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Abstract A 2-km horizontal resolution ocean circulation
model is developed for a large coastal region along the US
Pacific Northwest (34-50N) to study how continental shelf,
slope, and interior ocean variability influence each other. The
model has been run for the time period September 2008—
May 2011, driven by realistic surface momentum and heat
fluxes obtained from an atmospheric model and lateral bound-
ary conditions obtained from nesting in a global ocean model.
The solution compares favorably to satellite measurements of
sea surface temperature and sea surface height, observations
of surface currents by high-frequency radars, mooring temper-
ature time series, and glider temperature and salinity sections.
The analysis is focused on the seasonal response of the coastal
ocean with particular emphasis on the winter circulation pat-
terns which have previously garnered relatively little attention.
Interannual variability is examined through a comparison of
the 2009-2010 winter influenced by El Nifio and the winters
in the preceding and following years. Strong northward winds
combined with reduced surface cooling along the coast north
of Cape Mendocino (40.4N) in winter 2009-2010, resulting in
a vigorous downwelling season, characterized by relatively
energetic northward currents and warmer ocean temperatures
over the continental shelf and upper slope. An analysis of the
time variability of the volume-averaged temperature and
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salinity in a coastal control volume (CV), that extends from
41 to 47N and offshore from the coast to the 200-m isobath,
clearly shows relevant integrated characteristics of the annual
cycle and the transitions between winter shelf circulation
forced by northward winds and the summer circulation driven
primarily by southward, upwelling-favorable winds. The anal-
ysis also reveals interesting interannual differences in these
characteristics. In particular, the CV volume-average temper-
ature remains notably warmer during January—March 2010 of
the El Nifio winter.

Keywords Coastal ocean variability - EI Nino - Coastal ocean
modeling - Northeast Pacific - Downwelling

1 Introduction

The region along the US West Coast between Juan de Fuca
Strait (48.5N) and Point Conception (34.4N) is known to be
an area of intense wind-driven upwelling in summer. North of
Cape Mendocino, after upwelling conditions relax during the
autumn, predominantly northward winds drive downwelling
and northward alongshore currents in winter. The upwelling
dynamics and their influence on the physical, chemical, and
biological characteristics of the coastal ocean have been the
focus of many studies using in situ and satellite observations,
idealized numerical models, and realistic computer simula-
tions (e.g., Barth and Wheeler, 2005 and other papers in that
special issue summarizing results from the Coastal Ocean Ad-
vances in Shelf Transport (COAST) program). The winter
downwelling regime is relatively less sampled and studied
than summer upwelling, in part because of logistical
constraints collecting observations in winter storm
conditions. Modeling studies of the downwelling regime
have been limited to idealized situations. For example, Allen
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and Newberger (1995) utilized a two-dimensional (cross-
shore and vertical coordinates) model to discuss cross-shore
and vertical transport associated with the development of a
downwelling front. Whitney and Allen (2009a, b) analyzed
dynamics of flows around banks in both upwelling and
downwelling conditions using an alongshore periodic channel
and spatially uniform winds. The possibility that interannual
variability in winter downwelling may predetermine the inten-
sity of coastal hypoxia in summer was recently studied using
data analysis and idealized model simulations by Walters
(2014). To the best of our knowledge, there has not been a
study of US Pacific Northwest shelf circulation based on a
realistic model simulation and focused on the winter
downwelling regime.

Interannual variability in the coastal ocean circulation
along the US west coast correlates with large-scale patterns,
including the Pacific Decadal Oscillation (PDO) (Mantua
et al. 1997, Chhak and Di Lorenzo, 2007) and El Nifio
(McPhaden, 1999; Huyer et al. 2002, Chavez et al. 2002,
and other papers in that special issue, on the effect of the
1997-1998 El Nifo). El Niflo events are associated with a
warm near-surface ocean temperature anomaly propagating
along the equator toward the east and then continuing as
baroclinic Kelvin waves along western coasts of North and
South America. The El Nifo signal propagating alongshore
may influence coastal ocean environments of the Pacific
Northwest by deepening the isopycnal surfaces along the con-
tinental slope. That change in the isopycnal slope would be
dynamically balanced by a stronger poleward subsurface flow
(undercurrent), changing temperature-salinity properties on a
given isopycnal surface (see Huyer et al. 2002).

The atmospheric circulation pattern correlated with El Nifio
also impacts the region through an atmospheric teleconnection
mechanism (Schwing et al. 2002). In response to anomalous
ocean conditions in the equatorial region, atmospheric pertur-
bations will propagate across the North Pacific and result in
warmer conditions and cyclonic wind anomalies along the
Pacific West Coast. The transition to El Nifio conditions,
e.g., as determined by the multivariate ENSO index (MEI;
Wolter 1987), (Fig. 1), usually occurs in spring while the peak
index values register in December—January. In response to El
Nifio, the ocean off the US West Coast begins to exhibit
warmer conditions in summer. Anomalously warmer ocean
temperatures and stronger northward winds are typically
found during the following winter.

The study presented here was motivated by several needs.
We have developed a high-resolution regional ocean model
with the overarching goal to study influences between ocean
interior and coastal ocean processes along the US West Coast.
The model resolution is 2 km in the horizontal and the model
domain spans north-south along the coast between 35 and
50N. The model simulation is performed for the 32-month
period from October 2008 to May 2011. This paper presents

@ Springer

analysis of the model performance over the full simulation.
Particular emphasis is placed on the winter dynamics both to
aid in the interpretation of the annual cycle and interannual
variability and to supplement the rather limited literature de-
scribing the dynamics in this season. The strongest impetus
for interannual variability during this study period is indeed
the “moderate” 2009—-2010 El Nifio event and the subsequent
strong La Nifia phase in 2010-2011. To provide insight into
interannual variability, we focus on the peak El Nifio season,
winter, and examine the three winters (2008—2009, 2009—
2010, and 2010-2011) in detail. The model set-up is described
in Section 2. In Section 3, we review the main features of
ENSO over the study period and the potential impact on
winter-forcing conditions for the domain of interest. In
Section 4, we present model-data comparisons and discuss
how the model represents coastal circulation features in winter
and compare ocean response during the 2009-2010 El Nifio
winter to the preceding and following ones. In Section 5, time
variability of the integrated heat and salinity balance for a
specified control volume over the shelf off Oregon and south-
ern Washington is discussed, with an emphasis on a contrast
of the behavior during winter compared to that in summer and
on the effects of the 2009-2010 EI Nifio. Section 6 provides
the summary.

2 Model setup

Our model is based on the Regional Ocean Modeling System
(ROMS, www.myroms.org), a free-surface, nonlinear,
primitive equation model featuring terrain-following coordi-
nates in the vertical and advanced numerics (Shchepetkin and
McWilliams 2003, 2005). The Mellor-Yamada 2.5 scheme
(Mellor and Yamada 1982) is utilized to parameterize vertical
turbulence at subgrid scales. Dissipation of momentum along
s-coordinates is treated as a harmonic viscosity with a coeffi-
cient of 5 m*s .

The domain extends from 34.5N (just north of Point
Conception and the Santa Barbara channel) to SON (the
middle of Vancouver Island, British Columbia, Canada)
and from 134W eastward to the coast. The alongshore
extent of the model is chosen to capture the entire area
of intensive seasonal upwelling and to possibly represent
correctly the influences of the poleward slope current and
coastally trapped waves on the dynamics off northern Cal-
ifornia, Oregon, and Washington. The model is discretized
on a regular longitude-latitude grid. The resolution is ap-
proximately 2 km in the horizontal and 40 terrain-
following layers in the vertical, with relatively better res-
olution near the surface and bottom.

Atmospheric forcing is obtained using a bulk flux formu-
lation (Fairall et al. 1996). The required atmospheric fields
(including the near-surface wind speed and direction, air


http://www.myroms.org/

Ocean Dynamics (2015) 65:1643—-1663

1645

ts tf
T T T T T T T
: : EINlno ¢
a Lo S T R -.......... S0 SR Y O TR SOV S . 0 S
; |5 |
= 1]
> Ome v iy - v W wE i R L R L -
LaNma |1
B R 1 e e Rl R S e sl it
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
b D S e S e b MU S SRS IR O SO SO0 S KRS SRS RS (A ott IEOR RS Eepk

10-08 01-09 04-09 07-09 10-09

MEI
o

Ao el o o o e

Y o RRLIREREEE proeeeeee ARRREEERERE TRREERIREES RRRREE
01-10 04-10

....................... e T | A

c 1_446w 12.45N~..: ........... : ........... }....A o ofe o2 cscecpefecaradiciedetaiecccsndetetanercedetctocccandone
o o
E 05_ .......................... SRRt BT B | e S i i i a1 o S it | <a
z f
e oM / : WA -y

05 i i | i i i j j i i ]
10-08 01-09 04-09 0709 10-09 01-10 04-10 07-10 10-10 01-11  04-11

Fig. 1 a The multivariate ENSO index, MEI (Wolter, 1987), 1996-2014, b MEI for the duration of the model simulation, ¢ the north-south wind stress
time series over Oregon shelf (Heceta Bank complex, 44.65N, 124.5N). £, and ¢ in (a) indicate the start and finish of the model simulation

pressure, incoming shortwave, relative humidity, air tempera-
ture, and cloud cover) are obtained from the 12-km resolution
National Oceanic and Atmospheric Administration North
American Model (NOAA NAM). The atmospheric fields are
provided every 6 h, resolving intense winter storms moving
rapidly through the area.

Subtidal boundary conditions are obtained from the 1/
12th degree resolution data assimilative global Hybrid Co-
ordinate Ocean Model (HYCOM, www.hycom.org,
Chassignet et al. 2005), implemented by the US Navy.
The HYCOM outputs have been provided as instantaneous
fields once a day. The inertial motions are aliased in such a
record, showing up as strong oscillations in velocity fields,
e.g., with an approximately 2.8-day period at 45N. This
signal has been removed from the HY COM-derived bound-
ary conditions using a 5-day half-amplitude low-pass filter.
We have confirmed that, at the south boundary of our do-
main within 100 km from the coast, HYCOM (which as-
similates ARGO profiler temperature (T) and salinity (S)
data) places the 26.5 kg m ™ isopycnal surface deeper in
winter 20092010 than in the preceding and following win-
ters, by about 20 m, consistent with the findings of Todd
et al. (2011). To enforce this difference in ROMS, we had to

“clamp” (in ROMS terminology) T and S at the south
boundary to the HYCOM values. This resulted in an im-
provement in peak currents during January 2010 over the
Oregon shelf, compared to our initial implementation, in
which ROMS interior temperature and salinity near the
boundary were nudged to the boundary values using the
“radiation-plus-nudging” ROMS boundary conditions
(Marchesiello et al. 2001). The latter boundary condition is
still used on the western and northern boundaries with a
nudging time scale on inflow of 3 days and 9 days on
outflow. Tidal forcing, which might have some effect on
cross-shelf exchange, is neglected in this model as it does
not resolve the O (1 km) tidal excursion typical of the West
Coast shelf (Kurapov et al. 2003, Osborne et al. 2011,
2014). No fresh water fluxes (precipitation-evaporation or
rivers) are applied.

The model has been run for a 32-month period,
starting from initial conditions provided by interpolation
of HYCOM fields on October 1, 2008. Oceanic fields
are saved as daily averages once every day. Note that
no data assimilation of any kind, or nudging to clima-
tology, was implemented in the model interior, facilitat-
ing analysis of dynamically balanced fields.
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3 The 2009-2010 El Nifio effects along the US Pacific
Northwest coast

Although the 2009-2010 El Nifio was much weaker than the
major event of 1997-1998, it was the strongest since that time
(Fig. 1). The multi-decadal MEI time series suggests that
events of this strength are rather common. Based on synthesis
of observations, Bjorkstedt et al. (2010) and Todd et al. (2011)
concluded that the 2009-2010 El Niflo influenced the US
West Coast mainly through the atmospheric teleconnection
mechanism. Ocean waters off the coasts of north California,
Oregon, and Washington were anomalously warm, compared
to long-term means, beginning June 2009. This anomaly
persisted through the 2009-2010 winter and was interrupted
in April 2010 by a series of strong upwelling events and tran-
sition to La Nifia conditions on a basin scale. Let us note that
while the 2009-2010 EI Nifio is qualified as “moderate” or
“weak,” the La Nifa event beginning spring 2010 was the
strongest in the last 25 years (see Fig. 1a). We have utilized
a long time series from the NCEP atmospheric reanalysis
product (http://www.esrl.noaa.gov/psd/data/gridded/data.
ncep.reanalysis.html, Kalnay et al. 1996) to confirm that the
downwelling-favorable wind anomaly was strongly positive
during the El Nifio winter, compared to the long-term mean
(not shown here). Presumably, this led to intensified
downwelling circulation. Todd et al. (2011) analyzed glider
cross-shore hydrographic sections between 31 and 36N and
found that the depth of the 26.0 kg m > isopycnal surface
(used as a proxy of the position of the main thermocline)

was lower in winter 2009-2010 than a 6-year average, but
only by 20 m. Analysis of temperature and salinity on this
isopycnal level did not reveal differences that would indicate
anomalously strong poleward advection.

Comparisons of the atmospheric heat flux into the model,
averaged in space over the entire domain and low-pass filtered
(Fig. 2), suggest that the ocean received excessive warming
that might be associated with the ENSO effect. Averaged over
the El Nifio period from June 2009 through March 2010 net
heat flux into the ocean was 12 W m? larger than in the
following La Nifia period (June 2009 through March 2010).
During the El Nifio winter (December 2009 through
March 2010), the heat flux was on average larger (less nega-
tive) by about 15 W m 2 compared to the preceding and fol-
lowing winters.

3.1 Winter wind forcing conditions

Although winters along the northwest US coast are in general
characterized by downwelling-favorable northward winds,
there is significant variability in the timing of the onset and
termination of the downwelling season as well as in the per-
sistence and strength of downwelling conditions over the
course of the season. To describe the three winters presented
here, we refer to the time series of the north-south wind stress
at a shelf location at 44.65N, 124.5N (Heceta Bank complex,
Oregon), shown in Fig. 1c, a map of winter-averaged wind
stress over the domain (Fig. 3) and the time-latitude near-
coastal north-south wind stress displayed in Fig. 4a. At
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Fig. 3 The winter (DJFM)-averaged wind stress vectors and magnitude (color): a 2008-2009, b 2009-2010, ¢ 2010-2011

44.65N, and along much of the Oregon-Washington shelf, the
winds are much stronger in winter than in summer. Strong
(>0.3 N m ), but short-lived (a few days), storms are a com-
mon occurrence. On average, winds in winter 2008—2009 are
weaker than in the two following winters. While we believe
that the strong winter winds along the coast in 2009-2010 are
related to the large-scale atmospheric setup associated with
ENSO, we note that the winds in 2010-2011 are frequently
as strong as in 20092010, i.e., winters with wind events of
this strength are not uniquely attributed to El Nifio seasons.

The largest downwelling-favorable wind events happen
during different parts of each winter, often with relaxations
or even reversals in between. In winter 2008—-2009, relatively
strong northward wind events occurred at the turn of the year
and in mid-February. In winter 2009-10, a strong storm took
place in November 2009, followed by a weak reversal and
then a return to energetic and near-persistent downwelling
wind conditions through much of January and into February
2010. Winter 2010-2011 exhibited downwelling-favorable
conditions through much of December, followed by only in-
termittent wind events in January and February and a return to
prevailing downwelling-favorable winds through much of
March 2011. In the following analyses, we pick a different
month in each winter (February 2009, January 2010, and
March 2011) to analyze ocean conditions during peak
downwelling-favorable wind conditions.

Variability in the wind stress is generally coherent along the
entire coast (Fig. 4), but winter winds are typically stronger in
the north. Maps over the full domain of winter-averaged (De-
cember through March) wind stress magnitude and direction
reinforce this point and reiterate that seasonally averaged winds

were much weaker over the entire area in winter 2008-2009
than in the other 2 years. The north-south extent of the region of
energetic near-coastal northward winds varies among the years,
with strong winds extending considerably farther south in win-
ters 2009-2010 and 2010-2011 than in 2009-2010. Accord-
ingly, the location of the bifurcation point between the area of
the downwelling- and upwelling-favorable winds along the
coast differs. In 2008-2009, the separation is found near 43N,
around Cape Blanco, with, in addition, comparatively strong
upwelling-favorable conditions prevailing south of 40N. In
contrast, in 20092010 and 2010-2011, the bifurcation point
occurs at locations south of 40N with nearly negligible
upwelling-favorable winds along the shelf to the south.

4 Model-data comparisons

In this section, we start by comparing the near-coastal, large
alongshore scale, time and latitudinal behavior of model sea
surface temperature (SST) and sea surface height (SSH) with
corresponding satellite observations over the total 32-month
time period. To do so, we also present the time-latitude behav-
ior of the near-coastal alongshore wind stress and the resulting
ocean model near-coastal alongshore surface currents. These
figures are effective at showing the general characteristics of
the winter coastal flow regimes and how they fit as part of the
annual cycle at each latitude. They also illustrate some of the
relevant near-coastal aspects of the interannual variability re-
lated to El Nifio. We then go on to focus on the three winters
within the study period, show additional model-data compar-
isons to establish confidence in the model accuracy, describe
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Fig. 4 (Top) Alongshore wind stress averaged between the coast and the 200-m isobath and (bottom) the model alongshore surface current averaged

between the coast and the 200-m isobath

some of the basic circulation features associated with winter
downwelling, and discuss some of the interannual differences
in the model ocean response during winter.

4.1 Seasonal and interannual variability
in the near-coastal region

The near-coastal alongshore wind stresses used for atmospher-
ic forcing, averaged in the cross-shore direction between the
coast and the 200-m isobath, and the ocean model alongshore
surface currents, averaged across shore in a similar manner,
are shown in Fig. 4. The general seasonal variability of the
wind stress, dominantly northward in winter (October—March)
and dominantly southward in summer (April-September) is
evident. The latitudinal variation in magnitude of the north-
ward winter wind stress, being typically stronger toward the
northern part of the domain, is also clear as is the variation in
magnitude of the summer southward wind stress, which is
typically stronger in the south. The near-coastal alongshore
surface currents show a seasonal variability that mostly corre-
sponds to that expected from a response to the wind stress, i.e.,
northward in winter and southward in summer. The northward
(southward) alongshore currents are typically accompanied by
positive (negative) SSH fluctuations (Fig. 4) as anticipated
from a geostrophic balance in the cross-shore direction. An
interesting exception in the seasonal behavior of the along-
shore currents occurs south of about 43N during late
summer/fall (July—September) when the wind stress along
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the entire coast is still southward, but the surface currents have
a considerable fraction of northward fluctuations. This type of
behavior has been observed by Ramp and Bahr (2008) in
current meter measurements from south of Cape Blanco at
42.44N on the shelf in 73 m water depth from May 2000 to
October 2003. Ramp and Bahr (2008) associated this behavior
with forcing by a poleward pressure gradient taking place
during a dynamical season defined by ocean events and la-
beled as “autumn,” which occurs between summer and winter.
They noted that the start of the autumn season was
variable and not clearly identifiable with specific events,
but that the end, termed the “autumn transition,” was
clearly associated with the relatively abrupt cessation
of southward upwelling-favorable winds and the start
of northward winter winds, a behavior that is also vis-
ible in Fig. 4.

The model SSH averaged at each latitude in the cross-shore
direction between the coast and 200-m isobath is compared to
the similarly averaged observed SSH, using a series of the
weekly AVISO (www.aviso.altimetry.fr) absolute dynamic
topography maps obtained by interpolation from several
altimeters (Fig. 5). The model SSH has a higher temporal
resolution (daily vs. weekly) and a higher spatial resolution
(2 km vs. one-fourth degree) than the gridded altimetry. It
shows frequent alongshore coherent events associated with
the northward propagation of coastally trapped waves. Qualita-
tively consistent with the observed SSH, model SSH fluctua-
tions are generally positive (higher) during the season of


http://www.aviso.altimetry.fr/

Ocean Dynamics (2015) 65:1643-1663 1649

46

R R ER R RN

A

44

|
!

—_—~— ]

42

40

38

o e e R e e

IR R R RN AR AR R R R R RRRRRT
A—— -
S

)
R .

36-§
Oct-08 Jan-09 Apr-09 Jul-09 Oct-09 Jan-10 Apr-10 Jul-10 Oct-10 Jan-11  Apr-11

0.1

Latitude

5
o

SSH (m)

SRR

Oct-08 Jan-09 Apr-09 Jul-09 Oct-09 Jan-10 Apr-10 Jul-10 Oct-10 Jan-11  Apr-11

Fig. 5 (Top) Model and (bottom) observed (AVISO absolute dynamic topography maps) SSH averaged between the coast and the 200-m isobath and
presented as a function of time and latitude

predominantly downwelling-favorable winds (October through  the coast during the period of peak positive MEI (winter 2009—
March) and negative (lower) during the season of upwelling-  2010), compared to the previous and following winters.

favorable winds (April through September) (Fig. 4). The inter- To compare variability in the sea surface temperature (SST)
annual variability is also visible as the SSH is higher all along  along the entire coast, we utilize the operational SST and sea
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ice analysis (OSTIA) product, based on synthesis of data from
several satellites and in situ data (Donlon et al. 2012). The
modeled and observed SST are averaged along each latitude
between the 200-m isobath and the coast and shown as func-
tions of latitude and time (Fig. 6). The model is consistent with
observations in representing the annual cycle, with warmer
SST roughly June through October and colder SST from De-
cember through March, along the entire north-south extent (35
and 50N) of the domain. The winter months however are
characterized by a notable north-to-south gradient in SST
whereas other seasons show greater alongshore uniformity.
The spring transition is marked by particularly strong upwell-
ing winds in the southern portion of the domain (Fig. 4) that
brings cold water to the surface on the shelf. This eliminates or
even temporarily reverses the N-S SST gradient. Conversely,
the autumn-to-winter transition is marked by particularly in-
tense northward winds in the northern portion of the domain
(Fig. 4) that likely contributes to reintroducing the N-S SST
gradient via enhanced vertical mixing over the northern shelf.

Similar to what was observed for SSH (Fig. 5), the period
coinciding with positive MEI (June 2009 through April 2010)

exhibits relatively warmer SST compared to the same period in
the preceding and following years that coincide with negative
ENSO anomalies. Comparing SST in the near-coastal region
during winter, the coldest surface temperatures are found in
2008-2009, in which of the three winters, the northward wind
forcing was weakest and the surface heat loss was largest.
During the entire study period, high-frequency (HF) ra-
dar observations of surface currents off Oregon (Kosro
et al. 1997, Kosro 2005, Kim and Kosro 2013, Kim et al.
2014) are available, in the area of 41-46N. Data are pro-
vided as daily maps of two orthogonal velocity compo-
nents (meridional « and zonal v) on a regular 6-km grid.
These maps were obtained as a result of objective mapping
of radial component data from several standard (50 km)
and long-range (150-200 km) radars. The footprint of
quality-controlled HF radar data varies daily due to chang-
es in environmental conditions. Model daily surface cur-
rents are sampled at locations and times where and when
the data are available. The observed and sampled model u
and v components are area-averaged for each day and the
resulting time series are presented in Fig. 7. Overall, the
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model reproduces qualitatively correctly the variability in
the surface alongshore and cross-shore currents on tempo-
ral scales of a few days to seasonal. This is true from very
near the onset of the simulation, indicating that shelf cir-
culation adjusts quickly following the HYCOM initializa-
tion. As expected, both the observed and modeled meridi-
onal currents are substantially weaker in winter 2008—2009
than in the other two winters, peaking in mid-February
through early March. The peak currents in winter 2009—
2010 and in 2010-2011 are similar in magnitude, with the
strongest northward currents found in December 2009
through February 2010 and in December 2010 and
March 2011.

The near-surface (2-m depth) model temperature com-
pares reasonably well with the data at the mid-shelf NH10
mooring, anchored at the depth of 81 m at 44.65N
(Fig. 7¢), which suggests that there is little bias in the
model atmospheric heat flux forcing. Relatively low tem-
peratures are found in each winter with little variability in
surface temperature between January and the start of April.
The El Nifio winter exhibits the warmest surface tempera-
tures of the three, with average temperatures for January
through March 2010 approximately 1.7° warmer than the

Nov 4 — Nov 9, 2009

same period in 2009 and 1° warmer than the same period
in 2011.

4.2 Ocean response during winter

The basic response of the coastal ocean off Oregon to winter
forcing is to become colder and more strongly mixed. Model
comparisons against the glider cross-shore transects over the
shelf and slope between 44 and 45N (Oregon coast) suggest
that the model correctly reproduces the variability in the depth
of the mixed layer, location of the front, and near-surface
conditions on seasonal and wind-event temporal scales. In
particular, comparisons of observed and model temperature
sections in November 2008, 2009, 2010 (before each winter
season) and March 2009, 2010, 2011 (at the end of each win-
ter season) (Fig. 8) are shown to demonstrate that (a) the
model mixed layer depth is increased over the winter months
in qualitative agreement with the observations, (b) following
the winter storms, the surface mixed layer depth may be as
large as 100 m, and (c) the observed and model near-surface
temperature (including the warmer conditions in March 2010)
are in agreement. Note that for this comparison, the model
section is obtained by sampling the model output at the actual

depth (m)

Nov 13 — Nov 18, 2010

depth (m)

-125 -1248 -1246 -1244 -124.2 -125 -1248 -1246

Longitude

T(0)

-1244 1242 -125 -1248 -1246 -1244 -124.2

Fig. 8 Glider and model temperature sections near 44.6N, (top half) in November before each winter, (bottom half) in March following each winter.

(Rows 1 and 3) glider, (rows 2 and 4) model
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glider locations and times. It takes about 3 days for the glider
to complete sections like those shown. In the sections from
March 20 to 24, 2010 (bottom rows, middle column), the
glider samples through one of the first upwelling events of
the year following a period of intensified northward winds
(Fig. 1). The upslope advection of colder water during this
time shown in the glider sections is captured by the model.
Similar glider comparisons performed for the salinity fields
(Fig. 9) show that the model reproduces deepening of the
halocline following each winter qualitatively correctly. At
the same time, a positive bias in the near-surface salinity is
apparent in years 2 and 3 of the simulation. The HYCOM
model used for initial and boundary information assimilates
ARGO float temperature and salinity profiles, which helps to
constrain the near-surface salinity and apparently results in
low bias at the beginning of our simulation. Low-salinity wa-
ter sources that may contribute to the freshening of the near-
surface waters on a regional scale and that are not accounted
for in our model include the Columbia River at 46.2N (e.g.,
MacCready et al. 2009, Hickey et al. 2010), the Fraser River
that communicates with the ocean through the Juan de Fuca
Strait (48N), Puget Sound that collects fresh water inputs from

Nov.4 — Nov.7, 2008

Nov 4 — Nov 9, 2009

many small sources and exchanges water mass through
Juan de Fuca Strait with every tidal cycle (Sutherland
et al. 2011), and possibly precipitation. Also, discharges
from small rivers along the Oregon and Washington coasts
peak in winter and influence salinity and circulation locally
over the shelf near the coast (Mazzini et al. 2014). The
impact of these sources to improve the representation of
the salinity signal in our study area will be a subject of
future studies.

In winter 20102011, the warm water anomaly along the
coast in the Pacific Northwest (Fig. 6), found also at the glider
and buoy positions (Figs. 7 and 8), presumably resulted from
both the positive anomaly in the heat flux over the preceding
summer seasons (Fig. 2) and advection of warmer waters by
intensified northward currents. The spatial structure of this
anomaly at the sea surface is visible in weekly averaged SST
from satellite (OSTIA) and the model at the end of winter at
approximately the same time as the March glider observations
(Fig. 10). A tongue of warmer SST is identified along the
coast by this time in 2010 in the satellite data, in contrast to
the preceding and following years. The model nicely repro-
duces this effect and resolves a complex eddying structure

Nov 13 — Nov 18, 2010

depth (m)

depth (m)

-1248 -1246 -1244 -124.2

Longitude

-125 -1248 -124.6

-1244 -1242

Fig.9 Glider and model salinity sections near 44.6N, (fop half) in November before each winter, (bottom half) in March following each winter. (Rows 1

and 3) glider, (rows 2 and 4) model
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associated with it, reinforcing the case that advection is
playing a role in its development.

4.3 Peak downwelling months

To further elucidate the role of advection in determining Ore-
gon shelf characteristics during the winter season, we examine
currents during periods of peak downwelling conditions in
each of the three winters. We identify these as month-long
periods with the strongest positive meridional current as ob-
served in the areca-averaged HF radar data for the Oregon
shelf. These are February 8—March 8 2009, January 1-31,
2010, and March 1-31, 2011 (indicated as shaded periods in
Fig. 7b) (March 2011 is chosen over December 2010 for the
third winter, as it better represents the fully developed winter
season conditions). Model-derived current fields compare
well qualitatively to maps of HF radar surface currents aver-
aged over these periods (Fig. 11). In both the model and ob-
servations, intensified northward surface currents extend off-
shore of the 200-m isobath over the continental slope and
appear to be roughly constrained by bathymetric contours.
The modeled downwelling jet is comparable to the radar ob-
servations in 2009, less diffuse than the observations in 2010,
and centered moderately farther offshore in 2011. Quantita-
tively, the model correlates best with the HF radar surface
currents shoreward of approximately the 250-m isobath dur-
ing the winter seasons as measured by the magnitude of the
complex correlation coefficient (Fig. 12). Root-mean-square

Fig. 10 Average SST in the
second week of March (left to
right): 2009, 2010, and 2011.
(Top) the operational sea surface
temperature and sea ice analysis
(OSTIA) satellite product,
(bottom) model

Mar.14-21, 2009

error between modeled and observed fields is largest near-
shore north of Cape Blanco.

The structure of these surface currents in the model on a
larger alongshore scale is presented in Fig. 13. In peak
months, the northward flowing current can be traced down
the coast as far as 36N. Interaction with oceanic eddies ap-
pears to influence the continuity of the current, particularly
when the current is stronger and centered farther offshore.
North of 41N, the currents are generally strongest in January
2010, with those in March 2011 also comparatively strong and
those in February 2009 considerably weaker.

The vertical structure of the alongshore downwelling jet
reveals that it is a relatively deep feature, greater than 150 m
in depth, that may be surface or subsurface intensified at dif-
ferent times and at different positions along the coast (Fig. 14).
Cross-shore sections of potential density (also displayed in
Fig. 14) show that at 44.6N, out to about 100 m depth, the
waters are mixed from surface to bottom on average over each
peak month in 2010 and 2011, but not in 2009. The vertical
shear in the horizontal current along the shelf break at 44.6N is
qualitatively in thermal-wind balance with the strong horizon-
tal cross-shore density front separating relatively well-mixed
surface/shelf waters and the stratified interior. In cross-shore
zonal sections farther south at 42N, where the shelf is much
narrower, the shelf volume is likewise well-mixed out to the
100-m isobath in all 3 years. At 39N, where the shelf slopes
downward steeply from very near the coast, the weaker
downwelling jet in 2009 is farther offshore, and the near coast

Mar.14-21, 2010 Mar.14-21, 2011
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47'N

a Feb.2009 b  Jan.2010 C  Mar.2011

46 N
45'N|
44'N|

43'N|

42N 25cm/s

126W  125W 124 W 126W  125W  124W 126 W 125W 124 W 126“ 124W 126 W 125W 124 W 126 W 125W  124'W
HF radar ROMS HF radar ROMS HF radar ROMS
0 02 04
v (m s‘1)

Fig. 11 Surface currents off Oregon from HF radar and the model averaged over month-long periods of peak northward winter flows (see Fig. 7b): a
February 8—March 8, 2009; b January 2010; ¢ March 2011. Black contour lines indicate the —2000-, —1000-, —500-, —200-, and —100-m isobaths

environment is more well-mixed than in either 2010 or 2011 offshore expression of the coastal downwelling circulation at
(Fig. 14). On the offshore side of the jet, the isopycnals slope  this location and time.

downward in the offshore direction in both 2010 and 2011, The northward coastal current in January 2010 is found to
which in conjunction with the surface currents (Fig. 13) sug-  separate from the narrow shelf between Cape Mendocino and
gest that oceanic eddies or currents may be limiting the  Cape Blanco (40-42N) (Fig. 13). A pattern similar to this was

a Winter 2008-09 b Winter 2009-10 C Winter 2010-11

126’ W 124°W 126’ W 124°W 126 W 124°W 126’ W 124°W 126’ W 124°W 126°W 124" W
0 0.5 1 01 02 03
corr.coef. rms.err. (m/s)

Fig. 12 Magnitude of the complex correlation coefficient and root-mean- the 2000-, 1000-, 500-, 200-, and 100-m isobaths. The gray line in the
square error between HF radar observations of surface velocity and model leftmost panel indicates the boundary of the coastal control volume
surface fields for the three winters (DJEM). Black contour lines indicate discussed in Section 5
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Feb.2009

Fig. 13 Monthly averaged
alongshore surface current
magnitude (color) and direction
(vectors), 38-50N, during peak
winter months in each winter.
Black contour lines indicate the
depths of the 1000-, 500-, 200-,
and 100-m isobaths. White lines
in (a) delineate the coastal control
volume referred to in Section 5

also found by Bjorkstedt et al. (2010) in analysis of winter-
averaged HF radar data for the same year (see their Fig. 8d).
The results of this separation are also shown in the cross-shore
v-section at 42N (Fig. 14), where the maximum of the January
2010 northward jet is found considerably farther offshore than
the shelf break.

Given the increased intensity of the northward flow along
the shelf and slope in winter 2009-2010, compared to 2008—

Fig. 14 Vertical cross-sections of Feb-2009

the monthly averaged meridional
current component (color) and
potential density anomaly (/ines),
during peak winter months for
each year

b sanz2010 C  Mar2011

04
03
“-(h
02 £
3
>
0.1
0

09, we initially hypothesized that the advection of waters from
California would result in anomalously warmer and saltier
waters along the shelf break farther north in spring 2010.
These waters would be available for upwelling in Oregon,
causing an anomaly in the near-bottom waters over the shelf
in summer. However, analyses of available glider and mooring
observations (Adams et al. 2013) show that the temperature-
salinity properties near the bottom over the Oregon shelf in

Jan-2010 Mar-2011

2

26.5
| 30,0 B

26.55

e

-1248 -1246 -1244 -1242 -124 1238

-1248 -1246 -1244 1242 124 1238 -1248 -1246 -1244 -1242 124 -1238

@ Springer



1656

Ocean Dynamics (2015) 65:1643-1663

T T T T T T

I 1 1 1 1 Il 1 'k 1 -

Fig. 15 Volume-averaged nk
temperature (fop) and salinity
(bottom) in the coastal control G 10k
volume (CV) between 41 and =
47N and inshore of the 200-m 9
isobath
8 1 1
33.61
S 3341
g
e 33.2[
33
32.8H L
10-08 01-09

summer 2010 were close to average, and our model results are
consistent with this. Additional analyses of model results (not
shown) revealed intense eddy variability over the slope, in-
cluding subsurface intensified eddies (at the scales on the or-
der of 50 km), in winter 2009—-2010 that may have contributed
to offshore transport of the heat and salt during that time pe-
riod. The mechanisms for eddy generation and estimates of
the momentum, heat, and salinity fluxes associated with
eddies over the slope and in the adjacent interior ocean will
be addressed in future studies.

5 Volume-integrated heat and salinity over the shelf

The available solution allows an assessment of the seasonal
variability in the average heat and salinity content over the
shelf and an analysis of the interannual variability over the
32-month period. Accordingly, the model potential tempera-
ture (T) and salinity (S) are integrated in a coastal control
volume (CV), south to north between latitudes 41 and 47N,
west to east from the 200-m isobath to the coast (Fig. 13a), and
in the vertical from the bottom to the surface. This coastal

Fig. 16 (7op) The cumulative

04-09 07-09 10-09 01-10 04-10 07-10 10-10 01-11 04-11

control volume includes all of the Oregon and part of the
Washington shelf where intense coastal upwelling is observed
in summer and strong downwelling is found in winter. The
choice of the alongshore extent was partly motivated by our
earlier study (Kurapov et al. 2011), where the volume-
integrated heat balance was analyzed for a similar region,
but only for a part of a summer upwelling season. Here, we
have a chance to complete the seasonal cycle, assess the be-
havior during winter, and address interannual differences.
The volume-averaged T and S in the coastal CV as func-
tions of time are shown in Fig. 15 where interannual, annual,
and shorter-term variabilities are visible. The characteristics of
this time variability are analyzed and discussed below. To
assist in the interpretation of that variability, the cumulative
north-south surface wind stress averaged over the CV ocean
surface and the cumulative CV volume-averaged north-south
velocity are shown in Fig. 16. The annual cycle in the wind
stress, negative (southward, upwelling-favorable) in summer
from about April to September and positive (northward,
downwelling-favorable) in winter from October to March, is
evident from the negative and positive slopes, respectively, in
the cumulative stress curve. The northward winter wind

north-south wind stress averaged
over the CV surface area and
(bottom) the cumulative CV
volume-averaged north-south
velocity

1 1 1 1 1 1 1 1 1
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stresses in 2009—-2010 and 20102011 are considerably stron-
ger than in winter 2008-2009 and also considerably stronger
than the summer southward wind stresses in 2009 and 2010.
Periods where the cumulative stress levels off on the seasonal
scale delineate periods of seasonal spatial and/or temporal
variability in the prevailing wind direction over the coastal
control volume. For example, the cumulative northward wind
stress is rather flat between April and the middle of June 2010
despite this generally being considered the upwelling season
on the US West Coast. During this time, although winds are
predominantly southward, there are intermittent wind rever-
sals to northward, particularly in the northern portion of the
control volume (Fig. 4). Peak upwelling-favorable winds dur-
ing this period tend to be centered to the south of the Oregon-
Washington coastal control volume.

The variability of the volume-averaged north-south veloc-
ity is related to that of the wind stress. It is generally south-
ward in summer and northward in winter, but with the veloc-
ities southward only from about April to July and northward
the rest of the year, from about August to April. The north-
ward velocities found during August—September evidently re-
flect the influence in the CV-average of the northward current
fluctuations south of about 43N, shown for the surface cur-
rents in Fig. 4 and observed in current measurements at
42.44N during 2000-2003 by Ramp and Bahr (2008). Simi-
larly, the strong CV-averaged cumulative southward currents
between April and June of 2009 and 2010 evidently reflect not
only local winds but also the influence through coastal-
trapped wave dynamics (e.g., Denbo and Allen 1987) of the
strong upwelling-favorable winds that have developed most
strongly to the south of the CV during this period.

The temporal variability in the volume-integrated heat con-
tent (Fig. 15) is primarily a result of the imbalance between the
area-integrated atmospheric heat flux and the advective heat
flux through the lateral boundaries. Cumulative time integrals
in these three terms are shown in Fig. 17, normalized appro-
priately by the volume, water density, and specific heat to
show change in units of degrees Celsius and offset by the
value of the volume-averaged temperature at the beginning
of the analysis time interval. Variations in the volume-
average temperature are smaller than in the boundary heat flux
terms, which tend to have opposite signs. On the interannual
time scale, the atmospheric heat flux tends to warm the vol-
ume, and this is balanced on average by an outward advective
heat flux through the open boundaries. The atmospheric heat
flux integral has local minima in March of each year (at times
where winter cooling through the ocean surface is turning to
warming in spring). This heat flux warms the volume by about
4 °C between April 2009 and March 2010 (EI Nifio season),
compared with about 1.5 °C between April 2010 and
March 2011. This is counteracted by the advection of heat
out of the domain, tending to cool the control volume by about
3.5 °C between March 2009 and March 2010 and 2 °C

between March 2010 and March 2011. A result of those dif-
ferences is that the volume-averaged temperature in
March 2010 is about 0.5 °C warmer than in March of the
preceding or following year.

In the annual cycle of volume-averaged T (Fig. 15), the
maximum value in each model year is reached in November,
about a month after advective cooling associated with upwell-
ing switches to advective heating associated with
downwelling and after the atmospheric heat flux changes the
other way from summer heating to winter cooling (Fig. 17).
The maximum value is around 11 °C in both 2009 and 2010.
The minimum is found in summer, in May during 2009 and in
July during 2010. That difference in timing evidently corre-
sponds to the earlier seasonal shift to persistent southward
upwelling-favorable winds in April 2009 compared to about
June 2010 (Figs. 4 and 16).

It is helpful in trying to better understand the variability of
the CV volume-averaged temperature to assess the time-
dependent behavior of the atmospheric heat flux integrated
over the CV ocean surface (Fig. 18). The net positive heat flux
in summer 2009 (April-September) is notably larger than in
summer 2010, primarily due to greater shortwave radiation in
summer 2009. A similar result was found for the net flux over
the whole domain (Fig. 2). Between October and March, the
net fluxes are negative, as a result of reduced shortwave radi-
ation and increased negative latent cooling. The time variabil-
ity of the negative net fluxes in winter generally follows that of
the latent and sensible fluxes. There is notably more cooling in
January—March of 2011 than there is in the same months in
either 2009 or 2010.

Conditions at the offshore 200-m isobath western boundary
of the CV that contribute to the seasonal differences in the heat
and salinity fluxes and in particular to the differences during
the three winters, may be assessed by computing the vertical
profiles of temperature, salinity, and N, averaged horizontally
along the 200-m isobath (between 41 and 47N) and plotted as
a function of time (Fig. 19). The annual cycle in stratification
over the 200-m isobath, stronger in April through September
during summer upwelling and weaker in October—March dur-
ing winter downwelling, is shown by all the variables, but is
especially clear in the salinity and N? plots. In particular, the
sharp reductions in the stratification in January 2010 and, to a
somewhat less extent, in December 2010 and March 2011,
coincident with the strong northward wind stress in those
months (Fig. 16), are evident. The temperature profiles show
generally warmer water during January through March of the
2010 El Nifio winter than in the same winter months in 2009
and 2011.

To better understand the nature of the total advective heat
and salinity fluxes into the CV, we calculate, in a manner
explained below, the time-dependent cumulative fluxes
through the three separate boundaries, northern (47N), south-
emn (41N), and western (200-m isobath). Before doing that, it
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Fig. 17 The cumulative terms in
the CV volume-averaged

temperature equation; averaged 14 -
temperature (thick black),
accumulated atmospheric heat 12

flux into the volume (gray,
closely-spaced dashes; the
increasing function means
warming the volume-averaged
temperature) and the heat flux
advected through the ocean
boundaries (gray, widely-spaced
dashes; southern, northern, and
western boundaries combined)
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is useful to assess the cumulative volume fluxes through those
boundaries (Fig. 20). Those fluxes sum to near zero values
with a small residual that we will neglect in the following
discussion. That approximation corresponds, in the volume
integral of the continuity equation, to a neglect of the contri-
bution from the surface area integral of the time derivative of
the sea surface height relative to the contributions from vol-
ume fluxes through individual separate boundaries. The resul-
tant relative error may be quantified by a calculation of the
root-mean-square value of the sum of the volume fluxes
through the separate boundaries divided by the root-mean-
square value of, e.g., the western boundary flux. That calcu-
lation gives 0.013, which is indeed small. It may be seen that,
for this CV, the dominant boundary fluxes are through the
western and northern boundaries. At the western boundary,
the volume flux is generally positive into the CV during win-
ter from about October to March, being relatively strong in

04-09 07-09 10-09 01-10 04-10 07-10 10-10 01-11 04-11

winters 2009-2010 and 2010-2011. Negative fluxes out of
the CV are found in summer from April to September. These
winter and summer seasons correspond approximately to
those of the wind stress (Fig. 16). The western boundary vol-
ume flux is primarily balanced by that at the northern bound-
ary, which is negative (northward) out of the CV in winter and
positive (southward) into the CV in summer, in general agree-
ment with the behavior of the cumulative volume-averaged
alongshore velocity (Fig. 16). The flux at the southern
boundary is negative (southward) out of the CV in April
through about June and weakly positive (northward) most
of the rest of the year. The volume fluxes in Fig. 20 are
normalized by the total volume of the coastal CV so that a
change in cumulative normalized transport equal to +1
represents the time it takes for the volume fluxed through
a boundary to equal the entire contents of the CV. The
volume renewal time scale is about 3 months during

Fig. 18 Time-series of the net 400 T
atmospheric heat flux, together
with the components, integrated

over the surface of the CV after
application of a 30-day filter. The
heat flux components are
shortwave radiation, longwave
radiation, latent, and sensible

@ Springer

200

-100

-200

-300 -

T T T /| T T T T T

Net

i Sensible
h Latent

1y Lwr  H
= = = SWr

10-08

I
01-09

1 I | L I I I I I
04-09 07-09 10-09 01-10 04-10 07-10 10-10 01-11 04-11



Ocean Dynamics (2015) 65:1643—-1663

1659

depth (m)

Oct-08 Jan-09 Apr-09

upwelling conditions and is much faster, near 1 month, in
winter downwelling conditions.

The heat fluxes through the separate boundaries are calcu-
lated by using, in the heat flux calculation, u,,(T— Tye) = u,(T—
Tove()), Where T,,,(2) is the time-dependent volume-averaged
temperature and u,, is an appropriate normal velocity (Lee

Jul-09 Oct-09 Jan-10 Apr-10 Jul-10 Oct-10 Jan-11 Apr-11

Fig. 19 Vertical profiles of temperature, salinity, and N* averaged horizontally along the 200-m isobath at the CV western boundary plotted as a function
of time

et al. 2004). In that way (assuming for this argument that the
normal velocity is positive into the CV), every local flux that
is positive (negative) may be interpreted as increasing
(decreasing) T,y4(¢). In the continuity equation, again
neglecting the relatively small contribution from the time de-
rivative of the sea surface height, we found the volume fluxes

Fig. 20 Cumulative volume flux [ ' [ | ' | ! | | I |
terms for the separate boundaries i
of the CV, western (200-m
isobath), northern (47N), and 3r y
southern (41N). Since volume is
conserved, these separate 2 -
boundary fluxes balance and
effectively sum to zero (see text) 1k i
= -7 s\
2 olrs S X
> - 7 - \a
M. ! \ N
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Fig. 21 Cumulative advective
heat flux terms for the separate
boundaries of the CV, western
(200-m isobath), northern (47-N),
and southern (41-N), calculated as
explained in the text, plus the total
advective flux from all three
boundaries
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to be approximately balanced. Consequently, since 7=
T,ve(?) is constant in space, this procedure removes from
the local fluxes a component that for the separate bound-
aries may be sizeable but that contributes negligibly to a
change in T,,(f) since it represents the advection of a
spatially constant T,,,(f) by a nearly conserved volume
flux (Fig. 20). As a check, we find numerically that the
sum of the separate boundary fluxes is a very close ap-
proximation to the total advective heat flux (Fig. 17) that
is calculated based directly on an integration of the mod-
el formulation for the advection terms in the equation for
T. In this case, the root-mean-square error of the differ-
ence divided by the root-mean-square value of the model
total advective flux is 0.036, which is again small.

The resulting cumulative separate boundary advective heat
fluxes are shown in Fig. 21 along with the total advective flux.
It can be seen that the seasonal time variability in the total
advective flux is effectively dominated by that of the western
boundary flux. By a comparison of the variability of the wind
stress (Fig. 16) with that of the western boundary heat flux, a
general relationship may be seen between northward
downwelling-favorable wind stresses and positive warming
fluxes during approximately October through March and the
opposite, between southward upwelling-favorable wind
stresses and negative cooling fluxes during April through Sep-
tember. The 2-year trend (April 2009-March 2011) of the
western boundary cumulative heat flux (Fig. 21) is negative,
which reflects the fact that, at the western boundary, the
cooling advective fluxes, associated with southward
upwelling-favorable winds in summer, are more effective in
changing the volume-averaged temperature than are the
heating fluxes associated with the northward downwelling-
favorable winds in winter. It is notable that this occurs in spite
of the fact that during the 2-year period (April 2009—
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March 2010), the northward winter winds are considerably
stronger, as illustrated by the positive 2-year trend of the cu-
mulative wind stress (Fig. 16) and correspondingly, the cumu-
lative western boundary volume flux is larger in winter than in
summer (Fig. 20). As indicated by the plateau-like behavior in
the cumulative western boundary heat flux during January—
March of both 2010 and 2011, the positive cooling fluxes
during early winter decrease to relatively small values during
those peak wind winter months. That behavior is evidently
associated with the displacement offshore of stratified water
by downwelling circulation processes between 41N and 47N,
leaving relatively less stratified water inshore of the 200-m
isobath (Figs. 14 and 19) and correspondingly decreasing T
— T,v(f) on the boundaries, thus weakening the net across-
isobath heat flux. It appears to be that process, a counterpart
of which is not found in the upwelling circulation, that limits
the effectiveness of the downwelling circulation in warming
the water inshore of the 200-m isobath in the presence of
strong downwelling-favorable winds later in the winter.

The northern boundary heat flux has a positive (heating) 2-
year trend (April 2009—March 2011) that tends to partly bal-
ance the corresponding negative trend of the western bound-
ary heat flux. The positive fluxes at the northern boundary are
present in both summer (July—September) and winter (Janu-
ary—March) and are evidently determined by the southward
flux of relatively warm water into the CV during summer
upwelling and the northward flux of relatively cold water
out of the CV during winter downwelling. At the southern
boundary, the 2-year trend is negative and considerably small-
er than that from either the northern or western boundaries
(partly because the area of the southern boundary, over a nar-
row part of the shelf, is much smaller than the other two).
Contributions to the southern boundary negative trend occur
during the April-June time periods by the southward
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Fig. 22 Cumulative advective
salinity flux terms for the separate
boundaries of the CV, western
(200-m isobath), northern (47N),
and southern (41N), calculated as
explained in the text, plus the total
advective flux from all three
boundaries
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advection (Fig. 16) of relatively high 7 water out of the CV.
There are relatively weak positive fluxes during the months of
exceptionally strong northward winds and strong northward
currents February 2009, January 2010, and March 2011. The
weak negative or near zero fluxes during July—October, time
periods when the volume fluxes are generally northward into
the CV, appear to result from an intensification of the north-
ward flow in the lower part of the water column (not shown), a
qualitative feature that is consistent with observations (Ramp
and Bahr 2008) at 42.44N during “autumn” in 2000-2003.
Overall, the negative 2-year trends (April 2009-March 2011)
in the western and southern boundary heat fluxes dominate the
positive trend in the northern boundary flux and result in the
negative trend in the total advective heat flux (Fig. 21).

It is likewise useful to examine the time-dependent behav-
ior of the cumulative salinity fluxes through each boundary,
calculated in a similar manner and with similar assumptions
by using u,(S—Sav(?) in the flux calculations. Those are
shown in Fig. 22 along with the total advective salinity flux.
It may be seen from a comparison of the time-variability of the
total flux and the different boundary fluxes that, similar to the
situation with the temperature fluxes, the seasonal variability
of the salinity flux at the western boundary tends to dominate
the seasonal variability of the total advective salinity flux. In
addition, a relation between the seasonal variation of western
boundary salinity flux and that of the wind stress, qualitatively
similar to that found in temperature, is evident. Positive fluxes
that increase S,yo(f) occur during approximately April-Au-
gust, when the wind stress is southward (upwelling-favor-
able), while negative fluxes that decrease S,,,(f) occur during
October—December when the wind stress is positive
(downwelling-favorable). Relatively small fluxes are found
during the high wind winter months January—March. That
behavior is similar to that found in the western boundary heat
flux, evidently for the same reason (Fig. 19). As a result, the 2-

year (April 2009—March 2011) trend in the cumulative west-
ern boundary salinity flux is positive, generally dominated by
the positive fluxes during summer (April-September), similar
to the behavior of the western boundary heat flux.

The salinity fluxes at the southern and northern boundaries
show a different behavior than the corresponding temperature
fluxes. One contributing factor to that difference is that there is
a persistent tendency for the salinity in the north to be lower
than that in the south, so the sign of the northern and southern
boundary salinity fluxes are generally consistent with that
general gradient and the sign of the corresponding volume
fluxes. At the southern boundary, there is a fairly persistent
positive salinity flux with weak negative fluxes typically only
in March and April, which is the time of relatively strong
southward currents at that location (Figs. 4 and 16). At the
northern boundary, negative fluxes from about April to Sep-
tember, corresponding to the advection of relatively low S
water southward into the CV, are generally stronger than the
positive fluxes during October—March, associated with the
advection of relatively low S water northward. The relatively
large negative trend from the northern boundary salinity
fluxes during summer tend to balance on an annual basis the
positive trends from the western and southern boundaries.
That balance results in a reasonably stable annual cycle in
the total advective salinity flux (Fig. 22) and thus in the
volume-averaged salinity (Fig. 15).

The volume-averaged temperature varies differently in
winter 20092010 (EI Nifio), compared to the previous and
following winters (Fig. 15). The volume-averaged T reaches
similar maximum values around 11 °C in November 2009 and
2010, while in November 2008, it is closer to 10 °C. For most
of the months January—March 2010, however, it is elevated
and nearly constant at about 10.5 °C, which is considerably
warmer than during those months in 2009 (9 °C) and 2011
(9.5 °C). Similarly, volume-average S is approximately level
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at relatively low values during the same 3 months. The
plateau-like behavior in temperature during much of the win-
ter 2010 is also exhibited by similar plateau-like behavior in
the contributions from the atmospheric heat flux and the total
advective flux (Fig. 17). The level behavior in the atmospheric
contribution is due to the relatively smaller net flux in winter
(Fig. 18). The level behavior in the net advective flux, as
discussed above, appears to be related to the coastal ocean
response to strong downwelling winds which result in de-
creased stratification over the shelf (Fig. 19). Similar shelf
flow processes seem to be responsible for the corresponding
weakening of the advective salinity fluxes during January—
March 2010 and the resultant approximately level behavior
of the volume-averaged salinity during that time period. The
difference in the behavior of the volume-averaged temperature
during January—March 2010, compared to the same months in
2009 and 2011, appears to result from the combined strong
wind stresses and relatively higher heat fluxes found in 2010.
In January—March 2009, the heat flux is similar to that in 2010
(Fig. 18), but the wind stresses are considerably weaker than
in the same months in either 2010 or in 2011 (Fig. 16). The
shelf is still partially stratified (see Fig. 14, top-left) such that
intensification in the wind stress in February 2009 is associat-
ed with appreciably strong changes in the downwelling front
location and hence the CV-averaged temperature. During Jan-
uary—March 2011, the downwelling wind stresses are gener-
ally strong and comparable to those in 2010, but the heat
fluxes (Fig. 18) show notably more atmospheric cooling, con-
tributing to reduction in the CV-averaged temperature over
winter 2011.

6 Summary

The ocean circulation model, regional-scale by the size of the
domain and coastal-scale by horizontal resolution, has been
developed to study the dynamical processes by which the
ocean in the interior and that over the continental shelf interact
along the coast of the US Pacific Northwest (northern Califor-
nia, Oregon, and Washington). The present study has demon-
strated the model skill as verified against satellite SST, SSH,
surface currents from HF radars, glider temperature and salin-
ity sections, and mooring temperature measurements. The
model correctly describes many aspects of the ocean variabil-
ity on temporal scales from several days to interannual. The
analyses were focused on patterns of winter circulation and in
particular on the differences in the 2009—2010 winter influ-
enced by the El Nifio event. Compared to winter 2008-2009,
the EI Niflo results in warmer ocean waters along the coast,
stronger downwelling-favorable winds, and stronger along-
shore (northward) and onshore transports. Although the wind
forcing and shelf ocean conditions during the following winter
0f 20102011 were closer to those during winter 2010-2011,
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notable differences were found off Oregon in the behavior of
the shelf CV volume-averaged temperature and salinity during
the El Nifio winter. From January to March 2010, the variabil-
ity of these variables exhibited a plateau-like behavior that
corresponded to the existence of relatively higher tempera-
tures and lower salinities than found during those winter
months in either 2009 or 2011.

Availability of this model solution provides opportunities
for many study directions, which will be explored in the fu-
ture, including the structure of the slope flows in winter and
summer, surface and subsurface eddy variability in the coastal
transition zone, formation of source waters for upwelling, and
response of the upper ocean to winter storms.
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