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Abstract13

During the seasonal evolution of strati�cation on the New Jersey shelf in the fall, strong14

thermal strati�cation that was established in the preceding summer is broken down through15

wind-driven processes and surface cooling. Ten years of output from a Region Ocean16

Modeling Systems (ROMS) run and a one-dimensional mixed layer model are used here17

to examine the interannual variability in the strength of the strati�cation and in the pro-18

cesses which reduce strati�cation in fall. Our analysis shows the strength of the strati�-19

cation at the end of the summer is not correlated with the timing of shelf destrati�cation.20

This indicates that processes that occur within the fall are more important for the timing21

of strati�cation breakdown than are the initial fall conditions. Furthermore, wind-driven22

processes reduce a greater fraction of the strati�cation in each year than does the sur-23

face cooling during the fall. Winds a�ect the density gradients on the shelf through both24

changes to the temperature and salinity �elds. Processes associated with the downwelling-25

favorable winds are more e�ective than those during upwelling-favorable winds in break-26

ing down the vertical density gradients. In the �rst process, cross-shelf advective �uxes27

during storms act to decrease strati�cation during downwelling-favorable winds and in-28

crease strati�cation during upwelling-favorable winds. Second, there is also enhanced ve-29

locity shear during downwelling-favorable winds which allows for more shear instabilities30

that break down strati�cation via mixing. Observational data and model output from Trop-31

ical Storm Ernesto compare favorably and suggest that downwelling-favorable winds act32

through the mechanisms identi�ed from the ROMS results.33

1 Introduction34

Annually-averaged ocean temperatures observed o� New Jersey on the Middle At-35

lantic Bight (MAB) shelf show both recent warming at enhanced rates relative to warming36

trends observed earlier in the record and recent increase in interannual variability [Chen37

et al., 2014a;Friedland and Hare, 2007;Forsyth et al., 2015]. The accelerated warming of38

the MAB shelf is also consistent with the enhanced warming trend in Sea Surface Tem-39

perature (SST) observed in the Gulf of Maine (e.g.Mills et al. [2013]; Pershing et al.40

[2015]). Previous work using data from the Oleander Line, an expendable bathythermo-41

graph (XBT) repeat line across the New Jersey shelf, suggests that since 1977, the most42

pronounced warming and the strongest interannual variability manifest in the fall [Forsyth43

et al., 2015]. Fall temperature structure on the MAB shelf directly in�uences recruitment44

of commercially important �sh species like yellowtail �ounder [Sullivan et al., 2005], and45

the intensity and path of tropical storms that move up the U.S. east coast [Glenn et al.,46

2016;Lau et al., 2016].47

The evolution of the seasonal strati�cation in fall directly in�uences the fall tem-48

peratures on the MAB continental shelf (Figure 1) [Beardsley et al., 1985;Linder and49

Gawarkiewicz, 1998]. During the summer, when atmospheric heating warms the sur-50

face water and creates thermal strati�cation, a strong vertical thermocline separates the51

warm surface layer from the remnant winter water known as the cold pool (e.g.,Houghton52

et al. [1982]; Lentz[2017]). This thermal strati�cation breaks down during the fall lead-53

ing to relatively homogenous shelf waters in winter.The breakdown of fall strati�cation54

directly determines the thermal structure on the shelf (Figure 1) and thus is important in55

setting shelf conditions in the following seasons. This also has economic signi�cance as56

the catches of both squid and lobster have extended later into the fall in some recent years57

[Hare et al., 2016;Rheuban et al., 2017].58

This fall erosion of MAB shelf strati�cation is thought to result both from increased59

wind energy available for mixing and from the onset of surface cooling [Mooers et al.,60

1976;Beardsley et al., 1985]. Lentz et al.[2003] (hereafter referred to as L03) report on61

observations from the fall of 1996 on the New England Shelf (northeast of our study62

area), where wind-driven processes dominated the breakdown of strati�cation, primarily63
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through high-wind events in the downwelling-favorable direction (easterly in L03). Since64

the observational program in L03 only documented a single fall, how the breakdown in65

fall strati�cation varies interannually, including the timing and driving processes, remains66

an open question. In particular, the relative importance of wind mixing, surface cooling,67

and 3-dimensional oceanic processes are not well quanti�ed from year to year. Consid-68

ering the recent changes on the MAB shelf and the direct impact of strati�cation on the69

shelf conditions and ecosystem, it is both timely and important to understand better the70

breakdown of strati�cation in fall.71

Here we examine the interannual variability in the relative impacts of both wind and72

surface cooling on the fall breakdown of strati�cation using a numerical model simulation73

from 2004�2013 across the New Jersey shelf. We study the New Jersey shelf as a region74

representative of the southern MAB de�ned as south of Hudson Canyon, focusing on the75

dynamics that breakdown strati�cation over the cold pool. Numerical model hindcasts pro-76

vide a viable way of examining the problem over a ten year time span, in contrast to most77

observational programs in the area which have typically been limited to a single year (i.e.78

Houghton et al.[1982]; Lentz et al.[2003]). The model con�guration and forcing are de-79

scribed in section 2, together with a description of the data used to evaluate the validity of80

the model. In section 3 we describe the interannual variability on the New Jersey shelf as81

represented by the model in terms of (1) initial fall strati�cation, (2) the date of the initial82

destrati�cation, and (3) the relative contributions of surface cooling and wind driven pro-83

cesses. In section 4, we show that downwelling-favorable winds are able to reduce strati-84

�cation more e�ectively than upwelling-favorable winds through buoyancy �uxes of both85

heat and salt, and through enhanced velocity shear throughout the water column. Finally,86

we compare model output and observations from before and after Tropical Storm Ernesto87

in section 5 in order to qualitatively con�rm that three-dimensional processes are impor-88

tant in the breakdown of strati�cation. Conclusions appear in section 6.89

2 Methodology90

We use two complementary modeling approaches to examine the breakdown of91

strati�cation in the fall. First, we examine the output from a regional general circula-92

tion model, driven by realistic oceanic and atmospheric forcings. Then we use a one-93

dimensional mixed layer model to elucidate the roles of wind forcing and buoyancy forc-94

ing during the strati�cation breakdown. Despite di�erences between the model's mixing95

schemes, this approach helps clarify some of the contributions of three-dimensional pro-96

cesses by comparing the regional model output to the output from the one-dimensional97

model run with the various forcing terms.98

2.1 The Regional Circulation Model99

We use existing model output from a regional general circulation model (Middle100

Atlantic Bight and Gulf of Maine, MABGOM) described by [Chen et al., 2014b;Chen and101

He, 2015]. Here we only describe important details of the model that are relevant to this102

study.103

The model is the hydrostatic Regional Ocean Modeling System (ROMS) con�gured104

for the Northwest Atlantic continental shelf region. ROMS is a free-surface, primitive-105

equation model mapped onto vertically stretched, terrain-following coordinates using al-106

gorithms described byShchepetkin and McWilliams[2005] andHaidvogel et al.[2008].107

Vertical turbulent mixing is calculated following the methodology ofMellor and Yamada108

[1982]. Quadratic bottom drag is used with a drag coe�cient of 0.003. The domain of the109

model extends from Cape Hatteras to Nova Scotia (Figure 2) covering the MAB and the110

Gulf of Maine. Horizontal resolution is 10 km in the along-shelf direction and 6 km in111

the cross-shelf direction. There are 36 vertical bins which are higher resolution near the112

surface and bottom in order to more accurately resolve the boundary layers.113
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The model's initial and boundary conditions are derived from the 1/12� daily mean114

�elds from the Hybrid Coordinate Ocean Model Naval Research Laboratory Coupled115

Ocean Data Assimilation (HYCOM/NCODA) output [Chassignet et al., 2007]. The lack116

of coastal processes (e.g., river out�ows and tidal mixing) in the HYCOM/NCODA leads117

to temperature and salinity biases that are strongest on the continental shelf. To correct118

for these biases, the HYCOM annual mean salinity and temperature �elds are replaced119

with the HydroBase Hydrographic climatological �eld for each given year [Curry, 1996].120

Dynamic height and geostrophic transport are also adjusted to be consistent with the cor-121

rected temperature and salinity �elds. This correction removes the annual mean biases, but122

maintains the daily variability of the HYCOM/NCODA output.123

Surface forcing comes from the North America Regional Reanalysis (NARR) pro-124

vided by National Oceanographic and Atmospheric Administration (NOAA) National Cen-125

ters for Environmental Prediction (NCEP). This product has a 35-km spatial resolution126

and 3-hour temporal resolution. Surface buoyancy and momentum �uxes are calculated127

using the standard bulk formulae [Fairall et al., 2003]. The surface net heat �uxes are ad-128

ditionally adjusted through a thermal relaxation term based on the daily blended cloud-free129

surface temperature �eld produced by NOAA Ocean Watch, with an adjustment time scale130

of 12 hours (e.g.,Chen and He[2015]).131

The model hindcast begins on 1 November 2003 using the corrected HYCOM/NCODA132

�elds and is run until 31 December 2013, providing 10 years of model output from 2004133

through 2013. Model output is averaged over the M2 tidal cycle providing a temporal res-134

olution of 12.42 hours.135

We extract a cross-shelf transect from the model withx > 0 in the north-east (i.e.,136

along-shelf) direction andy > 0 in the north-west (i.e., cross-shelf) direction (Figure 2).137

The transect is chosen to coincide with the Oleander Line along which data are collected138

by the CMV Oleander. The CMV Oleanderis a NOAA Ship of Opportunity scienti�c139

sampling platform that has been in operation since 1977 taking measurements which in-140

clude pro�les of temperature and velocity, and surface salinity [Flagg et al., 2006]. For141

the purpose of analysis, we focus here on the point where the 55-m isobath intersects this142

transect to study the breakdown of strati�cation over the cold pool [Linder and Gawarkiewicz,143

1998;Forsyth et al., 2015]. Focusing on the 55-m isobath also minimizes any in�uence of144

the position of the model's meandering shelfbreak front. The shelfbreak front in this area145

of the MAB has a mean grounding position at the 80-m isobath [Fratantoni and Pickart,146

2007], with typical meanders of 10�20 km in the cross-isobath direction [Boicourt and147

Hacker, 1976]. A large amplitude meander was previously observed to have a cross-isobath148

amplitude of approximately 30 km which would reach the 60-m isobath on this transect149

[Gawarkiewicz et al., 2004]. Using the 55-m isobath allows us to examine the processes150

which in�uence strati�cation in the fall without having to consider movements of the151

shelfbreak front.152

2.2 The One-Dimensional Model153

A one-dimensional mixed layer model [PWP model,Price et al.[1986]] is also used154

to isolate the impact of individual surface �uxes. The PWP model considers 1-D water155

column instability and mixing in response to surface heat, freshwater and momentum156

�uxes. The model is initialized with a temperature/salinity pro�le, and steps forward in157

time forced with 7 real-time atmospheric variables including turbulent (latent and sen-158

sible) and radiative (short and long-wave) �uxes, vector (eastward and northward) wind159

stress and precipitation rate. At each time step, the �uxes are applied to the top layer of160

the water column except for short-wave radiation, which is distributed over multiple layers161

using a distribution pro�le based onPaulson and Simpson[1977]. The water column then162

mixes from surface to depth to eliminate static instability. The model further considers163

entrainment below the initial mixed layer according to the Bulk Richardson Number crite-164
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rion (critical value 0.65). In addition, the PWP model also considers instability below the165

mixed layer by ensuring Gradient Richardson Number (Rg) greater than a critical value166

(0.25).167

We run the PWP model from 1 August to 31 December of each year from 2004 to168

2013. In each year, MABGOM output is used to initialize the PWP model. The year's169

initial water column in PWP is taken from the 1 � 14 August mean of MABGOM temper-170

ature, salinity, and velocity pro�les at the 55-m isobath (Figure 3). Surface heat �uxes and171

buoyancy �uxes are taken from the 3-hourly NARR product. Momentum �uxes are cal-172

culated from winds speed at 10 m from the NARR, using the bulk methodology ofLarge173

and Pond[1981].174

Three di�erent forcing scenarios are used here for the PWP model. The �rst run,175

PWP ALL, uses heat, freshwater, and momentum �uxes as speci�ed above. We also run176

the mixed-layer model with the heat �uxes in isolation which will be called PWP HEAT.177

Third, we run the mixed-layer model with only the momentum �uxes due to wind forcing178

which is abbreviated as PWP WIND.179

2.3 Shallow Water '06180

The MABGOM model has been tested and validated in previous work [Chen and181

He, 2015]. To further assess the model in simulating the e�ect storms have on strati�-182

cation, we utilize observational data from the Shallow Water '06 (SW06) experiment, a183

large-scale experiment o� the coast of New Jersey in summer 2006 [Tang et al., 2007].184

During the experiment, Tropical Storm Ernesto passed through the study area at the end185

of August overlapping with both shipboard and mooring measurements. The observations186

from the storm are used to examine the cross-shelf advective processes in the MABGOM187

model �elds with the observations.188

For this study, we use a combination of the mapped shipboard measurements of tem-189

perature and salinity from Scan�sh surveys, and mooring observations of wind data from190

the two Air-Sea Interaction Spar (ASIS) buoys, Romeo and Yankee (Figure 3) deployed by191

H. Graber of the University of Miami. The shipboard measurements included a total of 12192

surveys, each consisting of 4 � 8 cross-shelf and alongshelf transects, occupied between193

25 August and 9 September. Potential temperature and salinity �elds were interpolated194

onto a mapped grid with horizontal resolution of 0.02-km and vertical resolution of 2-m195

[Tang et al., 2007]. We extract a cross-shelf transect through this mapped grid for each196

survey. The �nal transect used, along with the mooring locations can be seen in Figure197

3. Surveys from 25 August to 30 August were sampled before the tropical storm and are198

used in the analysis in Section 5, while surveys after the tropical storm from 3 Septem-199

ber to 9 September (Figure 14) are used to examine the strati�cation after the storm. The200

comparison between the pre-storm and post-storm transects allows for examination of the201

spatial pattern of the changes in strati�cation and, as will be seen, the veri�cation of the202

importance of cross-shelf Ekman buoyancy �ux.Wind speed and wind direction were mea-203

sured by the ASIS buoys and provided as hourly averages. The winds are rotated onto204

along-shelf and cross-shelf components consistent with the orientation of the transect (x205

and y in Figure 3). These winds were then box averaged over a 12-hour interval to emu-206

late the model output.207

For comparisons between the model and the observational data, we extracted model208

�elds from the same days and same locations as SW06 for the shipboard measurements209

and the same times and a position between the two moorings for the meteorological data.210

Comparing model forcing with the meteorological data allows us to estimate the accuracy211

of the atmospheric forcing used. Qualitative similarities in the potential temperature and212

salinity �elds provide evidence of the in�uence of cross-shelf advective processes. Dif-213

ferences between the model and data are likely due to additional processes like the warm214

core ring found in the observations.215
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2.4 De�ning Strati�cation216

In order to quantify strati�cation on the shelf and examine its temporal evolution in217

fall, we calculate a vertical density di�erence,� � , at each model time interval.� � is the218

di�erence between the near-surface potential density and near-bottom potential density,219

where near-surface and near-bottom values are calculated from vertically averaging the220

upper-most and bottom-most 7.5 m of the water column respectively, consistent with the221

methodology of L03. The top 7.5 m of the water column is always within the mixed layer222

for all time points considered in this study. To examine separately the roles of temperature223

and salinity in setting and eroding strati�cation on the shelf, we de�ne the contribution224

to � � of potential temperature (� � � ) and salinity (� � S) using a linear equation of state225

where226

� � � = � �� re f ¹¹� bot � � sur f ºº ;227

� � S = �� re f ¹¹Sbot � Ssur f ºº : (1)228

Here we denote potential temperature as� , salinity asS, and density as� . Reference229

values of� , S, and � are mean values on the New Jersey shelf in the fall which are� re f =230

15.5 � C� 1, Sre f =32, and� re f =1025 kg m� 3. For this study we use� , the thermal ex-231

pansion coe�cient, as 2� 10� 4 � C� 1 and � , the haline contraction coe�cient, as 7.5� 10� 4,232

which are calculated from the reference values. Note that the MABGOM model does not233

use a linear equation of state, but we implement the de�nitions in equation 1 as a way of234

isolating the e�ects of temperature and salinity.235

To calculate each year's initial fall strati�cation we temporally-average potential tem-236

perature and salinity pro�les from 1 August through 14 August of a given year. We de�ne237

the destrati�cation point as the �rst time period (after mid-August) during which� � �238

0.5 kg m� 3. This de�nition is used so that all time points considered in this study have239

existing strati�cation which can be reduced or increased. After this destrati�action point,240

restratifcation events may occur, however, these events are always small relative to the ini-241

tial fall strati�cation at the end of summer (Figure 4). Our results are not sensitive to the242

� � value chosen to de�ne the destrati�cation point.243

It will be con�rmed here that storms impact the strati�cation on the continental244

shelf through both high wind stresses and strong heat �uxes. Throughout the 10 years ex-245

amined in the models, 63 storms occur during the fall while the water column is strati�ed.246

We de�ne storms following the methodology of L03, and consider all time periods where247

the average wind stress magnitude,� , is greater than 0.14 N m� 2 as storms. Additionally,248

anomalous heat �uxes that occur in time intervals adjacent to times of high wind stress249

are de�ned as part of the same storm event. Anomalous heat �uxes are de�ned based on250

the net surface heat �ux output from the model. The net surface heat �ux from the model251

is diurnally-averaged (over M2 tidal cycle, 12.42 hours), and then linearly detrended from252

1 August to 31 December of each year. We consider a heat �ux as anomalous if it is over253

two standard deviations from the diurnally-averaged linearly detrended output.254

In order to calculate the net e�ects of an individual storm's heat �ux and wind255

stress on strati�cation, we calculate the change in our strati�cation parameters (� � , � � � ,256

and� � S) from the time interval before the storm began and the time interval after the257

storm has ended (keeping in mind that the time intervals are 12.42 hours). Storms begin-258

ning later in the year after the destrati�cation point are not considered. Furthermore, if259

strati�cation is reduced to less than 0.5 kg m� 3 during an identi�ed storm event, we only260

consider the e�ect of the storm up until the destrati�cation point.261
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3 Interannual Variability of the Breakdown of Strati�cation262

On average, initial fall strati�cation on the New Jersey shelf is 3.9 kg m� 3 over263

2004�2013 (Figure 5). Strati�cation at the start of August ranges from a minimum of 3.3264

kg m� 3 in 2013 to a maximum of 4.6 kg m� 3 in 2005. Typically temperature plays an im-265

portant role in setting the initial shelf strati�cation as the contribution of thermal strati�-266

cation (� � � ) constitutes 80% of the initial fall strati�cation (� � ), which is consistent with267

previous research on the MAB [Li et al., 2015].268

The destrati�cation point simulated here varies strongly across the four di�erent269

model runs (MABGOM, the regional general circulation model; PWP ALL, one-dimension270

mixed layer model with heat, freshwater, and momentum �uxes; PWP HEAT, one-dimension271

mixed layer model with only heat �uxes; and PWP WIND, one-dimension mixed layer272

model with only momentum �uxes) and from one year to the next within each model (Fig-273

ure 5). The shelf water column typically �rst destrati�es by late October in the MAB-274

GOM model, but the destrati�cation point ranges from early October to early November275

in di�erent years. Of the four model runs, the shelf water column in the three-dimensional276

MABGOM model always reaches the destrati�cation point at least 2 months before that277

modeled with any of the one-dimensional PWP simulations and none of the PWP runs278

consistently reaches a destrati�ed state by 31 December in every year. For the PWP simu-279

lations, ALL and HEAT destratify at a similar date. This suggests that it is the heat �uxes280

rather than momentum �uxes that drive the destrati�cation in the one-dimensional cases.281

However, the more rapid destrati�cation in the MABGOM simulation compared to282

the PWP simulations suggests that three-dimensional processes play an important role283

in eroding the strati�cation on the New Jersey shelf. Speci�cally, the role of the Ekman284

buoyancy �uxes in reducing strati�cation is signi�cant and is described in further detail in285

section 4. Somewhat counter intuitively, over the 10-year period simulated by the MAB-286

GOM model, each year's initial fall strati�cation is not signi�cantly correlated with that287

year's destrati�cation point. This lack of correlation implies that it is the forcing that oc-288

curs within each fall (rather than the initial conditions at the beginning of fall) that deter-289

mine when the shelf is destrati�ed.290

Previous work has suggested that surface cooling and increased wind stress are both291

important mechanisms that reduce strati�cation during fall [Houghton et al., 1982;Beard-292

sley et al., 1985]. Their relative importance and the roles of temperature versus salinity293

in the destrati�cation processes are examined here by comparing output from the vari-294

ous model runs. We �rst determine for each year the destrati�cation point in the MAB-295

GOM model. With this date, we then calculate the change in strati�cation as modeled296

with the PWP HEAT run, starting with the initial fall strati�cation and ending with the297

PWP HEAT model's strati�cation on this (MABGOM model derived) date. This isolates298

the impact that heat �uxes alone have in reducing strati�cation (Figure 6). Considering all299

years together, heat �uxes alone reduced the initial fall strati�cation by 20%. The interan-300

nual variability in the in�uence of heat �ux in eroding initial fall strati�cation varies from301

a 38% reduction in 2009 to actually increasing initial fall strati�cation by 5% in 2013.302

Despite this strong interannual variability in the e�ect of heat �ux on strati�cation, the303

heat �ux generally tends to reduce only a small fraction of the initial strati�cation. Finally,304

this calculated impact of the heat �uxes on the reduction of strati�cation is not correlated305

with the date of the end of strati�cation.306

With this limited in�uence of heat �ux on the erosion of strati�cation established,307

we further investigate the impact that fall storms have on the strati�cation by summing308

within each year the strati�cation change from each individual storm and comparing this309

across models. Fall storms in the MABGOM model reduce strati�cation by a greater310

amount than do total heat �uxes alone from the PWP HEAT experiment (Figure 6). The311

net reduction in strati�cation from storms varies between eroding more than 100% of312

the initial fall strati�cation (2004) to eroding around 33% of the initial fall strati�cation313
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(2012). Storms are able to reduce the initial fall strati�cation by more than 100% due to314

restrati�cation events that can occur throughout the fall such as surface heating or advec-315

tive processes. These restrati�cation events are not connected to storms, as strati�cation316

tends to be eroded in the time following a storm event (Figure 4). Overall, storm events317

appear to be more important in reducing strati�cation than the seasonal surface cooling, as318

found in L03.319

Storms in each of the one-dimensional model runs also reduce signi�cantly less320

strati�cation than do storms in the MABGOM model. Comparisons between simulations321

using Mellor-Yamada and PWP mixing schemes have shown that both mixing schemes322

yield similar results in simulating the mixed layer suggesting that the di�erences between323

our two simulations are in large part due to three-dimensional oceanic e�ects [Halliwell,324

2004]. As storms (rather than the seasonal cycle of heat �ux) appear to be the most im-325

portant factor in reducing strati�cation on the New Jersey shelf, and three-dimensional326

e�ects are important in reducing strati�cation, we next consider the processes by which327

storms can reduce strati�cation.328

Storms can be di�erentiated by wind direction; i.e. those with winds that are pre-329

dominately upwelling-favorable (� x > 0, south-westerly) and those with winds that are330

predominately downwelling-favorable (� x < 0, north-easterly). Di�erentiating storms this331

way shows that it is the downwelling-favorable winds that are consistently more e�ective332

at reducing strati�cation (Figure 7). Downwelling-favorable winds are also more common333

than upwelling-favorable winds, however, even when normalizing the change in strati�ca-334

tion for accumulated along-shelf wind stress (the integral of the along-shelf wind stress335

times duration of each storm) downwelling-favorable winds are still more e�ective at re-336

ducing strati�cation than are upwelling-favorable winds [Csanady, 1982].337

Strati�cation is reduced after both downwelling-favorable and upwelling-favorable338

storms (Figure 4). The change in strati�cation following storm events is signi�cantly cor-339

related to the along-shelf wind stress. In the �rst two tidal cycles after a storm, the along-340

shelf winds tend to be in the same direction as they were during the storm event which341

results in an increase of strati�cation after an upwelling-favorable storm, and a decrease in342

strati�cation after a downwelling-favorable storm. However, beyond two tidal cycles after343

a storm event is over, the along-shelf winds tend to reverse direction leading to predomi-344

nately downwelling-favorable winds after upwelling-favorable storm events and upwelling-345

favorable winds after downwelling-favorable storms. As the winds reverse in direction,346

the strati�cation is reduced more after an upwelling-favorable storm due to downwelling-347

favorable winds.348

Over the ten years hindcast by the MABGOM model, downwelling-favorable storms349

tend to reduce less strati�cation in the later years of the model run. The amount of strat-350

i�cation reduced by storms is strongly correlated with the accumulated along-shelf wind351

stress only for downwelling-favorable storms (Figure 8). Accumulated along-shelf wind352

stress is not correlated to the number of storms within a year nor the destrati�cation point,353

suggesting that the ability for storms to reduce strati�cation is due to strong individual354

events which vary in frequency and intensity from year to year. In windier years, like355

that during the observational program described in L03, it would be expected that storms356

would reduce more strati�cation than other processes would.357

During storms with downwelling-favorable winds, both the thermal and haline strat-358

i�cation are reduced, but the reduction in thermal strati�cation is typically greater than359

the reduction in haline strati�cation (Figure 7). The exceptions are 2004 and 2005 when360

the downwelling-favorable storms did erode strati�cation more through changes in the361

salinity pro�les rather than through changes in the temperature pro�les. This di�erence362

in 2004 and 2005 cannot be explained through the wind since other years with similar363

accumulated wind stress values reduced strati�cation primarily through thermal changes.364

Instead, 55% of the interannual variability in the reduction of strati�cation due to salin-365
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ity in downwelling-favorable storms can be explained by the interannual variability in the366

mean fall cross-shelf salinity gradient (gradients here calculated over a 20 km distance).367

2004 and 2005 have the strongest cross-shelf salinity gradient and also the greatest change368

in strati�cation due to haline changes, while 2012 has the weakest cross-shelf salinity gra-369

dient and the least reduction in strati�cation due to salinity changes.370

In contrast, during upwelling-favorable winds, strati�cation doesn't tend to change371

except in 2011 which is driven by the strongest upwelling-favorable storm in the ten years372

studied. Interestingly, changes to the salinity structure during upwelling-favorable winds373

tend to either increase the strati�cation, or not change the strati�cation appreciably. The374

physical mechanisms that connect the winds, cross-shelf gradients, and the change in strat-375

i�cation will be examined in section 4.376

To account for the greater frequency of downwelling-favorable winds, we normalize377

the change in strati�cation by accumulated wind stress for each storm. The median change378

in the haline strati�cation per unit wind stress per unit time (unit time is the model out-379

put time interval of 12.42 hours) for downwelling-favorable wind storms and upwelling-380

favorable wind storms is -0.35kgm� 3

Nm� 2 �TM2
and 0.21 kgm� 3

Nm� 2 �TM2
respectively. Reporting the381

same numbers but for thermal strati�cation gives -0.53kgm� 3

Nm� 2 �TM2
and -0.28 kgm� 3

Nm� 2 �TM2
and382

for total strati�cation gives -0.96 kgm� 3

Nm� 2 �TM2
and -0.15 kgm� 3

Nm� 2 �TM2
. Normalizing the changes383

in strati�cation by the accumulated wind stress shows that downwelling-favorable storms384

are able to reduce strati�cation more e�ectively than upwelling-favorable storms because385

of both changes to the thermal and haline strati�cation. A similar conclusion was found386

in L03 from observations south of New England where only strong downwelling-favorable387

winds signi�cantly reduced strati�cation. L03 attributed this to an Ekman buoyancy �ux,388

and a changing along-shelf thermal-wind shear. The use of the MABGOM model here al-389

lows for more direct calculations in order to examine what processes lead to the enhanced390

reduction of strati�cation by downwelling-favorable winds over multiple years as consid-391

ered next.392

4 Physical Mechanisms Contributing to the Breakdown in Strati�cation393

L03 proposed two mechanisms that can cause downwelling-favorable winds to re-394

duce strati�cation more e�ectively than upwelling-favorable winds. The �rst is an Ekman395

buoyancy �ux, where negative along-shelf wind stress leads to an onshore Ekman trans-396

port in the surface layer and an o�shore transport in the bottom boundary layer [Straneo397

et al., 2002]. On the New Jersey shelf, there is a mean cross-shelf salinity gradient with398

fresher waters in the onshore direction [Manning, 1991]. Hence onshore Ekman velocities399

in the surface layer transport saltier waters onshore and fresher waters o�shore at depth400

which reduces the vertical density gradient. When the Ekman velocities are in the oppo-401

site direction, the vertical density gradient is increased (i.e. during upwelling-favorable402

winds).403

The other postulated mechanism discussed by L03 is due to the increased along-404

shelf vertical shear of the velocities that occurs during downwelling-favorable winds due405

to an enhanced background thermal-wind shear associated with tilting of the isopycnals.406

On the MAB outer shelf, the mean thermal-wind shear causes the equatorward along-407

shelf velocities to decrease with depth. If the Ekman transports act as described above,408

along-shelf winds would steepen the isopycnals which would increase the cross-shelf den-409

sity gradient and thus enhance the surface to bottom along-shelf velocity shear. Enhanced410

velocity shear may allow for more shear instabilities to mix the water column thereby de-411

creasing the strati�cation.412
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4.1 Ekman Buoyancy Flux413

To determine if the �rst mechanism, associated with the Ekman buoyancy �ux, is a414

signi�cant factor in reducing strati�cation during storms, we examine the mean cross-shelf415

velocities and mean cross-shelf gradients in� � , � � � , and� � S during storms distinguish-416

ing between those with downwelling-favorable winds and those with upwelling-favorable417

winds (Figure 9). The surface Ekman layer is obvious in the model output, with mean sur-418

face cross-shelf velocities �owing to the right of the along-shelf winds (Figure 9 a-b). The419

average surface velocities for both wind directions (blue curves) deviate by around 7.5 cm420

s� 1 from the mean fall cross-shelf velocity (black curves). At depth, there is a reversal of421

the cross-shelf velocity for both wind directions with a large vertical shear between 15 �422

25 m.423

The mean cross-shelf density gradients are similar during both downwelling- and424

upwelling-favorable storms as the initial conditions are not dependent on the wind direc-425

tion (Figure 9 c-d). During the fall, the cross-shelf variations of temperature within the426

surface mixed layer are generally weak, while at depth, the cross-shelf variation in temper-427

ature is determined by the characteristics of the cold pool (Figure 1). At the 55 m isobath,428

the cross-shelf gradients in temperature indicate warmer water in the onshore direction,429

but this gradient is of opposite sign on the o�shore side of the cold pool. In this region of430

the New Jersey shelf, the cross-shelf salinity gradient is negative onshore, i.e., salinity de-431

creases shoreward, and is fairly uniform throughout the water column. Thus in fall on the432

New Jersey shelf, the cross-shelf density gradient is dependent on both temperature and433

salinity gradients.434

Multiplying the mean cross-shelf velocities with the mean cross-shelf densities for435

each storm gives the Ekman buoyancy �uxes. These �uxes are then composite averaged436

for storms characterized by each of the two along-shelf wind directions (Figure 9 e-f).437

The net e�ect of the Ekman buoyancy �ux during storms is to reduce strati�cation for438

downwelling-favorable winds and to increase strati�cation for upwelling-favorable winds.439

Due to the di�erences between the cross-shelf temperature and salinity gradients, the440

transport of salt dominates the change in density at the surface, while both the transport441

of heat and salt impact the change of density near the bottom (Figure 9c-d).442

During downwelling-favorable storms, cross-shore velocities are weak at the surface443

but strong at depth, thereby causing both temperature and salinity transports to be impor-444

tant to the density changes over the water column. The cross-shelf salt �ux leads to saltier445

waters moved onshore at the surface and fresher waters moved o�shore at depth causing446

a mean reduction in strati�cation by 0.13 kg m� 3 (Figure 10). Transport of warmer wa-447

ters into the cold pool during downwelling-favorable winds also reduces the strati�cation448

with a mean reduction of 0.17 kg m� 3 (Figure 10). The mean reduction in strati�cation by449

a downwelling-favorable storm is 0.60 kg m� 3, which suggests that cross-shelf buoyancy450

�uxes are responsible for around half of the change in strati�cation during storms (Fig-451

ure 11). These mean values are skewed by a few very strong storms. Calculations using452

median values instead for downwelling-favorable storms shows that the salt �ux reduces453

strati�cation by 0.06 kg m� 3, and the heat �ux reduces strati�cation by 0.11 kg m� 3 (Fig-454

ure 10), with the median net reduction of strati�cation as 0.49 kg m� 3. Results based on455

the median values suggest that these buoyancy �uxes are responsible for roughly 35% of456

the reduction in strati�cation during downwelling-favorable storms (Figure 11).457

Cross-shelf velocities during upwelling-favorable storms are strong at the surface458

and weak at depth (Figure 9b), which causes the salinity transports to be more important459

than heat �uxes to the change in strati�cation over the water column (Figure 9f). During460

these upwelling-favorable storms, the mean cross-shelf salt �ux increases strati�cation by461

0.14 kg m� 3 while the mean cross-shelf heat �ux decreases strati�cation by 0.02 kg m� 3
462

(Figure 10). The mean buoyancy �uxes act to increase strati�cation in the water column,463

however the net impact of upwelling-favorable storms reduces strati�cation on average by464
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0.09 kg m� 3. Median values for upwelling-favorable storms show the cross-shelf salt �ux465

increases strati�cation by 0.04 kg m� 3. The cross-shelf heat �ux does not change strati-466

�cation, and the net reduction in strati�cation is only 0.03 kg m� 3. Using either mean or467

median values, the cross-shelf salt �ux during upwelling-favorable winds is highly impor-468

tant in suppressing the overall reduction in strati�cation (Figure 11).469

The buoyancy �uxes discussed above highlight that downwelling-favorable winds are470

more e�ective at reducing strati�cation than winds in the opposite direction. Mean buoy-471

ancy �uxes are responsible for a di�erence of 0.45 kg m� 3 between the opposing wind472

directions in terms of impacting the strati�cation, while calculations using median values473

still result in a 0.23 kg m� 3 di�erence (Figure 11). Overall, cross-shelf advective �uxes474

of both salinity and potential temperature (Figure 10) are an important mechanism for475

changing the strati�cation during storms. Advective processes can be reversed, however,476

we have shown that within this shelf system, storm induced destrati�cation remains after477

the storm and thus these processes are important to the overall shelf destrati�cation (Fig-478

ure 4).479

The New Jersey shelf maintains strong cross-shelf salinity gradients throughout the480

year due to river output along the coast [Manning, 1991]. Within the New Jersey shelf481

system, the strong cross-shelf salinity gradients allow for large changes of strati�cation482

due to an Ekman buoyancy �ux during storms. This is in contrast to L03 on the New483

England Shelf where the cross-shelf salinity gradients are signi�cantly weaker as there484

is less river out�ow in that region and as such L03 only focused on changes to the thermal485

strati�cation during fall. The spatial distribution of salinity is thus important in determin-486

ing how strati�cation is broken down in di�erent coastal regions. Furthermore, the along-487

shelf direction on the New England shelf is east and west but the along-shelf direction o�488

the coast of New Jersey is north-east to south-west. A downwelling-favorable storm over489

New Jersey may not be downwelling-favorable south of Cape Cod. Because of the along-490

shelf variations, the breakdown of strati�cation on the MAB shelf is likely not coherent491

and would require further study to examine the spatial variability.492

4.2 Enhanced Shear493

Another mechanism contributing to the dependence of the erosion of strati�cation on494

wind direction is an increase in velocity shear during downwelling-favorable winds which495

was also found in L03. This enhanced shear was proposed to potentially be a result of496

an enhanced cross-shelf density gradient, leading to enhanced along-shelf thermal-wind497

shear. Calculating the average along-shelf geostrophic velocities during storms of both498

along-shelf wind directions, and referencing the velocities to the bottom, shows only a499

very weak enhanced surface to bottom shear for downwelling-favorable winds (Figure 12).500

The enhanced shear due to the changing thermal-wind shear is not enough to explain the501

overall increased shear.502

While the mechanism that leads to the enhanced shear in the model output is not503

clear, we can nevertheless calculate the Richardson number (Rg = g� � � z
� 0¹� u2+� v2º) during504

the storms to see if the enhanced shear meets the conditions for shear instabilities more505

often during downwelling-favorable storms, thus allowing a greater reduction in strati�ca-506

tion. We calculate the Richardson number at each time interval during storms, and then507

calculate the fraction of time during storms that the Richardson number is less than 0.25,508

a necessary but not su�cient condition for shear instabilities [Price et al., 1986]. In the509

top 30-m, both upwelling favorable and downwelling favorable storms meet the criterion510

necessary for shear instabilities an equal fraction of the time (Figure 13). However, below511

30-m, downwelling-favorable storms meet the conditions for shear instabilities a greater512

fraction of the time than do upwelling-favorable winds. Instabilities and mixing at depth513

could be an important driver for the breakdown in strati�cation due to the presence of514
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the cold pool. The added ability for downwelling-favorable winds to mix in the cold pool515

likely enables a greater reduction in strati�cation relative to upwelling-favorable winds.516

5 Tropical Storm Ernesto517

Comparing the model output with observations from Tropical Storm Ernesto in 2006518

suggests that the processes that reduce strati�cation described above which are based on519

the model output are consistent with observations. Comparisons of the winds from the520

model and data con�rm that the along-shelf winds are downwelling-favorable and that the521

forcing used in the model well represents the observed along-shelf winds (Figure 14). The522

cross-shelf winds reach similar magnitudes in the model and observations, however, they523

peak later within the storm in the model. Neither the direction nor the magnitude of the524

cross-shelf winds during storms were found to be signi�cantly correlated to the change in525

strati�cation within the MABGOM model, thus the accuracy with the along-shelf winds,526

which is more relevant to the strati�cation change, allows for further comparisons.527

Within the model, the changes to the salinity, potential temperature, and potential528

density during Ernesto all act as expected from the above analysis for a downwelling-529

favorable storm. The salinity transects show the expected cross-shelf salinity gradients530

with fresher waters onshore (Figure 15a,c). Salinity increases at the surface, and decreases531

near the bottom reducing strati�cation (Figure 15e). Cross-shelf velocities during this532

storm (not shown here) acting on the cross-shelf salinity gradient lead to a buoyancy �ux533

that reduces strati�cation.534

Potential temperature �elds within the model show weak cross-shelf thermal gra-535

dients at the surface and stronger gradients at depth with the cold pool onshore of this536

study location (Figure 16a,c). The overall changes to potential temperature show a univer-537

sal cooling, with enhanced areas of cooling near the surface and at depth (Figure 16e).538

Strong cooling near the surface is due to the negative surface heat �ux, and also wind539

driven mixing into the thermocline. However, we also see that within the model, there is540

cooling at depth. This location is o�shore of the cold pool, which means there are colder541

waters in the onshore direction close to the bottom. Thus, the o�shore velocities at depth542

transport colder waters, which leads to the cooling here at depth.543

The salinity transects from SW06 also show fresher waters onshore (Figure 15b,d).544

The changes in salinity compare well between the observations and the model on the fur-545

thest onshore edge of the transect with increasing salinity at the surface and decreasing546

salinity at depth (Figure 15f). This suggests that the cross-shelf salinity �uxes are impor-547

tant on the shelf. However, o�shore of the 90-m isobath there is freshening during the548

storm throughout the water column. Before the storm waters with 35.9 psu are observed549

o�shore of the shelf indicating the presence of Gulf Stream/warm core ring water. After550

the storm, the salinities are signi�cantly reduced o�shore, likely due to the ring moving551

away from the shelfbreak via processes unrelated to the storm.552

Potential temperature �elds from the SW06 experiment are very similar to the model553

�elds (Figure 16b,d). The observations show cooling throughout the water column, with554

much stronger cooling near the surface when compared to the model (Figure 16f). This555

di�erence in surface cooling can be partially attributed to the di�erence in surface tem-556

peratures between the model and observations as the observations are found to be much557

warmer initially at the surface. The cooling at depth could be attributed to the o�shore558

transport of cold pool waters, once again suggesting that buoyancy �uxes are important559

during storms.560

Overall, both the model and observations show qualitatively the expected changes561

to potential density for a downwelling-favorable storm, which is an increase of density at562

the surface, and a decrease at depth leading to a reduction in strati�cation (Figure 17).563

The increase in density at the surface is due to the negative surface heat �uxes, and also564
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the increasing salinity on the shelf. Near the bottom on the shelf, there was a decrease in565

salinity and a decrease in potential temperature. The changes to the potential density show566

that both the model and observations have a decrease in potential density at depth, indicat-567

ing that the decrease in salinity had a larger impact on potential density than the decrease568

in potential temperature. This further emphasizes that changes to salinity are important in569

understanding how strati�cation changes on the shelf o� of New Jersey, where the cross-570

shelf salinity gradients are large due to the presence of the Hudson River discharge.571

6 Conclusions572

Analysis of ten years of the modeled seasonal evolution of strati�cation over the573

New Jersey shelf demonstrates large interannual variability in the initial fall strati�cation574

and the date at which strati�cation is broken down. The initial fall strati�cation in each575

year is not correlated to the end date of strati�cation, making predictability for the break-576

down of strati�cation in a given year extremely di�cult without knowledge of the wind577

and buoyancy forcing. Comparing results from both a one-dimensional mixing model and578

a three-dimensional regional circulation model shows that surface heat �uxes alone are579

often not as important as wind forcing in reducing strati�cation.580

Storms are often one of the most important factors in reducing strati�cation in the581

fall. Downwelling-favorable winds are more e�ective at reducing strati�cation than upwelling-582

favorable winds through both an Ekman buoyancy �ux and an enhanced velocity shear.583

The di�erence in the e�ectiveness between downwelling-favorable and upwelling-favorable584

winds in reducing strati�cation is largely due to the cross-shelf transport of salinity. Un-585

derstanding the magnitude of the cross-shelf salinity gradients is important in informing586

how the strati�cation over the New Jersey shelf will break down during high wind events.587

Model-data comparisons during Tropical Storm Ernesto show evidence that the588

model physics are qualitatively consistent with the observations. Changes in the salinity589

and temperature structures suggest that cross-shelf buoyancy �uxes are indeed important to590

the change in strati�cation on the shelf for a downwelling-favorable storm. Further analy-591

sis with upwelling-favorable winds are needed to con�rm the di�erential e�ects between592

storms in each along-shelf direction.593

Knowing how strati�cation breaks down throughout the fall can aid in informing594

�sheries science and regulation, and storm forecasting. Cold pool temperatures in fall are595

directly impacted by changes to strati�cation and these cold pool temperatures have been596

tied to the recruitment of species like yellowtail �ounder [Sullivan et al., 2005]. Tropical597

storm intensities have recently been found to be dependent on the cooling ahead of the598

eye of the storm, which is dependent on how much thermal strati�cation is broken down599

[Glenn et al., 2016]. Maintaining measurements of not only the temperature structure, but600

salinity structure is important to better understand and protect coastal communities.601
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Figure 1. Transects of potential density (colored shading) for di�erent climatological months from the

MABGOM model output. The transect shown here is along â€•Model Transectâ€• from Figure 3. Contours

of potential temperature are plotted every 2� C in black, the bold line marks the 14� C contour. The red circle

is at the 55-m isobath, within the cold pool.
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Figure 2. Map of the MABGOM model domain. The continental shelf is highlighted in blue and bounded

by the smoothed 80-m isobath (black bold line). The 1000, 2000, and 4000-m isobaths in the model are coun-

toured in grey. The red line marks the boundary of the model. The purple box shows the domain of Figure

3.
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Figure 3. A zoomed in section of Figure 2 (marked as the purple box). Here we also identify the model

transect along which output is extracted (red line) and the 55-m isobath on this transect (red circle). The

SW06 mapped transect is plotted as a purple line with the two ASIS buoys, Romeo and Yankee, plotted as

purple circles.
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Figure 4. The mean change of� � as a function of the number of MABGOM model time intervals after a

storm is over with standard errors plotted as error bars. The means are only calculated for storms which did

not have another storm within the restrati�cation period considered (8 time intervals of 12.42 hours after a

storm has ended). Left panel only considers downwelling-favorable storms, and the right column only con-

siders upwelling-favorable storms. Black dashed line shows the mean change in strati�cation by the storms

considered. Both y-axes span the same range. Negative values represent destrati�cation.
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Figure 5. Interannual variability of the initial fall strati�cation from the MABGOM model (thick black line

associated with the left y axis) and the interannual variability of the destrati�cation point (right y axis) for

the MABGOM model (red), the PWP HEAT (blue), and PWP ALL (purple). PWP WIND never reaches the

destrati�cation point by the end of each year and thus is not shown.
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Figure 6. Interannual variability of the initial fall strati�cation from the MAGBOM model (thick black

line associated with the left y axis) and the interannual variability of how storms in the MABGOM model

impact strati�cation (red) and how heat �uxes (PWP HEAT) impact strati�cation (teal). For PWP HEAT the

net change in� � from initial fall strati�cation until the destrati�cation point as de�ned from the MABGOM

model is plotted.
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Figure 7. Interannual variability of the initial fall strati�cation from the MABGOM model (thick black line

associated with the left y axis) and the interannual variability of the impact of storms in the MABGOM model

on overall strati�cation (red), strati�cation due to potential temperature (yellow), and strati�cation due to

salinity (green). Left panel is the net e�ect of downwelling-favorable storms each year, and the right column

is the net e�ect of upwelling-favorable storms each year.
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Figure 8. Interannual variability of the impact of storms in the MABGOM model on overall strati�cation

(red), and the accumulated along-shelf wind stress during the storms in the MABGOM model (blue). Left

panel is the net e�ect of downwelling-favorable storms each year, and the right column is the net e�ect of

upwelling-favorable storms each year.
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Figure 9. Mean cross-shelf gradients and mean velocities for storms when� x < 0 (left column) and� x > 0

(right column). (a-b) Mean cross-shelf velocity at the 55-m isobath (blue) during storms. The black line is the

mean cross-shelf velocity during the fall. Positive velocities denote onshore transport and negative velocities

denote o�shore transport. (c-d) Cross-shelf gradients in, potential density (red), salinityâ€™s contribution

to potential density (green), and potential temperatureâ€™s contribution to potential density (yellow). (e-

f) Mean cross-shelf velocity during storms (a-b) multiplied by the cross-shelf gradients (c-d) with colors

corresponding to the gradients above (c-d). Negative values are increasing density and positive values are

decreasing density.
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Figure 10. Accumulated along-shelf wind stress (the sum of the average along-shelf wind stress in each

time interval during each storm) versus the cross-shelf advective impact on the change in strati�cation due to

changes in potential temperature (yellow squares) and salinity (green triangles) during each storm.
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Figure 11. The net change in strati�cation (delta sigma) versus the cross-shelf advective impact on strat-

i�cation for each storm. The color is the accumulated along-shelf wind stress (sum of the along-shelf wind

stress for the duration of the storm) for the storm.
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Figure 12. Mean along-shelf velocity (colored solid lines) and velocity pro�les calculating from mean

thermal-wind shear (colored dashed lines) during downwelling-favorable winds and upwelling-favorable

winds. Black lines represent the background mean velocities during fall.
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Figure 13. Fraction of time during strong wind events that the Richardson number was less than 0.25

at each depth. The blue line represents the downwelling-favorable winds and the red line represents the

upwelling-favorable winds.
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Figure 14. Comparing model wind forcing (blue) with the measured winds from the two ASIS buoys Yan-

kee (red) and Romeo(orange) (positions of buoys in Figure 3). (a) Along-shelf winds on a 12 hour moving

average and (b) Cross-shelf winds on a 12 hour moving average. Vertical lines show the boundaries that

de�ne time periods before the storm, during the storm and after the storm.
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Figure 15. Comparison of salinity conditions associated with storms between the MABGOM model

and the observations. The left column shows the MABGOM model output and the right column shows the

SW06 data. (a-b) Top row displays mean salinity �elds for pre-storm conditions. (c-d) Middle row displays

mean salinity �elds for post-storm conditions. (e-f) Bottom row shows the change from the pre-storm to the

post-storm (positive values indicate an increase in salinity).
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Figure 16. As in Figure 15, but with potential temperature (� ).667
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Figure 17. As in Figure 15 but with potential density (� ).668

�24����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



Con�dential manuscript submitted toJGR-Oceans

Acknowledgments669

JSTF, MA, and KC were supported by NSF grant OCE-1634094. KC was also partially670

supported by NSF grant OCE-1558960. GG was supported by CINAR via NOAA Cooper-671

ative Agreement No. NA13OAR4830233 and also the Iselin Chair for Senior Scientists at672

WHOI. Data used in this work are available at http://www.whoi.edu/page.do?pid=161917.673

References674

Beardsley, R. C., D. C. Chapman, K. H. Brink, S. R. Ramp, and R. Schlitz (1985), The675

Nantucket Shoals Flux Experiment (NSFE79). Part I: A Basic Description of the Cur-676

rent and Temperature Variability,Journal of Physical Oceanography, 15(6), 713 � 748,677

doi:10.1175/1520-0485(1985)015<0713:TNSFEP>2.0.CO;2.678

Boicourt, W., and P. Hacker (1976), Circulation on the Atlantic continental shelf of the679

United States, Cape May to Cape Hatteras,Memoires de la Societe Royale des Sciences680

de Liege, 6, 187�200.681

Chassignet, E. P., H. E. Hurlburt, O. M. Smedstad, G. R. Halliwell, P. J. Hogan, A. J.682

Wallcraft, R. Baraille, and R. Bleck (2007), The HYCOM (HYbrid Coordinate Ocean683

Model) data assimilative system,Journal of Marine Systems, 65(1â€“4), 60 � 83, doi:684

10.1016/j.jmarsys.2005.09.016.685

Chen, K., and R. He (2015), Mean circulation in the coastal ocean o� northeastern North686

America from a regional-scale ocean model,Ocean Science, 11(4), 503 � 517, doi:687

10.5194/os-11-503-2015.688

Chen, K., G. G. Gawarkiewicz, S. J. Lentz, and J. M. Bane (2014a), Diagnosing the689

warming of the Northeastern US Coastal Ocean in 2012: A linkage between the at-690

mospheric jet stream variability and ocean response,Journal of Geophysical Research:691

Oceans, 119(1), 218 � 227.692

Chen, K., R. He, B. S. Powell, G. G. Gawarkiewicz, A. M. Moore, and H. G. Arango693

(2014b), Data assimilative modeling investigation of Gulf Stream Warm Core Ring in-694

teraction with continental shelf and slope circulation,Journal of Geophysical Research:695

Oceans, 119(9), 5968 � 5991, doi:10.1002/2014JC009898.696

Csanady, G. T. (1982),Circulation in the coastal ocean, D. Reidel Publishing Company.697

Curry, R. (1996),HYDROBASE: a database of hydrographic stations and tools for climato-698

logical analysis, Woods Hole Oceanographic Institution.699

Fairall, C. W., E. F. Bradley, J. E. Hare, A. A. Grachev, and J. B. Edson (2003),700

Bulk Parameterization of Airâ€“Sea Fluxes: Updates and Veri�cation for the701

COARE Algorithm,Journal of Climate, 16(4), 571 � 591, doi:10.1175/1520-702

0442(2003)016<0571:BPOASF>2.0.CO;2.703

Flagg, C. N., M. Dunn, D.-P. Wang, H. T. Rossby, and R. L. Benway (2006), A study of704

the currents of the outer shelf and upper slope from a decade of shipboard adcp obser-705

vations in the middle atlantic bight,Journal of Geophysical Research: Oceans, 111(C6),706

n/a�n/a, doi:10.1029/2005JC003116, c06003.707

Forsyth, J. S. T., M. Andres, and G. G. Gawarkiewicz (2015), Recent accelerated warming708

of the continental shelf o� New Jersey: Observations from the CMVOleander expend-709

able bathythermograph line,Journal of Geophysical Research: Oceans, 120(3), 2370 �710

2384, doi:10.1002/2014JC010516.711

Fratantoni, P. S., and R. S. Pickart (2007), The Western North Atlantic Shelfbreak Cur-712

rent System in Summer,Journal of Physical Oceanography, 37(10), 2509 � 2533, doi:713

10.1175/JPO3123.1.714

Friedland, K. D., and J. A. Hare (2007), Long-term trends and regime shifts in sea surface715

temperature on the continental shelf of the northeast united states,Continental Shelf716

Research, 27(18), 2313 � 2328, doi:https://doi.org/10.1016/j.csr.2007.06.001.717

Gawarkiewicz, G., K. H. Brink, F. Bahr, R. C. Beardsley, M. Caruso, J. F. Lynch, and C.-718

S. Chiu (2004), A large-amplitude meander of the shelfbreak front during summer south719

of New England: Observations from the Shelfbreak PRIMER experiment,Journal of720

�25����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



Con�dential manuscript submitted toJGR-Oceans

Geophysical Research: Oceans, 109(C3), doi:10.1029/2002JC001468, c03006.721

Glenn, S., T. Miles, G. Seroka, Y. Xu, R. Forney, F. Yu, H. Roarty, O. Scho�eld, and722

J. Kohut (2016), Strati�ed coastal ocean interactions with tropical cyclones,Nature com-723

munications, 7.724

Haidvogel, D., H. Arango, W. Budgell, B. Cornuelle, E. Curchitser, E. D. Lorenzo,725

K. Fennel, W. Geyer, A. Hermann, L. Lanerolle, J. Levin, J. McWilliams, A. Miller,726

A. Moore, T. Powell, A. Shchepetkin, C. Sherwood, R. Signell, J. Warner, and J. Wilkin727

(2008), Ocean forecasting in terrain-following coordinates: Formulation and skill as-728

sessment of the Regional Ocean Modeling System,Journal of Computational Physics,729

227(7), 3595 � 3624, doi:10.1016/j.jcp.2007.06.016.730

Halliwell, G. R. (2004), Evaluation of vertical coordinate and vertical mixing algorithms731

in the hybrid-coordinate ocean model (hycom),Ocean Modelling, 7(3-4), 285�322.732

Hare, J. A., W. E. Morrison, M. W. Nelson, M. M. Stachura, E. J. Teeters, R. B. Gri�s,733

M. A. Alexander, J. D. Scott, L. Alade, R. J. Bell, A. S. Chute, K. L. Curti, T. H.734

Curtis, D. Kircheis, J. F. Kocik, S. M. Lucey, C. T. McCandless, L. M. Milke,735

D. E. Richardson, E. Robillard, H. J. Walsh, M. C. McManus, K. E. Marancik, and736

C. A. Griswold (2016), A vulnerability assessment of �sh and invertebrates to cli-737

mate change on the northeast u.s. continental shelf,PLOS ONE, 11(2), 1�30, doi:738

10.1371/journal.pone.0146756.739

Houghton, R. W., R. Schlitz, R. C. Beardsley, B. Butman, and J. L. Chamberlin (1982),740

The Middle Atlantic Bight Cold Pool: Evolution of the Temperature Structure Dur-741

ing Summer 1979,Journal of Physical Oceanography, 12(10), 1019 � 1029, doi:742

10.1175/1520-0485(1982)012<1019:TMABCP>2.0.CO;2.743

Large, W., and S. Pond (1981), Open ocean momentum �ux measurements in moderate to744

strong winds,Journal of physical oceanography, 11(3), 324�336.745

Lau, W. K. M., J. J. Shi, W. K. Tao, and K. M. Kim (2016), What would happen to super-746

storm sandy under the in�uence of a substantially warmer atlantic ocean?,Geophysical747

Research Letters, 43(2), 802�811, doi:10.1002/2015GL067050, 2015GL067050.748

Lentz, S., K. Shearman, S. Anderson, A. Plueddemann, and J. Edson (2003), Evolution of749

strati�cation over the New England shelf during the Coastal Mixing and Optics study,750

August 1996â€“June 1997,Journal of Geophysical Research: Oceans, 108(C1), 8�1 �751

8�14, doi:10.1029/2001JC001121.752

Lentz, S. J. (2017), Seasonal warming of the middle atlantic bight cold pool,Journal of753

Geophysical Research: Oceans, 122(2), 941�954, doi:10.1002/2016JC012201.754

Li, Y., P. S. Fratantoni, C. Chen, J. A. Hare, Y. Sun, R. C. Beardsley, and R. Ji (2015),755

Spatio-temporal patterns of strati�cation on the northwest atlantic shelf,Progress in756

Oceanography, 134, 123 � 137, doi:https://doi.org/10.1016/j.pocean.2015.01.003.757

Linder, C. A., and G. Gawarkiewicz (1998), A climatology of the shelfbreak front in the758

Middle Atlantic Bight, Journal of Geophysical Research: Oceans, 103(C9), 18,405 �759

18,423, doi:10.1029/98JC01438.760

Manning, J. (1991), Middle Atlantic Bight salinity: interannual variability,Continental761

Shelf Research, 11(2), 123 � 137, doi:http://dx.doi.org/10.1016/0278-4343(91)90058-E.762

Mellor, G. L., and T. Yamada (1982), Development of a turbulence closure model763

for geophysical �uid problems,Reviews of Geophysics, 20(4), 851 � 875, doi:764

10.1029/RG020i004p00851.765

Mills, K. E., A. J. Pershing, C. J. Brown, Y. Chen, F.-S. Chiang, D. S. Holland, S. Lehuta,766

J. A. Nye, J. C. Sun, A. C. Thomas, et al. (2013), Fisheries management in a changing767

climate: lessons from the 2012 ocean heat wave in the northwest atlantic,Oceanogra-768

phy, 26(2), 191�195.769

Mooers, C. N., J. J. Fernández-Partagás, and J. F. Price (1976),Meteorological Forcing770

Fields of the New York Bight: First Year's Progress Report, University of Miami, Rosen-771

stiel School of Marine and Atmospheric Science.772

Paulson, C. A., and J. J. Simpson (1977), Irradiance measurements in the upper773

ocean,Journal of Physical Oceanography, 7(6), 952�956, doi:10.1175/1520-774

�26����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



Con�dential manuscript submitted toJGR-Oceans

0485(1977)007<0952:IMITUO>2.0.CO;2.775

Pershing, A. J., M. A. Alexander, C. M. Hernandez, L. A. Kerr, A. Le Bris, K. E. Mills,776

J. A. Nye, N. R. Record, H. A. Scannell, J. D. Scott, G. D. Sherwood, and A. C.777

Thomas (2015), Slow adaptation in the face of rapid warming leads to collapse of the778

gulf of maine cod �shery,Science, 350(6262), 809�812, doi:10.1126/science.aac9819.779

Price, J. F., R. A. Weller, and R. Pinkel (1986), Diurnal cycling: Observations and models780

of the upper ocean response to diurnal heating, cooling, and wind mixing,Journal of781

Geophysical Research: Oceans, 91(C7), 8411 � 8427, doi:10.1029/JC091iC07p08411.782

Rheuban, J. E., M. T. Kavanaugh, and S. C. Doney (2017), Implications of future783

northwest atlantic bottom temperatures on the american lobster (homarus ameri-784

canus) �shery,Journal of Geophysical Research: Oceans, 122(12), 9387�9398, doi:785

10.1002/2017JC012949.786

Shchepetkin, A. F., and J. C. McWilliams (2005), The regional oceanic modeling system787

(ROMS): a split-explicit, free-surface, topography-following-coordinate oceanic model,788

Ocean Modelling, 9(4), 347 � 404, doi:[http://doi.org/10.1016/j.ocemod.2004.08.002.789

Straneo, F., M. Kawase, and R. S. Pickart (2002), E�ects of Wind on Convec-790

tion in Strongly and Weakly Baroclinic Flows with Application to the Labrador791

Sea,Journal of Physical Oceanography, 32(9), 2603 � 2618, doi:10.1175/1520-792

0485(2002)032<2603:EOWOCI>2.0.CO;2.793

Sullivan, M. C., R. K. Cowen, and B. P. Steves (2005), Evidence for atmosphereâ€“ocean794

forcing of yellowtail �ounder (limanda ferruginea) recruitment in the middle atlantic795

bight, Fisheries Oceanography, 14(5), 386�399, doi:10.1111/j.1365-2419.2005.00343.x.796

Tang, D., J. N. Moum, J. F. Lynch, P. Abbot, R. Chapman, P. H. Dahl, T. F. Duda,797

G. Gawarkiewicz, S. Glenn, J. A. Go�, et al. (2007), Shallow Water'06: A joint acous-798

tic propagation/nonlinear internal wave physics experiment,Oceanography, 20(4).799

�27����Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�������������������	

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�����������������	�


���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�s�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�t�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�u�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�v�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�w�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�x�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�y�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�z�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�r�{�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�r�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�s�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�t�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�u�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�v�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�w�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�x�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



�t�r�s�z�
���r�s�v�r�v�{�æ�ˆ�s�y�æ�œ�æ�ä�’�•�‰

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä


	Article File
	Figure 1 legend



