jersey shelf revealed that the alongshore elevation advection is the largest one
over the middle shelf, while for the shelf break region the offshore elevation advection is of the same order as
the alongshore one. This implies both the alongshore and offshore heat flux are important over the shelf.

We choose the dominant heat advection, the elevation advection, to be analyzed in the frequency
domain to further investigate the temporal properties of the heat advection. Both the temperature and
the current are decomposed using FMEEMD into five components (subseasonal, seasonal, interannual,
long-term modes, and the mean) thus there are a 535 matrix of the advection components. The magni-
tude distribution of these advections is determined by the spectrum of the temperature and currents.
Taking the advection from the seasonal temperature and the seasonal current, we found that the energy
within the advection is redistributed through different time scales. And those advections involving with
the mean component, either the mean of the temperature or the current, account for 46.5% of the total
advection variations and actually indicate the energy retained within the original band. Our results here
provide a baseline for the further understanding of the nonlinear energy transfer framework between dif-
ferent time scales in the heat advection, and implies the possibility of the mutual influence of ocean phe-
nomena on different time scales.

Appendix A: The Comparison Between Different MLD

In the heat budget estimation, the integration depth is chosen as the MLD determined from the 12 month
gridded climatological thermal field from WOA, which implies that the MLD interannual variability is omit-
ted. To estimate the uncertainty induced, we introduce the temperature profiles simulated in the SODA
data as a preliminary comparison.

Totally there are three MLDs compared
here: (1) the 12 month MLD determined
from the thermal field of WOA; (2) the
monthly MLD (thus varying year by
year) determined from thermal field of
SODA; and (3) The 12 month climato-
logical MLD determined from SODA.
The mixed layer temperatures are also
from SODA thus varies vertically. As
shown in Figure A1, all curves are show-
ing similar seasonal variability. Using
time varying MLD and climatological
MLD from SODA are almost identical,
whose amplitude are slightly larger than
using WOA MLD in the winter. The root
mean squared error (RMSE) is 1:73

1027�C=s between the advection using
WOA MLD and SODA varying MLD, and
is 5:631028�C=s between SODA clima-
tological MLD and SODA varying MLD.

Figure A1. Cross-comparison of the temporal heat variation with different choice of
MLD. The mixed layers are WOA MLD, SODA time-varying MLD, and SODA monthly
climatological MLD, respectively. This is the vertical mean thus the unit is 8C/s.
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