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Abstract This study explores the influence of the cold pool in the Middle Atlantic Bight (MAB) to cross-
shelf sea surface slope by fitting an annual harmonic to temperature and salinity profiles from 1993 to 2012
and compares to the 20 year averaged altimetry sea level anomaly (SLA). The consistency within the bottom
temperature, thermal steric height, total steric height, and altimetry observation validates that the cold pool
induces a depressed sea level in the middle shelf overlapping with the dominant surface seasonal cycles.
Temporally, the cold pool pattern is most apparent in July and August as a result of magnitude competition
between the thermal and haline steric height. In addition, Ensemble Empirical Mode Decomposition (EEMD)
is employed to reconstruct the altimetry SLA and reveals the middle-shelf depression pattern from single
year’s SLA data. The locations of the SLA depression from 1993 to 2012 agree with the cold pool locations
identified from in situ measurements, suggesting a promising application of altimetry SLA in the cold pool
study. Conclusively, this study reveals the modulation of the cross-shelf sea level variation by the cold pool,
and contributes to the understanding of the sea level response to water masses on the continental shelf.

1. Introduction

The Middle Atlantic Bight (MAB) cold pool refers to a cold bottom water mass (<108C) located in the MAB,
which is one of the primary water masses of this region [Fairbanks, 1982]. The cold pool was first recorded
as a cold belt extending from 30 to 80 m isobath with varying temperature and spatial coverage year by
year [Bigelow, 1933]. The cold winter water persists at the bottom in spring, becomes increasingly isolated
from the surface warm water in summer, and disappears during the fall [Ketchum and Corwin, 1964;
Houghton et al., 1982]. The cold pool locates on the middle and outer shelf, differing from tidal and wind
mixing inshore water and the warmer saltier offshore slope water [Fairbanks, 1982; Houghton et al., 1982;
Churchill and Gawarkiewicz, 2014]. The location of the cold pool in the alongshore direction is related to the
cross-shelf section area [Houghton et al., 1982]. The cold pool is part of a longer equatorward along-shelf
coastal current system originating from Greenland/Labrador shelf [Chapman et al., 1986; Chapman and
Beardsley, 1989]. The cold pool has biological influences on the population dynamics of the phytoplankton,
fish juvenile abundance, and the distribution of MAB benthic and demersal biota [Malone et al., 1983;
Sullivan et al., 2005; Narv�aez et al., 2014]. The cold pool water enters into the southern MAB, shifts offshore
entrained by the Gulf Stream, playing an important role in the chlorophyll transport along the shelf and
the carbon budget of the North Atlantic [Wood et al., 1996; Bignami and Hopkins, 2003; Churchill and
Gawarkiewicz, 2014].

Previous studies on the cold pool were based on the in situ measurements and model results. However, the
sparse nature of in situ measurements limited further investigation of the cold pool because no continuous
time series are available. Moreover, remote sensing data with large spatial coverage and long time series
were seldom used in the cold pool study because the cold pool water locates under the thermocline. How-
ever, recent studies revealed the possibility of studying subsurface processes with surface variables
retrieved from satellite data [Klemas and Yan, 2014], such as the application of sea level anomaly (SLA) from
altimeter on Mediterranean Eddies tracking [Yan et al., 2006; Ienna et al., 2014], by removing surface layer
steric components from SLA. Based on previous studies of the steric height [Gill and Niller, 1973], the cold
pool with lower than ambient temperature generates the depressed thermal steric height and thus induces
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depressed sea level anomaly. The cold pool can possibly have surface expressions in the sea level anomaly
observation. It is necessary to investigate the relationship between the cold pool and altimetry SLA, not
only for a baseline of cold pool studies utilizing remote sensing data, but also for a better understanding of
the response of the sea level variations to mesoscale features on the continental shelf.

This paper focused on how the cold pool feature in the thermal and haline annual cycles influence the
cross-shelf SLA. We organized this paper as follows. First, we applied single annual harmonic fitting to
obtain the 20 year mean annual cycles containing the cold pool feature from in situ measurements. Second,
different steric components are derived from the measurements and compared. Finally, attempts were
made to extract seasonal components from altimetry SLA data to reveal the cold pool pattern, and the loca-
tions of SLA depression are compared to the bottom temperature.

2. Data and Methods

2.1. Data
Temperature and salinity profiles of Conductivity-Temperature-Depth (CTD), Profiling Floats (PFL), Expend-
able Bathythermograph (XBT), and Mechanical Bathythermographs (MBT) are collected from World Ocean
Database (WOD/NOAA) during 1993–2012 in MAB. CTD and PFL measurements have coupled temperature
and salinity (TS) profiles and are used in the derivation of the steric components [Gill and Niller, 1973]. Most
measurements within 1000 m isobath come from CTD. XBT and MBT do not provide salinity profiles and
thus are used in the cold pool location determination together with CTD and PFL. Following criteria are
applied at each location to make sure the profiles are ‘‘acceptable’’ (as of Lentz [2003]): more than five sam-
ples are available within one vertical profile; the measured temperature values are within 228C to 358C;
salinity values are within 0–40; the deepest samples do not exceed the water depth by 10 m. A subset of
24,225 TS couples are available from a total of 26,702 within MAB (358N–428N, 768W–688W).

We use the gridded Sea Level Anomaly (SLA), which is one of Ssalto/Duacs multimission altimeter prod-
ucts released on 15 April 2014 by AVISO. This data set contains daily maps from 1993 to 2012 on a 1/48

Cartesian grid referring to a 20 year mean (1993–2012) with tidal and inverse barometer corrections. All
data points within 25 km from the coastline, though shown as part of our figures, should be excluded or
analyzed with caution to avoid the contamination from land. The along-track SLA measurements (e.g.,
track 50 of Jason 1 and 2) are also available from AVISO but are not used in this study based on the con-
cerns mentioned in section 2.2. The daily gridded SLA was first interpolated to a transect, as described in
section 2.2, so that we got the daily time series of SLA over a transect line. Moreover, the daily time series
were averaged over 20 years for each month resulting in a monthly climatology or the mean annual cycle
of SLA.

2.2. Cross-Shelf Transect and Harmonic Fitting
Previous literature sources reveal that the cold pool persists from late spring to early fall. By composing all
available bottom temperatures of CTD and PFL from April to September during the past two decades
(1993–2012), we obtained the ‘‘footprint’’ of the cold pool with bottom temperature <108C (Figure 1a). In
the cross-shelf direction, the cold pool locates within 100 m isobath over the middle and outer shelf. In this
study, we follow the definition of Csanady [1982] that the middle shelf is around 48 m isobath and outer
shelf is around 96 m isobath. In the along-shelf direction, the cold pool distributes from Nantucket Shoals in
the northeast to Cape Hatteras in the southwest with the coldest core locating around the Hudson Valley
(Figure 1b). We made a cross-shelf transect to investigate the influence of the cold pool on the cross-shelf
sea surface height. The transect location is chosen based on several concerns: the transect is made into the
cold core of the cold pool to obtain the largest temperature gradient; the transect is outside the Hudson
Valley to avoid possible anomalous features [Lentz et al., 2014]. This transect has an offshore resolution of
15 km and a vertical resolution of 1 m (by linear interpolation). The interval of 15 km was chosen to make
sure the cold pool feature could be fully described but without a data gap. Ambient area within alongshore
distance of 20 km from the transect (grey rectangle in Figure 1a) is also included to reduce the uncertainty
of the sparse measurements. As we essentially focus on the annual cycles, single annual harmonic fitting
[Lentz, 2008] is applied to estimate the annual cycle at each location. The fitted data time series are
described as
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y5a1bt1c sinðxtÞ1d cosðxtÞ (1)

where t is time and x is the annual frequency. Using available CTD and PFL measurements as y, the coeffi-
cients of a; b; c; d are determined based on the least square theorem. The term a1bt denotes the linear
trend, and c sinðxtÞ1d sinðxtÞ denotes the annual cycle. The value of b is on the order of 1024�C=d being
consistent with the estimation of Forsyth et al. [2015]. The root-mean-squared deviation/error (RMSE) and
the correlation coefficient R between the fitted and measured values were assessed (Figure 2). For the mid-
dle shelf within 90 km offshore distance, the RMSEs are less than 28C with R> 0.8 (p< 0.05). The fitted
annual cycle explains more than 64% of the temperature variations. Concerning the linear trend term in
equation (1), approximations of different orders (using only the mean a, the first-order approximation a1bt,
and the second-order approximation a1bt1ct2) were tested. The domain-averaged RMSE using the first-
order approximation is 0.068C lower than using the mean while being 0.018C higher than using the second-
order approximation. We used a1bt as the linear trend approximation as a balance between the computa-
tional expenses and the accuracy. The data were finally averaged over 20 years to obtain the mean annual
cycle. These steps are applied to TS profiles and the corresponding steric components.

2.3. Ensemble Empirical Mode Decomposition
We applied Ensemble Empirical Mode Decomposition (EEMD) [Wu and Huang, 2009; Wu et al., 2009] to
decompose the gridded SLA. The original Empirical Mode Decomposition (EMD) [Huang et al., 1998] is a
useful tool for the nonlinear, nonstationary time series, separating the data set into a finite number of intrin-
sic mode functions (IMFs). The method identifies different oscillation cycles based on their characteristic
temporal scales. The number of IMFs is determined by the length of the data set. EEMD [Wu and Huang,
2009] is an improved approach by adding white noise into the data and treating the mean of a sufficient
number of trials as the final result. EEMD is believed to eliminate the mode-mixing problem of the original
EMD algorithm. In this study, we used EEMD to extract the annual cycles (with above 90% significance level)
of SLA data.

Figure 1. Cold pool spatial distribution. (a) The scattered bottom temperatures from CTD and PFL profiles from May to September during
1993–2012. The black line in the grey rectangle is the cross-shelf transect, averaging over the shadowed rectangle. (b) The contour of the
bottom temperatures on the shelf indicating the location of the cold pool (with temperature <108C).
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2.4. Steric Height Estimation
There have been discussions on different components contributing to the sea surface height variation in
open oceans [Gill and Niller, 1973; Fu and Davidson, 1995; Stammer, 1997; Vivier et al., 1999; Yan et al., 2004,
2006]. Most are basin scale where the influence of the thermal field is dominant [e.g., Yan et al., 2006]. Our
essential interests are regions of the continental shelf and slope where the influences of freshwater and the
sloping topography need to be assessed. The discussion on the determination of velocities on the shelf and
the reconstruction of coastal sea levels has a long history [Bingham and Hughes, 2012; Csanady, 1979, 1997;
Sheng and Thompson, 1996; Helland-Hansen, 1934]. In a right-handed coordinate system with positive z ver-
tically up, x offshore direction along the transect, and y alongshore direction perpendicular to the transect,
the barometrically corrected sea level anomaly [Gill and Niller, 1973] can be expressed as

g0Alt5g0steric1p0b=q0g (2)

where the steric height anomaly

g0steric5

ð0

2Hðx;yÞ
½eðx; y; z; tÞ2�eðx; y; zÞ�q0dz (3)

and Hðx; yÞ is the water depth, p0b is the time variable part of bottom pressure, q0 is a representative sea-
water density (a constant), e is the density defect

e5qðx; y; z; tÞ21
2q0

21 � q02qðx; y; z; tÞ
q0

2 (4)

and �e is the corresponding temporal mean. Furthermore, the steric height deviation is decomposed into
the contribution of temperature and salinity, as

Figure 2. Temperature from harmonic fitting versus measured temperature at different offshore distance (0–120 km). Shown in each plot
are the root-mean-square error (RMSE) and the correlation coefficients with p< 0.05.
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g0steric5g0T 1g0S

5

ð0

2Hðx;yÞ
a½Tðx; y; z; tÞ2�T ðx; y; zÞ�dz2

ð0

2Hðx;yÞ
b½Sðx; y; z; tÞ2�Sðx; y; zÞ�dz

5

ð0

2Hðx;yÞ
aT 0dz2

ð0

2Hðx;yÞ
bS0dz

(5)

with the thermal and haline expansion coefficients

aðx; y; z; tÞ52
1
q0

@q
@T

(6)

bðx; y; z; tÞ5 1
q0

@q
@S

(7)

�T and �S are the temporal mean of the T and S at each location. Moreover, we are concerned as well with
the steric height difference between two locations. Taking the horizontal gradient (r) of equation (3) in the
x-z plane, gives

@g0steric

@x
5

1
q0

ð0

2H

@q0

@x
dz1

q0b
q0

@H
@x

(8)

and q0b is the density variation over the seafloor in the offshore direction. The steric height difference is the
sum of two parts. The first term on the right of equation (8) is the contribution of horizontal density gradi-
ent, and the second term is the influence of the bottom density along the varying topography. The second
term is generated because we integrate the steric height over varying water depths. In the open ocean, a
common reference level assumed with no geostrophic flow (say 3000 m depth) is chosen, thus the second
term is negligible. For the continental shelf and slope, the first term decreases as the decreasing water
depth and the second term cannot be neglected. For coastal areas where tidal gauges locate, the contribu-
tion from the first term almost vanishes, leaving only the contribution from bottom density and topography
[Bingham and Hughes, 2012]. The integration of the second term over the x direction can be considered as a
correction under the assumption of no geostrophic flow on the seafloor by extending isopycnals horizon-
tally under the seafloor [Helland-Hansen, 1934; Sheng and Thompson, 1996] to address the calculated steric
height over the sloping bottom, and give the ‘‘topography-corrected’’ steric height at location x1 with water
depth 2H1 referring to location x0 with a common water depth 2H0

g0TC5

ð0

2H1

aT 0ðx; y; z; tÞdz2

ð2x1

2x0

aT 0b
@H
@x

dx (9)

g0SC52

ð0

2H1

bS0ðx; y; z; tÞdz1

ð2x1

2x0

bS0b
@H
@x

dx (10)

The above equations are equivalent to the steric setup adopted by Csanady [1979] that the path of integra-
tion is first along the seafloor from a reference depth to a given location then vertically up to the surface.
The topography correction term, as pointed out by Bingham and Hughes [2012], is considered as an approx-
imation to the bottom stress.

3. Temperature and Salinity Annual Cycles

The annual cycles of temperature and salinity were obtained using the method described in section
2.2. In the thermal field (Figure 3a), the surface temperature shows strong seasonal pattern related to
the annual heat flux cycle. The water column is well mixed in winter, and highly stratified in summer.
The persistence of the cold bottom water at the middle shelf forms the cold pool in the process of
stratification from April, and is gradually eroded as thermocline deepens around October and Novem-
ber. Besides the temperature difference within the same month, we also noticed different phases in
the cycle (Figure 3b). The middle shelf surface layer water, at 10 m depth with 60 km offshore dis-
tance, reaches its peak in August. Whereas the bottom water gains highest temperature in October.
The largest vertical temperature difference on the middle shelf occurs in August (�128C). Our annual
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fitted temperature distribution show consistent pattern with one recent study [Forsyth et al., 2015]
using the Oleander XBTs cross the shelf at a nearby location. The temporal evolution of the bottom
temperature (Figure 3c) indicates the location of the cold pool water from April to September in the
middle shelf.

In the salinity field (Figure 4a), the dominant feature is the nearshore and near-surface freshwater from
the shelf flow and local rivers [Fairbanks, 1982; Chapman et al., 1986; Chapman and Beardsley, 1989],
with the summer offshore surface-advection and dispersion [Yankovsky and Chapman, 1997; Sanders and
Garvine, 2001]. The surface and bottom salinity in the middle shelf are showing same pace leading the
outer shelf (Figure 4b), which are probably related to the freshwater advection from the mean flow
upstream. For the bottom salinity, there is a steady salinity gradient from the coast to the outer shelf
through all the season. Although the cold pool is sharing the same boundary in both thermal and
haline fields with the slope water (shelf break front), the cold pool pattern is found mainly only in the
thermal field. Thus, we consider the surface expression of the cold pool, if it exists, comes from the ther-
mal field.

Figure 3. Temperature annual cycles along the transect. (a) Cross-section view of temperature (contour) in different months. (b) Temperature annual cycles at three locations: middle
shelf surface (offshore distance 5 60 km, depth 5 10 m), middle shelf bottom (offshore distance 5 60 km, depth 5 50 m), and outer shelf bottom (offshore distance 5 120 km,
depth 5 50 m). (c) Surface layer temperature annual evolution. (d) Bottom temperature annual evolution.
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4. Derived Steric Components

The topography-corrected thermal steric height variation (Figure 5a) is derived as section 2.4. Lower tem-
perature generates depressed thermal steric height. Temporally, the thermal steric height is high in summer
and low in winter, being consistent with the distribution of surface water temperature (Figure 3c), and thus
is mostly controlled by the seasonal cycle of heat flux. A ‘‘wedge’’ pattern is remarkable with depressed
height in the middle shelf around 50 km offshore distance spanning from May to September, which colo-
cates with the cold pool revealed in the bottom temperature (Figure 3d). The forming of this wedge is pos-
sibly explained by the retention of the cold water in the middle shelf.

The salinity presents a seasonal pattern as well with lower haline steric height during the spring and
summer (Figure 4c). Moreover, the distribution of the haline steric height presents an elevated height
in the middle shelf comparing with the inner and outer shelf, which is opposite to the ‘‘wedge’’ pattern
in the thermal steric height distribution. Thus, the haline pattern compensates the imprints of the thermal
feature of the cold pool when further considering the total steric height. However, within the annual cycle

Figure 4. Salinity annual cycles along the transect. (a) Cross-section view of salinity in different months. (b) Salinity annual cycles at three locations: middle shelf surface (offshore
distance 5 100 km, depth 5 10 m), middle shelf bottom (offshore distance 5 100 km, depth 5 50 m), and outer shelf bottom (offshore distance 5 160 km, depth 5 50 m). (c) Surface
layer salinity annual evolution. (d) Bottom salinity annual evolution.
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(Figure 6), the thermal steric height ranges from 20.04 m to 0.09 m, while the haline steric height ranges
from 20.03 to 0.02 m. The lowest haline steric height and highest thermal steric height in summer (say,
August) comes from shelf break front, related to the shelf/slope water exchange [Chapman et al., 1986;
Fairbanks, 1982; Csanady and Hamilton, 1988]. In the shelf, the haline steric height varies much less than
the thermal steric height. Concerning the magnitude in each month, the thermal steric height is smaller
than the haline steric height during May and June, suggesting that during these months the thermal fea-
tures could be damped by the salinity distribution. While in July and August, especially the latter month,
the thermal steric plays a major role in the total steric height (Figure 5c). Moreover, the retrieved thermal
steric height is also compared to the altimetry SLA, which is the 20 year averaged mean SLA annual cycle,
with R250:87 suggesting that the thermal steric height explains 87% variation of the SLA (Figure 7). Con-
sidering this is a spatial-temporal comparison including all the transect locations, the high correlation
coefficient between the thermal steric height and SLA indicates that these two variables are not only
roughly temporally in phase but also spatially coherent. The cold pool feature, which exists in the thermal
field with the depressed height in the middle shelf, can also be found in the SLA especially during July
and August when the thermal steric height is much larger than the haline steric height.

5. EEMD and the Application

As analyzed in previous sections, the cold pool feature is found in the 20 year mean altimetry SLA (Figure
5d). The altimetry SLA is the combination of components of different time scales, containing oscillations
with spectrum ranging from one cycle per month to interannual. These components are damped out in
the process of taking the 20 year average. One remaining question is whether and how the cold pool fea-
ture could be found from single-year altimetry data. Taking the year 2010 (Figure 8a) as an example, short
time scale (1–2 months) disturbances are mixed with the cold pool feature, causing the sea level anomaly
to be elevated (March and November) or depressed (July), and making the cold pool identification impossi-
ble. As the cold pool is an annual signal, we employ EEMD (section 2.3) to decompose the SLA data into dif-
ferent frequency components and extract components with dominating annual signals to reconstruct the

Figure 5. Annual evolution (contour) of different steric components and the monthly climatological altimetry SLA. From left to right: (a)
thermal steric height, (b) haline steric height, (c) total steric height, and (d) averaged altimetry SLA. The total steric height is the sum of
thermal and haline steric components. The black rectangles in Figures 5a, 5c, and 5d are the central depressed pattern colocating with the
cold pool.
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SLA field. Figure 8b shows the reconstructed SLA of 2010, which is one of many years that the middle shelf
depressed height can be found in the reconstructed SLA.

Furthermore, the locations of SLA middle-shelf depression in the cross-shelf direction are identified year by
year. Correspondingly, the cold core location can also be determined from in situ measurements for those
years with enough TS profiles (Figure 9). Temperature profiles from XBT and MBT are included for better
spatial and temporal coverage. The location uncertainty of in situ measurements is determined by the tran-
sect offshore resolution (15 km), while the locations of SLA depression have an uncertainty around 25 km
considering both the original SLA 0.258 resolution (22:2 km 3 21:3 km at 408N) and the inclined angle of the
transect. We found general agreement between the SLA depression and the cold core locations. The cold
core locations coincide with the SLA depression locations in 1993 and 1996. For the years 1994, 2002, 2003,
2004, and 2009, the cold core locations are next to the SLA trough location within the uncertainty range.
The interannual variation of the SLA depression locations shows consistent pattern with the cold core loca-
tions during 1993–1996 and 2002–2004. These results suggest a promising application of the SLA data indi-
cating the location of the cold pool. It should be noted that the SLA data within 25 km offshore are
subjected to land contamination, thus the identified results should be treated with caution (e.g., the year
2007).

6. Discussion

This study investigated the relationship between the cross-shelf sea level variation and the cold pool
in the Middle Atlantic Bight for the first time. The persistence of the cold pool water generates
depressed thermal steric height in the middle shelf. Colocated depression features are found in the
annual evolution of the thermal steric height, total steric height, and satellite observed SLA. The modu-
lation of the sea level variations by the cold pool is revealed that the small variation induced by the
cold pool overlies with the major seasonal cycle dominated by the solar heat flux. This study provides
insights into the composition of the sea level variations on the continental shelf, and thus contributes
to the understanding of the response of the sea level variations to mesoscale water masses on the con-
tinental shelf.

Figure 6. The comparison between the thermal steric height (red stars) and haline steric height (black stars) annual cycle.
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Concerning the altimeter accuracy, the uncertainty of altimetry SLA is about 2 cm [Cheney et al., 1994] . In this
study, the altimetry data is averaged over 20 years with the standard error of the mean around 5 mm (in
August) as shown in Figure 10. The bottom temperature difference between 45 km offshore and 120 km off-
shore is around 48C. The estimated thermal steric height over the same offshore distance is about 3.6 cm. The
corresponding SLA difference is approximately 1.2 cm but the sea level difference increases consistently by

Figure 7. Derived thermal steric height versus altimetry SLA. The black line indicates the linear fitting.

Figure 8. Comparison of (a) altimetry SLA and (b) the seasonal components using EEMD in 2010.
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3 cm at 150 km offshore and 5–6 cm at 180 km offshore. Thus, the coherent pattern in the altimetry SLA data
is not within the error bounds.

The contribution from the salinity field is investigated. The freshwater forms a narrow near-surface band
(Figure 4), expanding offshore in the surface layer in the summer time [Chapman et al., 1986]. The annual

Figure 9. The location comparison in the offshore direction. The red dots are the locations of altimetry SLA depression, and the black dots
are the locations of the cold core identified from in situ measurements.

Figure 10. Comparison between the bottom temperature, corrected thermal steric height, and altimeter SLA in August. The red line is the
bottom temperature, black line is the derived thermal steric height, and the blue line is the SLA from altimeter. The error bar for each curve
denotes the standard error of the mean.
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variation of the haline steric height is much smaller than that of the thermal steric height (Figure 6), which
explains the high correlation between the thermal steric height and the SLA (Figure 7). Concerning the
magnitude of the haline and thermal steric heights in specific months, the haline steric height is of the
same magnitude in the early summer (around June). This explains why cold pool features forms from May
(Figure 3a) but the middle shelf depressed height is found after June, especially in August, in SLA (Figure 5).
It should be noted that the influence of the haline field is location specified. We also made transects down-
stream (figures are not shown here), which passes through the transport pathways of the Hudson River
[Chant et al., 2008; Zhang et al., 2009]. The annual variations of the haline steric height along those transects
are of the same magnitude as the thermal steric height, and the squared correlation coefficients between
the thermal steric height and SLA decreases correspondingly.

Processes of different temporal and spatial scales such as wind forcing [Li et al., 2014] could also influence
the sloping sea level. Our primary interest is the influence of the cold pool, which occurs as one cycle per
year. Thus, we focus on the annual cycle of temperature and salinity, and adopt several data processing
methods to eliminate oscillation signals of other time scales. The single annual harmonic fitting is applied
to the TS profiles, and the fitted results are averaged over 20 years together with the SLA data. EEMD, which
can extract both seasonal and interannual variability from nonstationary signals, is not applicable to the TS
profiles because the in situ measurements are not continuous. Moreover, the influence of the cold pool to
the thermal steric height and SLA is considered as a static effect (thermal expansion) in this study although
the sea surface slope and cross-shelf density gradients are associated with an along-shelf geostrophic flow.
Under our data processing steps (harmonic fitting, 20 year average and EEMD), the thermal steric height
explains 87% variations of SLA. The dynamic processes including wind and waves could still contribute to
the sea surface slope but are out of the scope of this study.

Our study investigates the cold pool modulation to the sea level slope and builds up a relationship between
them. EEMD is applied to altimetry SLA to extract the annual cycle components so that the middle shelf
depression can be found for single year’s data without average. The locations of SLA depression (Figure 9)
are consistent with the in situ cold core locations, suggesting the linkage between these two variables and
a promising application of altimetry SLA to the cold pool study, despite large uncertainties due to the
sparse of the in situ measurements, SLA resolutions, and coastal SLA errors. We noticed the locations of
both the cold pool and SLA depressions show an agreement with the variation of the Labrador Current (LC)
transport [Han et al., 2010]: during the period 1993–1996, the Labrador Current transport anomalies first
increased then decreased along with NAO index, while the cold pool locations moved offshore and then
onshore. Similar pattern also occurred during 2002–2004. In the year 2000, the SLA trough moved further
offshore around 140 km, while the LC transport is not available but NAO index peaked. The cold pool varia-
tions are subjected to further investigation, but the linkage with LC transport and NAO are possible recalling
that the cold pool water is the retention of the cold shelf water coming from further north [Fairbanks, 1982;
Chapman et al., 1986; Shearman and Lentz, 2009].
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