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Keywords: The Hatteraz coastal ocean iz centrally located along the east coast of the 48 contigupous United
Atmospheric forcing States, offshore of Cape Hatteras in a complex land,/ocean/atmosphere region where major ocean
CEPECHH-EM currents of differing temperatures and salinities meet and interact, where the atmosphere fluctuates
im heri ] on a wide range of time scales, and where atmosphere-ocean interactions vary both spatially amd
A heric wamm and cool temporally. The Gulf Stream current typically leawves its contact with the continental margin here.

‘Continental shelf currents from the north and from the south converge here, resulting in a net shelf-
to-ocean ransport of shelf waters that carry important water properties and constituentz. The two
‘major drivers of theze shelf currents and exchanges are the aomosphere and the oceanic Gulf Soeam.
Atmospheric driving of the Hatteras coastal ocean iz through surface wind stress and heat Aux across
the air-zea interface. The complexity and importance of this region motivated the NSF-sponzsored
PEACH research program during 2017-2018 (PEACH: Processes driving Exchange At Cape Hatte-
ras). In thiz paper, we utilize the substantial number of obzervations available during PEACH to
describe the amozpheric forcing of the ccean then. Ammospheric conditions are dezeribed in terms of
two zeasons: the warm season (May to mid-September), with predominantly mild northeastward
winds punctuated by occasional tropical cyclones (TCs); and the cool zeason (mid-September
through April), with a nearly continuous, northeastwand progression of energetic extratropical
cyclones (ETCs) through the region. Cool zeazon ETCs force the region with strong wind stress amd
ocean-to-atmosphere heat fux epizodes, each with a time-scale of several days. Wind stress fue-
mation magnitudes typically exceed mean sires: magnitudes in each season by a factor of 3-5. Theze
sirestes account for just over 40%: of the total current variability in the region, showing the wind to
be a major driver of the ocean here. Atmosphere-ocean heat flux is typically into the ocean
ﬂlmugtmutﬂ:ewarmaeaamtwlﬂﬂ“‘m'zfr,itisemﬁall}rahvaysuntncfﬂmmmmmemol
zeazon (~500 Wm™ or more). New resultz herein include: southward intrazeasonal oscillations of
the jet stream”s position drove the sirongest ETCs (including one “bomb” cyclone]); and during the 41
vears leading up to and including PEACH, the season-averaged number and strength of atmospheric
cyclones passing over the Hatteras coastal ocean have shown little long-term change Looking
ahead, the N5F Pioneer Array iz scheduled to be relocated to the northem portion of the Hamterazs
coastal ocean in 2024, and the NASA SWOT satellite has begun itz ocean topography mission, which
haz a ground-track cross-over here.
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1. Introduction

The Hatteras coastal ccean (33-37°N and out to ~200 km from shore; Fiz. 1) iz centrally located along the east coast of the 48
contiguous United States (Fiz. | inset). It iz offthore of Cape Hatteras in a complex land /ocean/atmosphere region where major ocean
currents of differing temperatures and salimties mest and interact, where the atmosphere fluctuates on a wide range of tme scales, and
where atmosphere-ocean interactions vary both spatially and temporally. Thiz i= where the North Atlantic Ocean’s subpeolar and
subtropical gyres meet and interact. This iz aleo where the generally equatorward continental ehelf eurrents along the Mid-Atlantic
Bight (MAB, to the north of Cape Hatteras) converge with the generally poleward continental shelf currents along the South
Atlantic Bight (SAB, to the south of Cape Hatteras). This convergence resulte in a net off-ghelf transport of chelf waters to the adjacent
open ocean (Savidge and Bane, 2001 ; Todd, 2020; Han et al., 2022}, and it often produces a discernable sea surface temperature (S5T)
front on the shelf at the convergenee, known as the Hatteras Front (Savidze, 2002; Savidge and Austin, 2007; gee Fig. 1). Although net
seawater transport 1= from the continental shelf to the open ocean, shelf-oeean water exchanges are spatially and temporally variable,
and episodes of occan-to-shelf transport also occur (Yoder et al, 1983; Lee et al., 1984, 1991; Toedd, 2020; Muglia «t al., 2020; Han
etal, 2022). Important water properties (e.g., temperature, salinity and density), biological constituents and anthropogenic pollutants
are advected by these exchanges (Yoder =t al., 1983; Savidge, 2002; Han <t al, 2021).
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Fig. 1. Sea surface temperature (35T) image of the Hatteras coastal ocean on May 14, 2017 (35T image: Futgers. (2023). The three prominent Morth
gram (April 2017 through November 2018) are shown. The 100 m isobath (white line) delineates the continental shelf break. Ower the continental
shelf, the typically northeastward flowing SAB and southward flowing MAB shelf waters converge, forming the Hatteraz Front (HF). Surface buoys
(muuﬂimdﬁlﬂhit&]flnmnm'lhtusml:hal:em&ﬂ(wammmm,m4IMMmmlﬂmm
x in square), B2 (w/co-located ocean ADCP and CTD, asterizk), and 41064. Additional ocean ADCP and CTD moorings from north-to-south are Al
through AS (asterizks). Bottom-moored CPIES are yellow circlez. Schematic shelf flows and surface flows in the Gulf Stream (GS) and Slope Sea (SL
Sea) are also shown. [ADCP: Acoustic Doppler Current Profiler, which can remotely meazure ocean cwrrents throughout the water column; CTD:
Conductvity-Temperature-Depth sensor, which determines ocean water temperature, salinity and pressure (depth) at the insoument’s location;
CPIES: Current-meter amd Pressure-zensor equipped Inwverted Echo Sounder, which can determine the Gulf Stream’s lateral (onshore-off-
zhore) position.].
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Flg. 2. Time zeries at the location of Buoy 41025, computed from ERAS data. These show the two-season character of wind stress (top, middle) amnd
net ocean-to-ammaosphere heat flux across the air-zea interface ((),.,; bottom) during 2017-18, which encompasses the PEACH field program. The
wind stress stick-vectors (top) point from the horizontal axis towards the direction the wind was blowing. Qe is the sum of: long-wave infrared
radiation arriving at and emitted from the zea surface, short-wave solar radiation across the zea surface, latent (evaporative) heat flux from the
ocean surface, and sensible (conductve) heat flux between the atmosphere and ocean across the sea surface: Q. = Diweer - Downer + Qar + Qe
(zee alzo Pinker et al., 2014). Each heat flux component is considered positive when the heat is transferred from the ocean to the atmosphere.

The two major drivers of these shelf currents and shelf-ocean exchanges are the atmosphere, through surface wind stress and heat
flux across the air-sea interface, and the meandering Gulf Stream, which flows poleward along the continental slope of the SAB from
the Florida Straits to and through the Hatteras coastal ocean before leaving the elope to continue into the open North Atlantie (Fig. 1).
Each driver iz spatially and temporally variable. The early study by Savidse and Bane (2001 ) found that along-shelf seawater volume
transport variability was primarily wind-driven, while along-shelf seawater transport convergence was highly correlated with Gulf
Stream lateral position offshore. These findinge provided motivation for the National Science Foundation-sponsored PEACH research
program during 2017-2018 (PEACH: Processes dnving Exchange At Cape Hatteras), which has deepened our understanding of these
two major driving factors and the oceanic responses to them. Seim et al. (2022) provide a more complete overview of the PEACH
program and initial results.

The objectives of thiz paper are two-fold: 1) Az a contribution to the PEACH research program, we document and deseribe the
atmosphere and its foreing of the Hatteras coastal ocean; and 2) We demonstrate that the atmospheric mean conditions and varability
can be deseribed in a 2-season manner, which iz eseentially a new view of this region. Using observed atmospheric and oceanic data,
Coastwatch 55T data (L1 =t al | 2001), and ERAS reanalysie dats (ECMWF Re-Analysie, S5th Generation; Hersbach et al | 201 8], we
deseribe the atmosphere and atmosphere-ocean interactions in the Hatteras coastal ocean duning 2017-2018, a period encompassing
the PEACH field program (Aprl 2017 through Movember 2018). Based on inspection of the time senies of surface wind stress and
ocean-to-atmosphere heat fluxes, our deseription 1= given In termes of the atmospheric “warm season”™ and atmosphene “ecol season™
(Fiz. 2). During each warm seaszon (May through mid-September), prevailing mild northeastward winde (southwesterly winds in the
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Filg. 3. The mean surface atmospheric pressure distribution during (a) the 2018 warm zeazon, and (b) the 2017-18 cool zeazon, bazed on ERAS
reanalyziz data (Hersbach et al., 2018). The Hatteras coastal ocean is outlined by the rectangle. The wind welocity rose from Buoy 41025 is shown for
each zeazon (inset, in which the meteorological convention iz used for direction; i.e. the bars point towards the direction the wind iz coming from).
Mild northeastward (southwesterly) winds were typical in the warm zeazon, and strong southward (northerly) winds were common in the
cool season

meteorological convention) were affected occasionally by the passage of a weak extratropical evelone (ETC), causing shight vanations
in wind strength and direction. Additionally, the 2017 warm scazon at PEACH was impacted by one hurricane, and the 2018 warm
seazon received foreing from two hurricanes. During each cool season (mid-September through April), there was a nearly continuous
northeastward progression of moderate to strong ETCs through PEACH, including one “bomb™ evelone. Two hurnicanes affected
PEACH during the 2017-18 cool scason, and cne during the 2018-19 cool season. Herein we take May 1 and September 16 as the
beginning dates for the warm and cool seasons, respectively.

2. Observations and methods

Three NDBC meteorclogical buoys (44014, 41025, 41064; NDBC = National Data Buoy Center, noas ndbe gov) were in place
during all of 2017 and 2018, and the two PEACH meteorological buoye (B1, B2) were deployed in the study area for the duration of the
field program (Fiz. 1). Two warm seasons and one full and two partial eool seasons were measured by the complete buoy array during
PEACH. In Fig. 2 wind stress vectore are plotted as “sticks” which point from the ime axiz and towards the direction the wind was
blowing (oriented with true north up). Herein we take positive heat flux to be across the air-sea interface and from the ocean to the
atmosphere. Buoye Bl and B2 carmed meteorclogical sensors (wind speed and direction, air temperature, humdity, barometric
pressure, downwelled short- and long-wave.

radiation and precipitation), and near-surface and mid-depth CTDs, all of which sampled every 6 min. Surface observations from
NDBC buoys provided wind speed and direction, air temperature, humidity, barometric pressure, S5T, and wave dynamics (height,
speed, and direction) every hour. Sufficient input variables and coverage allowed for computing hourly estimates of the primary heat
flux components using COARE 3.6 algorithms (Edzon =t al | 201 3). In the Appendix, we descnbe in detail the data processing stepe
necessary to compute wind stress and bulk heat flux from buoy measurements at cach of the five buoy locations.

In-ocean instruments were moored over the continental shelf and elope (Andres, 2021; Han et al., 2021, 2022; Seim et al |, 2022)
and beneath the Gulf Stream (Andrez, 2021) to measure currents and hydrographic properties (Fizg. 1). Time-series of horizontal water
velocity profiles and bottom water propertics (temperature, salinity, density, and pressure) were sampled every 30 min from
bottom-mounted ADCPs at four mid-shelf locations (B1, B2, A4, A7) and six shelf break locations (Al, A2, A3, AS, AG, AB). The lateral
position of the Gulf Stream jet was measured with bottom mounted CPIES. [Instrument acronymes are: ADCP = Acoustic Doppler
Current Profiler, which can remotely measure ocean currents throughout the water column; CTD = Conductivity-Temperature-Depth
sensor, which determines ocean water temperature, salinity and pressure (depth) at the instrument’s location; CPIES: Current-meter
and Pressure-sensor equipped Inverted Echo Sounder, which measures the depth of the oceanie permanent thermocline, and thereby
locates the position of the meandering Gulf Stream. ].
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Fig. 4. The average Coaztwatch 55T during (a) the 2018 warm zeason and (b) the 2017-15 cool zeason. The season-average wind sirezs observed at
each buoy iz thown for each zeazon. The net ocean-to-atmosphere heat fux, Q... during () the 2018 warm zeazon and {d) the 2017-18 cool zeazon
from ERAS. For comparizon, the average (., measured at each buoy iz shown for each seazon (squares). Isobaths are in meters, and the 100 m

izobath iz bold.
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Fig. 5. Wind smess and )., for (a) the 2018 warm zeazon and (b)) the 2017-18 cool season. On the left, arrows and standard deviation ellipzes in
black are from buoy observations; those in cyan are from ERAS. Here the mean stress armrows and the sed ellipses are plotted on the same zcale
(different from the strezz zeale in Fig. 4). The stress variations in either season are typically several times greater than the mean stress at each
location. Vertical line in (b) is "bomb™ cyclone Grayson
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Fig. 6. Time seriez from Buoy 41025 showing (a) a typical warm seazon month (July 2018) and (b) a typical cool season month (January 2018).
From top to bottom: wind stress (true north iz up); surface air pressure; near-surface air temperature (blue) amd near-surface ocean temperature
(green); net shortwave radiation; ocean-to-atmosphere heat flux components (latent, green; sensible, blue; and longwawve, cyan); hourly and 24-hr-
avg Q- The vertical line in January is the time of the weather map in Fig. 9 below, when bomb cyclone Grayson was passing this buoy.and 6b. Thiz
waz winter cyclone Grayson, deseribed in more detail below. Thiz ETC developed rapidly enough [3.3 Bergeron (about 50 hPa) in 24 h at 33°N
latitude] to be conzidered an explosive cyclone, or “bomb™ cyclone (Hirata et al., 20019

3. The atmospheric warm and cool seasons
3.1. Warm and cool seazon mean conditions

In the long-term mean, the western periphery of the semi-permanent North Atlantie subtropical high pressure eell (the Morth
Atlantic High, sometimes called the Azores High or the Bermuda High) overlies the Hatteras coastal ocean and thus the PEACH
instrumentation array. The extent and strength of this eell vanies on an annual basis (Daviz =t al_ | 1997, who deseribe a mean “summer
pattern” and a mean “winter pattern”™ smilar to our warm and cool seasons) and on longer time seales (Li =t al |, 2012, 201 3). During
2017-18, the major atmospheric variation through an annual ime frame was the transiton from a cool scason (mid-September
through April) to a warm season (May to mid-September) and back again. One effect of this transition on the PEACH region can be seen
in the seazonal mean atmospheric surface pressure patterns in Fig. 2. During the warm season, PEACH 1= within the North Atlantic
High, and mean geostrophic winds are thus northeastward (wind epeed rose in Fiz. 3a, and mean wind stress arrows In Fizs. 4a, Sal,
while in the cool season, PEACH is within a smaller seale continental high pressure area, and mean geostrophic winds are generally
southward (wind speed rose in Fig. 3 b, mean wind stress arrows in Figz. 4b, 5b). Thiz cool season continental high iz due in part to the
numerous low-pressure-center ETCe that transit northeastward along the Eastern Seaboard of North Amenca (which we deseribe in
more detail below), thereby enhancing a seasonal-average surface-low-pressure trough through the western end of the North Atlantic
High that stretches from Florida to Newfoundland. Interannual and longer term vanations in the North Atlantic High are typically
reflected in the North Atlantic Oscillation Index (MAQ Index; Hurrell et al. | 2003; Benedict et al |, 2004; Li et al | 201 3). During the 2017
(2018) warm season, the NAO Index was around — 0.5 (1.7) (WOAA | 2022a). Dunng the 2016-17 (2017-18, 2018-19) cool scason,
the NAD Index was around 0.7 (0.5, 0.7). Additional detailz on the NADQ variability are presented below.

The average 55T field during each seazon is chown in Fig. 4 (55T data from Coastwatceh: NOAA | 20220). The warm Gulf Stream iz
apparent in each panel, and the cooler surface waters over the MAB and Slope Sea (Czanady and Hamilton, 19828) are apparent in both
seazons. The surface warming during the warm season makes the 55T contrast between the MAB and Slope Sea and the Gulf Stream less
striking then, az compared to the cool seazon. In the SAB, the seasonal S5T contrast between the Gulf Stream and the continental shelf
& upper-slope 1z quite low during the warm season, and 1= greater in the eool season, primarily due to the lower 55T inshore of the
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Flg. 7. Time series from Buoys Bl (north of Cape Hatteraz on the southern MAB shelf) and B2 (zouth of Cape Hatteras on the northern SAB shelf, see
Fig. 1] during PEACH. The clear coherence between the pairs of time zeries iz due to the large lateral zcale of the atmospheric systems, mostly ETCs,
in comparison to the separation distance between theze 2 booys. A Temp iz sea-temperature (2 m below surface) minus air-temperamre (1.5 m
above the surface).

Stream then The lower cool seazon S5T inshore of the Stream is due primarily to lose of heat from the shallow waters to the atmosphere
(Atkinson et al., 1083, 1989).

Duringth:ZﬂlBmmﬁ:mwﬁdsﬁm&mgmﬂywkwmﬂat:ﬂhuw,ﬂuwundﬂ.ﬂl—ﬂ.ﬂzNm'z["l?igc.ila,Sa}.
The stress standard deviation (std) was several imes the mean etrees at each location, and the crientation of each std ellipse major axis
was close to NE-SW (Fiz. 5a). An important aspect of the stress distribution iz that mean and std values at the two locations north of
Cape Hatteras were consistently lower than those south of the Cape. This iz primarily an S5T effect due to the MAB shelf flow bringing
cooler waters to the Hatteras coastal ocean from the north, which results in relatively stable near-surface atmospherie conditions much
of the time north of the Hatteras Pront (Schutt and Seim, 2020; Thomas et al | 201 5). Note the cooler S5T north of the Hatteras Front in
the “snapshot™ in Fiz. 1, for example. Additionally, localized coastal upwelling can oceur around 36°N, when the windz are sufficiently
strong in the northward direction, thereby decreasing the nearshore SST further and strengthening the lower atmosphenc stability
there (Austin and Lentz, 1999).

Ocean-to-atmosphere net heat fux (Qae = Downet - Pownet + (ag + Deen) was around — 100 W m'? (heat into the ocean) for nearly
all of the 2018 warm season (Figz. 4¢, Sa, 6). The typically warm and humid overdying air kept sensible and latent heat flux magnitudes
low (~100 W m'? out of the ocean) compared to cool season values, and strong solar irradiance dominated [~100-200 W m'? typical
daily average into the ocean). This resulted in a warming trend for much of the season. For reference, an average heat input rate of
100 W m™ into a water column of 30 m (~mid-zhelf) would increase column-average water temperature about 1 °C in 2 weeks.

During the 2017-18 cool season, the mean wind stress was southeastward at the northern four buovs, and southwestward at the
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southernmost buoy. Season-long mean stresses were around 0.05 N m? (Figs. 4b, 5b). The temporal variability in wind stress was
considerably larger than the mean stress at each buoy, due almost entirely to numerous ETCs and an occasional tropical cyclone (TC)
progressing through the region. The stress std was around 0.2 N m? throughout the array, and several episodes of wind stress
exceeding 0.5 N m2 occurred (Fig. 2). The ocean-to-atmosphere Qe varied both spatially and temporally. The season-long mean was
several tens of W m™ over the shelf areas, and was about 300 W m2 over the Gulf Stream. Both areas experienced net heat flux out of
the ocean (Figs. 4d, 5b). We note that the Hatteras coastal ocean is at the western end of the region of very high climatological Qpet in
the North Atlantic, which basically follows the warm Gulf Stream northeastward from Hatteras to around 45°N,

40°W, and then extends poleward to both sides of Greenland (Yang et al., 2016; Schmitt, 2018). The long-term average Qpe; in that
swath ranges up to ~150 200 W m2 from the ocean, which is about midway between the warm and cool season values over the Gulf
Stream in Fig. 4c,d.

3.2. Warm season variability

Typical warm season characteristics appear in the 2018 time series shown in Figs. 2, 5a and 6a: relatively weak wind stress, low air-
sea temperature difference, and low Qpet magnitudes. Wind stress was nearly always towards the northeast, varying with periodicities
in the 3-to-10 day band (the typical time between successive ETC passages; also called the summer weather band ) and with mag-
nitudes reaching about 0.1 0.2 N m2. Focusing on July 2018 (Fig. 6a), the surface atmospheric pressure showed small fluctuations,
associated with weak warm season ETCs progressing through. Wind stress pulses from two hurricanes (Chris and Florence) were
recorded during the 2018 warm season (Fig. 5a). Cyclone tracks are discussed further below.

3.3. Cool season variability

Typical cool season characteristics are apparent in the 2017 18 time series shown in Figs. 2, 5b and 6b: continually fluctuating
wind stress with stress episodes that often peaked at around 0.5 N m2 (about 3 5 times stronger than those in the warm season), and
episodes of large air-sea temperature differences and large Qqe; magnitudes, frequently reaching 500 1500 W m™ from the ocean.
Essentially all of these fluctuations were associated with ETC passages. An ETC passage occurred about every 3 7 days (the winter

weather band ), and each left a low-pressure signature at one or more of the buoys. Focusing in on January 2018, six low-pressure
occurrences can be seen in Fig. 6b. Wind stress direction varied from generally poleward to generally equatorward as an ETC passed.
The strongest wind stress episode measured by the buoys during the entire two-year period is denoted by the vertical line on January 4
in Fig. 5b.

During January, there was noticeable intraseasonal variation (~10 30 day time scale) in the magnitudes of the cyclone-scale
(3 7 days) high Qe episodes. We show below that these are due to intraseasonal variations in the latitudinal position of the atmo-
spheric jet stream (JS) along the longitude of PEACH (75°W), which tend to affect the tracks and the timing of intensification of the
ETCs passing through PEACH. A similar period of intraseasonal change in the JS s position occurred in March 2018, which will also be
described below.

4. Atmospheric forcing north and south of Cape Hatteras

The different SST levels on the continental shelf north and south of Cape Hatteras (more specifically, north and south of the Hatteras
Front; see Figs. 1 and 4a,b) contribute to different levels of atmospheric forcing between the two regions (Fig. 4c,d). This is apparent in
the stress and Qe time series from Buoys B1 (north of Cape Hatteras) and B2 (south of Cape Hatteras), which are shown in Fig. 7. The
clear coherence between the pairs of time series is due to the.

large lateral scale of the atmospheric systems causing the forcing, mostly ETCs (~1000 km or more), in comparison to the sepa-
ration distance between these 2 buoys (~120 km). An important north-south difference is that B1 wind stress and Qpe; magnitudes are
nearly always less than those farther south, at B2, largely due to the cooler waters to the north of the Hatteras Front.

5. Extratropical cyclone tracks

ETCs are low-pressure-center, cyclonic (counter-clockwise in the northern hemisphere) circulations within the troposphere that are
largely created by and evolve with eastward propagating mesoscale JS waves (Davis and Dolan, 1993; Palmen and Newton, 1969;
Schultz and co-authors., 2019). To determine the tracks of ETCs during 2017 18, cyclonic wind systems were detected as local minima
in the mean sea level atmospheric pressure field and followed through a series of maps constructed from the ERA5 dataset (Hersbach
et al., 2018) from 1979 to 2019. We utilized a cyclone detection and tracking algorithm, adapted from mesoscale oceanic and at-
mospheric eddy tracking algorithms (Serreze, 1995; Chelton et al., 2011; Oliver et al., 2015), to determine cyclone tracks (based on
positions every 6 h) for the region spanning North America and the Atlantic Ocean. As anticipated, relatively weak ETCs transited the
Hatteras coastal ocean throughout the warm season, while ETCs transiting during the cool season were strong and frequent (nearly
every several days).

5.1. Warm season ETC tracks

Tracks for those ETCs that progressed over eastern North America and the adjacent Atlantic Ocean such that their low-pressure
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Fig. 8. Tracks for ETCs that originated in (a) July 2017 or July 2018 and (b) January 2017 or January 2018. Tracks with dots (cyclone centers every
6 h) are “PEACH cyclones” which passed within 1000 km of 35°N, 75°W. All tracks that passed within 3000 km of PEACH are “North American
cyclones” (which includez PEACH cyclones). The PEACH cyclone tracks have colored dots, which denote the low-pressure-center position amd
pressure at G-hour intervals. PEACH cyclone progression is southwest-to-northeast in essentially every caze. The black (blue) circle iz 1000 km
(3000 km) in diameter and centered on 35°N, 75°W.
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Fig. 9. Weather map for January 4, 2018 at 1200 UTC. The background shading and accompanying contour lines show the surface atmospheric
pressure field. ETC Grayson was located just northeast of Cape Hatteraz and can be zeen in the circular tan shading. Bloe and red dots show the
tracks of surface low-pressure centers (cyclones), with dots at 6-hour intervals. Red dots show cyclone locations at the time of this map. The zolid
black lines show geopotential height (m) of the 200 hPa atmospheric pressure surface. Two J5z2 on that pressure surface (arrows with wind speeds, m
1) were flowing into the panel from the wezt following the clossly spaced height contours, and they merged into one over central North America. A
J5 mough was located roughly along 80°W. ETC Grayson was located between thiz trough and the J5 crest located roughly along 60°W. This iz a
typical relative positioning of amplifying ETCs and J5 waves (Wallace and Hobbe, 2006).

centers passed within 3000 km of the central PEACH region (35N, 75"W) during July 2017 and July 2018 are chown in the composite
in Fig. Za. All of these tracks went through the blue eirele (3000 km radiuz), and they are referred to herein az “Morth American
cyelones”. The subset of these ETCs that passed within 1000 km of the central PEACH region passed through the black cirele (1000 km
radius), and we call these "PEACH cyclones”. They are representative of the cyelones affecting the Hatteras coastal ocean. The PEACH
cyeclone tracks have colored dots, which denote the low-pressure-center position and pressure at 6-hour intervals. PEACH cyclone
progression ie southwest-to-northeast in eseentially every case. These July tracks are representative of the ETC tracks during the 2017
and 2018 warm seasons.

5.2. Cool zeazon ETC tracks

Fig. 5b chows a composite of North American cyclone tracks from January 2017 and Janwary 2018 (PEACH cyclone tracks again
hawve colored dots). The typical SW-to-NE progression of the PEACH cyclones 1= apparent in each panel, and this iz typical of almost all
ETC: passing through the PEACH cirele year-round. The non-PEACH North Amencan cyclones typically moved west-to-east across
Morth Amernieca north of the PEACH cirele. In monthly counts, FEACH cyclones typically accounted for around 20-30% of North
Amernican eyelones, as defined herein (expanded upon in Section 7 below).

One example of a cool season ETC 1= shown in Fig. 9, which is a snapshot of the surface and 200 hPa pressure fields on January 4,
2018. The cyclone that 1z apparent just northeast of Cape Hatteras was, as deseribed above, the strongest ETC affecting PEACH dunng
all of 2017-18, and it developed (Le., ite central low pressure decreased ) rapidly enough that it was classified a “bomb™ evelone (Hirata
etal , 20192). The lateral extent (diameter) of this cyclone was ~1500 km. Most ETCs that passed over the Hatteras coastal ocean dunng
PEACH were around 1000—2000 km in lateral extent, as determined from surface pressure fields.
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Flg. 10. Tracks of the zix tropical cyclones that impacted the PEACH study area during the field observations program. Each TC progressed towards
higher latitude for moszt or all of its lifetime. The two circles here are the same az in Fig o,

6. Tropical cyclones

Tropical cyelones (TCs; tropical storms with sustained wind speeds la—Mms'l,mmm“iﬂlxmin:dwindxp::ds
}331:13"} occur in the Morth Atlantic mostly during the "Hurricane Season” (June 1 through Movember 30: NOAA | 20221). Six
hurricanes impacted the PEACH region during the 2017-18 field cbeervations program (Fig. 10): Gert, (Aug 14-17, 2017}, Jose (Sept
18-19, 2017), Maria (Sept 25-28, 2017), Chriz (July 7-10, 201 8), Florence (Sept 12-15, 2018), and Michael (Oct 10-13, 2018), where
the dates indicate the ime periods in which wind stress at PEACH was clearly from a TC. Wind stress pulses from two of these TCs are
indicated above in Fiz. 5a. In comparizon to the relatively common SW-to-NE ETC tracks,

the TC movements are quite varied in direction and spesad as they erossed over or near PEACH, and so the magnitude and direction
of wind stress there vared greatly from one TC to another. For example, Hurricane Chrie transited northeastward during early July
along a track that was about 200-300 km offehore of PEACH. The generally southeastward wind stress from this hurricane was
recorded in all 5 buoye, two of which are shown in Fiz. Sa. Hurmicane Florence approached the southern coast of North Carclina along a
northwestward-then-westward track that passed just south of PEACH (Zambon <t al, 2021), and the wind stress at PEACH was quite
strong and generally westward (Fiz. Sa).

7. Long-term wariations in NAQ and in ETC numbers and strength

It 1z of mterest to know how typical the atmosphene processes were during PEACH. In particular, have the number and /or strength
of ETCs passing over the Hatteras coastal ocean changed in recent years and decades? The top panel in Fis. 1] chows a 4] -year-long
time series (1979 through 201 9) of the number of cyclones that have passed through the North Amenican cirele, and the subset through
the PEACH circle. The center panel shows the collective “strength™ of the North American eyelones in each season. Strength here 1
taken to be the season-average minimum-central-pressure of the ensemble of North American cyelones in each season. (Each indrvidual
cyclons’s minimum central pressure can have ocowrred anywhere along

the cyelone’s entire track, even if it oceurred outside of the North American cirele. ) The bottom panel shows the season-averaged
NAO Index for the same 4] -year time period. The least-squares Inear fit ine to each of the time series in the top two panels haz a slope
that iz not significantly different from zero. Multi-year variations are apparent in cach of these ime series, with amplitudes of + /-
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Fig. 12. The latitnde of the JS along 75"W longitude, for each vear from 1979 through 2019. The latitude position was determined every six hours
from ERAS data, and those time series were 10-day low-pass filtered. When more than one JS core was apparent, the stronger core was selected. The
2017 and 2018 time zeries are highlighted in black

several monthly-averaged counts around the zero-slope linear-fit line. Comparing the number and strength time series with the NAO
Index bar graph does not reveal a clear correlation.

8. Atmospheric jet stream effects

Typically, one or more JSz are flowing over North Amenica and the western North Atlantic at any given time. A JS 1= a strong,
generally-castward-flowing wind jet that 12 O{1000 km) wide, and it’s velocity-maximum (spesd n—-50—1[‘.‘0ms"}| iz often centered
within the tropopause, around the 200 hPa level (Reiter, 1963; Rikus, 2015). The importance of J5e here is that the troposphenic ETCe
that drve much of the varability in air-sea heat and momentum fluxes in the Hatteras coastal ocean are an inherent part of a J5's
lateral {north-south) shortwave motions, which propagate eastward with a typical penodicity ranging from 2 to 10 days (Attard and
Lang, 2017; Palmen and MNewton, 1969; Sanders, 1928). On occasion, one JS can bifureate into two, or two JSs can merge into one. In
Fiz. 2, for example, two JSz can be seen entering the panel throush ite western edge, one from about 10-20°N latitude, and the other
from about 50-70°M. These two jets merge into one over central North America.

ERAS 4D data (Hersbach et al | 201 2) were used to determine J5 locations (latitude, longitude and pressure level) every 6 h. From
thiz dataset, the variable path of the strongest winds in the upper atmosphere (1 2 levels, between 500 and 100 hPa) was extracted for a
41 year period (1979-2019). The JS location at each longitudinal slice was identified by finding the latitude and pressure level of the
local maxima windspeeds (greater than 40 m e ]}faﬂ.o'wingRi};u: (2015) and Manney, et al. (2011 ). When more than one J§ core was
apparent, the stronger core was selected. The Jet Stream Visualization Tool (jeviz, Haines, 2021 ) provides mape and vertical sections of
high-wind features, from which JS locations were found and cataloged in the long-term time senes.

The latitude of the selected J5 along longitude 75"W wag determined every 6 h for each year from 1979 through 2019. The 41 J5
latitude position time series thus determined were then 1 0-day low-pasz filtered, and these are displayed in Fig. 1 2. The purpose of the
10-day filtering i1& to show the slowly varying (intraseazonal and longer period) latitude of the J5, around which the ETC-associated J5
shortwaves Auctuated.

MNote that the J& was south of its typical location during early January 2018, when ETC Grayson wae generated off southeastern
Florida. As Grayeon tracked along the path of the Gulf Stream towards Cape Hatteras, it extracted a large amount of heat from the
Stream, and this thermal forcing of the lower atmosphere together with the JS wave foreing contributed significantly to the explosive
development of this particular ETC, which ultimately brought the strongest episode of wind stress to PEACH. We refer the reader to the
more in-depth analyeis of Graveon presented in Hirata et al. (2019). Most of March 2018 was another period of a southern intraseasonal
J& location. During thiz time, several strong ETCs progressed through PEACH. High wind stress and Qu values ocourred then (ezee
Figz. 5b, 12). Similar JS intraseasonal escillations have been implicated in bringing ETCs tracks into and out of a coastal area along the
northwestern US. (Bane et al | 2005, 2007).

9. Oceanic responses to atmospheric forcing
2. 1. Oceanic response to wind stress

The early etudy by Savidze and Bane (2001) and the PEACH analysis by Han et al. (2022) have shown that along-shelf oceanic
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Fig. 13. The upper-layer (top 1/3 of the water column) mean ccean currents at 8 PEACH moorings (arrows), and the standard deviation ellipses of
the first eof mode of the current variations about the means. The left (right) panel iz for the 2017 warm season (2017-2018 cool season).
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Fig. 14. Three-month-long time series of wind stress (orange) and eof-1 currents (blue) extracted from the 2017 Warm Seazon (left) and 2017-18
Cool Season (right). Theze time series are from Buoy B-1, and have been 40-hour-low-pass fltered. The wind strezz has been lagged by 9 h in each
panel, to account for the wind-driven current spin-up time. Vizually, the coherence between the wind strezz and corrent variations iz apparent. The
18-month-long Pearson correlation coefficient for these two variables iz 0.68.

Table Al
BM Young anemometers model 5106 ‘Wind speed and direction 30 m, 3.35m 5 min
‘Vaizala HMP-45 C Air temnperature and relative humidiny 15m 5 min
Eppley PSP Dowmrward shortwaree radiation 275m 5 min
Eppley PIR Dowmward longware radiation 275m 5 min
RM Young siphoning bucket model S020 Rain rate 275m & min
WVaizals PTB10D Barometric presgure 15m & min
Seabird microcats 37 IMP, 37 SMP Seawater conductivity, temperature and premure 2m,—15m, —30m & min
Wawez 12 h

exchange) iz highly correlated with Gulf Stream position offchore. Following the work by Han =t al (2022), we have used empinical
orthogonal function (eof) analyses of PEACH wind stress and ocean current data to show that 41% of the ocean current variability in
the Hatteras coastal ocean iz contained cof mode-1, and thiz mode iz highly correlated with local wind stress vanations (correlation
cocfficient iz 0.68). Fig. 13 shows the seasonal-mean upper-layer (1/3 of the water column) currents are closely ahgned with isobaths
and generally oriented towards Cape Hatteras: north of Cape Hatteras over the MAB, the mean eurrents are southward (cool scason) or
weak (warm season); southawest of Cape Hatteras over the SAB, the mean currents are northeastward (both seazons). Also shown are
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the eof-1 standard deviation ellipses for these currents during each season. The coherence between the wind stress and the currents is
evident in Fig. 14, which shows the wind stress from Buoy B-1 along with the current variations in eof-1 at that location.

9.2. Oceanic response to surface heat flux

During the warm season, net heat flux across the air-sea interface is dominated by solar radiation into the into the ocean. The main
oceanic response over the continental shelf is an increase in water temperature, and thus the near-surface air temperature and near-
surface water temperature remain within about a degree Centigrade of each other (Fig. 7). Cool season ocean-to-atmosphere net heat
fluxes become large and out of the ocean during the passage of ETCs, particularly following the passage of the ETC s cold front. These
episodes of oceanic heat loss decrease the shelf water temperatures (Atkinson et al., 1989) and temperatures in the adjacent Gulf
Stream (Bane and Osgood, 1989).

A new PEACH finding is reported in Han et al. (2021), who observed a shelf water cascading event that has both wind stress and
ocean-to-atmosphere heat flux as drivers. Episodes of strong cooling (high Qe caused by cold air flow during the cool season) can
generate downward convection of shelf surface waters, which then can cascade downslope across the shelf as a gravity current to meet
the Gulf Stream along the upper continental slope. The cascading waters then enter the Stream along their matching isopycnal surfaces,
thereby exiting the shelf. Following first-hand observation of this process made during a PEACH cruise in January 2018, five other
cascading events were found in historical data between 2014 and 2016, demonstrating that this is a typical cool season process in the
Hatteras coastal ocean.

10. Summary and outlook

The atmosphere forces the Hatteras coastal ocean in two important ways: (i) through surface wind stress (approximately 40% of the
shelf current variance can be attributed to wind stress fluctuations) and (ii) through ocean-to-atmosphere heat fluxes. Observations
made during 2017 18, encompassing the PEACH field program, have shown that these processes can be described in terms of two
seasons: the warm season (May through mid-September), with predominantly mild northeastward winds punctuated by an occasional
TC passing through the region; and the cool season (mid-September through April), with a nearly continuous, northeastward pro-
gression of energetic ETCs through the region. Cool season ETCs force the ocean with strong wind stress and ocean-to-atmosphere heat
flux episodes, each with a time-scale of a few days. TC passages are much less frequent than ETCs, as anticipated, and have widely
varying tracks in comparison to the typical SW-NE movements of ETCs. Outside of TCs, wind stress fluctuation magnitudes typically
exceed mean stress magnitudes by a factor of 3 5. Qpe is typically into the ocean throughout the warm season at around 50 100 W m’
2 while it is essentially always out of the ocean during the cool season, with large ocean heat loss episodes of 500 1000 W m2 or more
due to cold airflow over the region associated with passing ETCs.

During the 41 years leading up to and through PEACH, North American cyclone numbers and strength showed multi-year varia-
tions but no long-term trends. Additionally, no apparent correlation with NAO was found. Although we did not report separately here
on strength variations in TCs that moved through the region, Paerl et al. (2019) found for coastal North Carolina, . a period of un-
precedentedly high precipitation since the late-1990 s, and a trend toward increasingly high precipitation associated with tropical
cyclones over the last 120 years.

An important aspect of our description of the region s atmospheric processes during PEACH is that activities are presently ramping
up here. The NSF Pioneer Array is scheduled to be relocated here in 2024, and this promises to provide continuous, multi-year at-
mospheric and oceanic observations in the northern portion of the Hatteras coastal ocean (Pioneer Array Relocation., 2023). Addi-
tionally, the NASA SWOT satellite has begun its ocean topography mission, which has a ground-track cross-over within the region
(Morrow et al., 2019).
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estimate heat flux and wind stress at each buoy is available publicly at ftp://ftpl.esrl.noaa.gov/BLO/Air-Sea/bulkalg/cor3_6/.

Appendix
Collection and processing of heat and momentum fluxes during PEACH

This appendix describes the collection and processing of meteorological observations during the PEACH program used to produce
estimates of momentum and heat flux between the ocean and atmosphere. The meteorological buoys used, instrumentation supported,
quality control steps taken, and data recovery are reviewed, along with actions taken to substitute or develop proxies where necessary
to have sufficient input for the flux calculations. The sensitivities of the bulk formulae flux calculations to some inputs are examined.

The two buoys deployed by UNC, designated B1 and B2, were purchased from the University of Maine, where they were designed
and built (Wallinga et al., 2003). The buoys consist of a 2 m toroid with a well that holds batteries and a charge controller and a 2.75 m
tall superstructure that holds four solar panels. Each buoy was deployed on a single-point mooring in 30 35 m water depth, consisting
of 20 m of jacketed wire rope, a swivel and 60 m of chain to a 2800 1bs anchor (stack of 3 locomotive wheels). The superstructure was
instrumented with the meteorological sensors listed in Table Al. Duplicate anemometers were mounted on Delron rods that could be
raised and lowered to avoid damage during deployments and recoveries. Short- and long-wave downward radiation sensors (PSP an
PIR) were mounted on the top surface plate of the superstructure, with air temperature/relative humidity and rain gauge sensors and a
barometer port mounted lower on the superstructure, along with cannisters holding the data acquisition system components (Fig. A1).
A near-surface and mid-depth CTD were deployed on the jacketed wire rope with communications supported by an inductive modem.
A separate.

bottom frame was deployed outside the watch circle of the buoy and held an upward-looking ADCP, which sampled both currents
and surface waves, and included a near-bottom CTD.

The data acquisition system sampled the instruments in Table A1 at the sample rate listed in the table, resulting in a regular time
series every 6 min. These data were recorded internally, and transmitted hourly via Iridium to shore. The 6-minute observations were
quality controlled (QC) using a mix of automated tests (sensor health, range/threshold, and time-continuity) and manual elimination
(known events, graphical analysis), then averaged to hourly values. Sensor-specific QC steps included wind direction comparisons with
nearby NDBC buoys (40125 and 44014). Each buoy suffered some damage from strong storms (Hurricane Jose, ETC Grayson and
Hurricane Florence each caused some sensor failures on one of the buoys), resulting in data gaps and replacement of some sensors over
the PEACH field program. Each buoy was recovered, serviced and redeployed during the PEACH turnaround cruise (AR-26)
approximately 9 months after their initial deployment.

Heat and momentum fluxes (stresses) were calculated with observations from B1 and B2 (the UNC buoys) and with observations
from NDBC buoys 44014, 41025 and 41064 using the COARE 3.6 algorithms (Edson et al., 2013). These algorithms require inputs of
wind speed and direction, air and water temperature, relative humidity, downward short- and long-wave radiation, air pressure and
rain rate and include optional inputs of surface salinity, ocean current speed and direction, and surface wave height and speed. All of
these variables are available from the UNC moorings. The NDBC moorings lack downward short- and long-wave radiation, rain rate,
salinity and ocean current speed and direction.

For the UNC buoys, because of data gaps resulting from sensor damage in storms, possible substitutions for variables used in the
COARE 3.6 algorithms were explored. The temperature/relative humidity sensor required the greatest percentage of substitutions. For
air temperature, it was found that the internal temperature sensor in the data acquisition cannister was a valid proxy for measured air
temperature using an unweighted smoothing spline fit based on the difference between the canister and outside temperature sensors
and the hour of the day when both sensors were functioning. The observed and proxy air temperatures are compared in Fig. A2. This air
temperature substitution accounted for 55% of the observations at B1 and 0% at.

B2 (the latter record ends in September 2018 because both the canister temperature sensor and temperature/humidity sensor failed
during Hurricane Florence). For relative humidity, we sought to use measurements from a nearby buoy to fill data gaps. However,
significant variations in air temperature between buoy locations led to strong variations in relative humidity. However, specific hu-
midity (the ratio of the mass of water vapor to mass of air) was found to be consistent between some pairs of buoys (Fig. A3). We used
times when all buoys were operative.
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to identify buoys that typically observed similar specific humidity. For times when relative humidity was missing from a buoy
record, we substituted specific humidity from an adjacent buoy, then corrected to relative humidity using the local air temperature
measurement. This substitution was used 55% of the time at B1 and 20% of the time at B2. The other primary substitution was for wind
direction at B1; the speed sensor functioned correctly for the entire deployment but direction was not reported for 45% of the record.
Comparisons were made using times when wind direction was available from B1 with NDBC buoys 44014 (to the northeast) and 41025
(to the south). It was found that wind direction at 44014 was most similar to those at B1, with essentially no bias and a small spread of
differences (Fig. A4). Use of these.

substitutions for relative humidity and wind direction at B1 results in net heat flux values very similar to those observed (fit with
slope 1.01 and R? =0.992).

For the NDBC buoys, sampling was averaged to hourly values as needed. Downward short- and long-wave radiation were not
measured by these platforms. There are default values for these in the COARE 2.0 (which include a latitudinal dependence and cloud
fraction estimate) and COARE 3.6 (which use constant values) algorithms; the impact of using these versus the measured values were
assessed using the observations from the UNC buoys (B1 and B2). It was found that the net heat flux formed using default values versus
measured values of the downward short- and long-wave radiation were poorly correlated (Fig. A5). We therefore substituted time
histories of downward short- and long-wave radiations from either B1 or B2 for the 3ND BCE buoys depending on proximity.

A series of sensitivity tests were conducted to assess the importance of and desirability of including optional inputs. Surface current
was not available at the NDBC buoys. Net heat fluxes formed at B1 and B2 with and without inclusion of surface currents were nearly
identical, a consequence of relatively low current speeds. Because none of the NDBC buoys are deployed in the Gulf Stream, it is
expected that the impact of not correcting the wind speed for surface current on the fluxes will also be minimal. Sensitivity of the fluxes
to inclusion of surface salinity and rain rate were also explored at B1 and B2, and again found to result in minimal differences. It was
therefore decided to form the fluxes at the NDBC buoys without inclusion of surface current, salinity or rain rate.

The full dataset is available at Haines et al. (2022).
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