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Abstract

Adjoint methods of sensitivity analysis were applied to the California Current using the
Regional Ocean Modeling Systems (ROMS) with medium resolution, aimed at/dia_gnosing the
circulation sensitivity to variations in surface forcing. The sensitivities of /éoastal variations in
SST, eddy kinetic energy, and baroclinic instability of complex time ewolviag flows were quan-
tified. Each aspect of the circulation exhibits significant interafiaual jand seasonal variations
in sensitivity controlled by mesoscale circulation features. Central California SST is equally
sensitive to wind stress and surface heat flux, and less 50 10 wind stress curl, displaying greatest
sensitivity when upwelling favorable winds are relaéging, ahd least sensitivity during the peak

X
of upwelling. SST sensitivity is typically 2-4 times/ larger during Summer than during Spring,
although larger variations occur during sdme,yea”rs.

The sensitivity of central coast eddy kinetic energy to surface forcing is on average constant
throughout the year. Perturbations,in the wind that align with mesoscale eddies to enhance
the strength of the circulation by local Ekman pumping yield the greatest sensitivities.

The sensitivity Qf the.potential for baroclinic instability is greatest when nearshore hor-
izontal temperattit€ gradients are largest, and is associated with variations in wind stress

\
concentrated aibng\; the core of the California Current. The sensitivity varies by a factor ~ 1.5
througho’ut the year. A new and important aspect of this work is identification of the complex

ﬂovx} dépﬁeridence and seasonal dependence of the sensitivity of the ROMS CCS circulation to

vikiations in surface forcing that was hitherto not previously appreciated.



1 Introduction

The California Current System (CCS) is a complex eastern boundary current (Hickey, 1979;
1998), and there remain many unanswered questions concerning the underlyiﬁé\dynamics of
the circulation (Miller et al., 1999). There have been a number of recent;‘eff\o’rtys to establish
permanent operational real-time observing systems along the entife mwest coast of the U.S.
(i.e. the Southern California Coastal Ocean Observing System (SCCOOS) and the Central
California Coastal Ocean Observing System (CenCOOS)). Iﬁ addition there exist a number of
rich historical data sets for both the physical and biglogical environment (i.e. the California
Cooperative Fisheries Investigation (CalCOFI)). Eﬁ&)rts' are also underway to set up a real-
time ocean forecasting system for parts of thé CCS (Chao et al., 2007; Li et al., 2007) and
real-time data, both in-situ and satellite, data, are a critical for this effort. Important aims
for the current observation and forecastig programs include: (i) providing a more complete
picture of the CCS circulation (ii) elucidating the dynamics of the CCS; (iii) understanding
the impact of the physical dnvironment on local ocean ecosystems; and (iv) providing routine
ocean forecasts in support o‘vf” various government agency and public service activities.

Ocean statedestimates for studies of ocean dynamics and routine ocean forecasting are
N
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generated usingﬁata assimilation techniques. Any data assimilation efforts in the CCS must
necessarﬂy,be built upon a sound knowledge of the physical attributes that control the cir-
culyéuti(;n‘"ir’l the forecast region. If the model is reliable, these same attributes will control
the”circulation in the real ocean also. Therefore a detailed sensitivity analysis of the CCS
éirculation serves several purposes.

We begin with a brief description of the physical circulation of the southern CCS. A dom-



inant feature of the CCS is near-shore upwelling and its rich coastal ecosystems. The coastal
upwelling is primarily driven by alongshore winds (Bakun, 1990), although the character of
the winds varies with latitude. South of Point Reyes (see Fig. 1a) the alongsho\re winds are
upwelling favourable all year round, while to the north, upwelling (downvyelling) ;vinds exist
only during the Summer (Winter). Since the focus of the present study 1§ the\\s’outhern portion
of the CCS we describe only the main features of the Circulafc/ion 1n this region. Excellent
reviews of the entire CCS circulation can be found in Hickey* (1979; 1998).

South of Point Reyes, the CCS is comprised of the équatorward California Current (CC),

a persistent undercurrent, and intermittent near shére eguntercurrents. The circulation is also
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dominated by mesoscale eddies and filaments*sghich are apparent from drifters, and in the
surface thermal structure and ocean Surfaée coldr/ (e.g. Abbot and Zion, 1985; Strub et al.,
1991; Swenson et al., 1992; Strub and James; 2000).

There have been numerous modeling and diagnostic studies of the CCS, and many indicate
that local variations in the/éurface wind play an important role in controlling the circulation
(e.g. Allen, 1980; McCréaryxet al., 1987; Brink, 1991; Batteen, 1997; Oey, 1999; Di Lorenzo,
2003). Observationé and models also indicate that the CCS is characterized by several dynam-
ical regimes, inci?d‘ing Rossby wave dynamics (e.g. Strub and James, 2000; Di Lorenzo, 2003),
mesosgalé eddy %/ariability (e.g. Kelly et al., 1998), and instabilities associated with near-shore
denSit’y froﬁts (Strub and James, 2000). Several prominent topographic features (Point Arena,

'Cape 'Mendocin@, Point Reyes, Point Conception, see Fig. 1la) also play a significant role in
shaping local circulation patterns (Batteen, 1997), particularly in relation to the formation of
filaments and eddies (e.g. Enriquez and Friehe, 1995; Marchesiello et al., 2003).

The numerous complex and often competing dynamical regimes can render difficult the



interpretation of CCS observations and model simulations. In addition, there are other po-
tentially important factors such as the influence of stochastic forcing on the CCS that have
received little attention, although they are believed to be important in the ocean \(g.g. Frankig-
noul and Miiller, 1979; Miiller and Frankignoul, 1981; Aiken et al., 2002; Chhak et @Z., 2006a,b;
Chhak and Moore, 2007; Chhak et al., 2008).

Despite the large body of observation and modeling literatupe on t/’he CCS, there has been
no systematic quantitative exploration of the sensivitities offundamental aspects of the CCS
circulation to the various inputs of the system. Therefore, injthis paper we have used the ad-

joint of an ocean general circulation model in an affempt/to unravel the competing influences
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of various physical aspects of the CCS circulatiém,/While some fundamental aspects of the CCS
circulation have been documented and aye Well u"n/derstood, such as the role of the alongshore
wind stress in promoting upwelling aild in’est/ablishing cross-shelf pressure gradients that drive
the primary current systems, quantitative questions remain about the sensitivity of the circu-
lation to the timing andystrﬁcture of variations in the forcing. The analyses presented here
shed new and importantflig’ht on these sensitivities which are relevant to our understanding of
the CCS and efforté towpredict the circulation. Furthermore, the temporal and spatial nature
of these sensitiwi;iés as revealed by the adjoint method are unique and unknown a priori. The
only othér Way that they can be obtained is via direct numerical simulations involving a very
large ﬁufnﬁer of costly forward model integrations.

We yconsider three dynamical aspects of the CC that have received considerable attention,
namely: coastal upwelling and sea surface temperature (SST), eddy kinetic energy, and baro-

clinic instability. We demonstrate that while many of the qualitative conclusions reported

elsewhere are validated by the adjoint approach, the current study is able to formally quantify



the sensitivities to surface forcing, and reveals additional, more subtle aspects of the circulation
sensitivities. The biological aspects will be explored in Part II. Adjoint techniques have been
used extensively for sensitivity analysis in meteorology (e.g. Hall and Cacuci, 19§3; kangland
et al., 1995; Rabier et al, 1996) and other branches of physics (Cacuci, 1981ah), bu\t have only
recently found favor in oceanography (e.g. Junge and Haine, 2001; Galanti and Tziperman,
2003).

A description of the ocean model follows in section 2. TheJnodel physical circulation is
discussed in section 3, and in sections 4 and 5 we introduce the adjoint method of sensitivity
analysis which is applied in sections 6 and 7 to\Va;rious indices that characterize different

N\
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physical aspects of the circulation. We end with,a summary and conclusions in section 8.

2 The Regional Ocean Modéling System

The primary tools used in the present study are a coupled physical-biological ocean model com-
prised of the Regional Ocean Modeling System (ROMS) and a 4-component nitrogen-based
trophic model. ROMS igaystate-of-the-art hydrostatic, free-surface ocean general circulation
model developed:speciﬁcally for regional applications (Haidvogel et al., 2000, 2008). The model
uses a terrain fgllg;ving coordinate system in the vertical, and generalized orthogonal curvilin-
ear cogrdinates in the horizontal with the result that the complex topography and bathymetry
often éhCountered in coastal regions can be well resolved (Shchepetkin and McWilliams, 2004).
In‘addition ROMS is equipped with a comprehensive suite of open boundary conditions (March-
esiello et al., 2001) and can be conveniently nested with varying resolution.

The model domain extends from 115°W to 132°W, 29°N-39.5°N (Fig. 1b). The horizontal



resolution is 20 km and there are 20 s-levels in the vertical. The effective vertical resolution
varies spatially: ~ 5 —10 m along the shelf, and offshore between ~ 10 m near the surface and
~ 1200 m in the deep ocean. At the open boundaries, a clamped boundary condition was used
to constrain the tracer and velocity fields using the solution from a larger deain,co‘hﬁguration
(152—110°W, 24.5—48°N) with the same resolution. ' Radiation condition;Were imposed on
the free-surface and barotropic velocity following Chapman (1985) and Flather (1976). Since
the Flather and Chapman radiation conditions do not conséfveJmnass, a volume conservation
constraint was imposed following Marchesiello et al. (2001) t@ compensate for any average loss

or gain of mass through the open boundaries. Noglip“ephditions were imposed at all coastal
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boundaries on velocity, and zero gradient conditions on all tracers.

Both model domains employ the same ’physical parameterizations and numerical algorithms
including: a non-linear equation of state; Srd;order upstream horizontal advection of momen-
tum, temperature, salinity and biological tracers; KPP vertical mixing (Large et al., 1994);
and horizontal mixing of temperature, salinity and momentum along s-surfaces. The biological
model employed was a‘sf’an’dard 4-component nitrogen-based (NPZD) trophic model (Franks,
2002; Powell et al.,/’2006) and is described in detail in Part II.

The horizoni;;\l\resolution employed here is less than typically used to model this region,

for two redsgns. The first is a practical consideration and stems from the fact that at the time

thesge (\:alcli/lations were performed, a parallel version of the ROMS adjoint was not available.

! Additional experiments were performed using a sponge layer in conjunction with clamped boundaries to
alleviate potential problems associated with over-specification of boundary conditions (Marchesiello et al.,
2001). The findings and conclusions of sensitivity analyses reported in later sections are insensitive to the

presence of the sponge layer, so only those experiments performed without a sponge layer are presented here.



Secondly, the primary focus of this study was to explore the sensitivity of the broad, persistent,
mesoscale features of the CCS circulation to variations in surface forcing. Estimates of the 1st
baroclinic mode radius of deformation for the region range from ~ 15 km (Bar’th\, #994) to ~
20—40 km (Emery et al., 1984; Chelton et al., 1998), so the chosen 20 km gr\f\i‘dspacin‘g’; is close to
the mid-range. Furthermore, recent CCS modeling studies using ROMS"at rééblutions ranging
from 3.5 km to 20 km by Marchesiello et al. (2003) and 0.75 km o2 ) by Capet et al. (2008)
indicate that the broadest mesoscale features and mean séasehal circulation are relatively
insensitive to horizontal grid resolution, and that the transition to submesoscale resolution

(Capet et al., 2008) does not significantly alter the’dominant mesoscale flow structures.
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The adjoint methods employed here are prédicated on the tangent linear (TL) assumption,
and provide reliable sensitivity informatioﬁ ton ﬁnite—amplitude perturbations only while the
TL assumption is valid. Experience Has shoWﬁ that as model resolution increases the time in-
terval over which the TL assumption 1§ valid descreases as smaller scale, nonlinear circulation
features emerge. Therefqre/ we expect the adjoint method to become increasingly limited in
time for ﬁnite—amplitudé’ perturbations at ever increasing model resolutions. However, given
these caveats, we féel comfortable using 20 km resolution to explore the sensitivity of the
broad, persistengiénergetic components of the CCS mesoscale since the model captures these
importaﬂt features of the circulation (as demonstrated in section 3), and the TL assumption
for, 'ﬁnitéfa%nplitude perturbations is valid for dynamically relevant time intervals. However,

“all t’hat’ said, some of the sensitivity results presented in the following sections and their inter-
pretation are likely to be model resolution dependent.

Another focus of this study is the influence of natural, unforced, internal variations in the

ocean mesoscale circulation on the circulation sensitivities. With this in view our aim was



to create a large-scale circulation environment on which the mesoscale circulation can develop
naturally and evolve. For this reason, ROMS was forced with monthly mean surface wind stress
and surface fluxes of heat and freshwater derived from the NCEP/NCAR reana\lysis project
(Kalnay et al., 1996) which captures the influence of the large-scale atmgspher,ic"circulation
environment on the ocean. In addition, NCEP forcing is devoid of localizeé ’forcing features
that may force localized variability, features of the circulation that We,’ wish to exclude for the
moment. Despite this apparent shortcoming of the NCEP fdteing products, Di Lorenzo et al.
(2008) have demonstrated that when forced by NCEP’forcing products, ROMS captures much

of the observed upper ocean variability in temperagfire,\salinity and nutrient along the eastern
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boundary of the North Pacific using similar reSglution (15 km) to that used here. That said,
similar results (not reported here) to thoge describéd in sections 6 and 7 were obtained using a
higher resolution (~ 10 km) wind product der,i,ved from the Navy’s Coupled Ocean/Atmosphere
Mesoscale Prediction System (COAMPS).

3 The Physical ‘M(_),del Circulation

The model openyboundaries were constrained by the circulation from the large domain spun-up
4
N

for 50 years us\i\ﬁg the NCEP forcing starting from a state of rest and Levitus climatological
tempeyature ,énd salinity distributions, the large domain constrained at its boundaries by a
cor’ri‘biﬁati(;n of radiation conditions and relaxation to Levitus temperature and salinity clima-
‘ tology (Di Lorenzo et al., 2004). The model used for the sensitivity calculations was initialized
onll] an, year 1 using the year 50 large domain solution, and run for 10 years.

Figure 2a shows the April mean SST during maximum coastal upwelling. During Fall



and Winter (Fig. 2b), SST increases as the rate of upwelling decreases. Figure 2 also shows
snap-shots of SST and sea surface height (SSH) on 1 April and 1 Oct of year 6, and indicates
that there is considerable mesoscale eddy variability qualitatively similar to /th\at observed.
SSH (Figs. 2d and 2f) is a good surrogate for surface geostrophic currents;\and t,he\’southward
flowing CC is clearly apparent. Typical filament and eddy features are labeﬁéd “f7, “e” and
“eq in Figs. 2e and 2f, and have scales ranging 100 km in the cage of /"‘f” to 200 — 350 km for
“e;” and “ey.” These can be considered as the smallest resolVaBle mesoscale features to which

the results of the sensitivity analyses presented in later4ections apply.

Vertical sections of monthly mean April and Oct.Ngémperature and alongshore velocity
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along the line indicated in Fig.2e are shown irfEig. 3. The seasonal signature of upwelling is
evident with, for example, the 12°C isotlérm etcropping near 123°W in April (Fig. 3a) and
along the coast in Oct (Fig. 3b). Obsei"vatjons show that the CC is confined to the upper 500m

I'and maximum velocities in Summer

(Hickey, 1998), with seasonal meanh/speeds ~ 0.1 m s~
to early Fall. The model’CC (Figs. 3c and 3d) has a broad vertical extent with peak speeds
at the surface of ~ 0.2 m S—% decreasing rapidly over the upper 200 m, reaching peak surface
speeds in the Spriﬁg and early Summer, depending on latitude. Observations suggest that
the undercurren\t‘\\\’ié‘narrow (~ 10 — 40 km) flowing poleward over the continental slope, with
peak speé(is Qf 0.3 — 0.5 m s7! in Summer and early Fall in the depth range 100 — 300 m. The
under’cu‘r’re’”ht is poorly resolved by the model used here, although there is a weak (~ 0.1 m s71),

“peleward flow over the shelf against the coast, present year round below the surface, in general

agreement with observations (Hickey, 1998).



4 Adjoint Sensitivity Analysis

We denote the ROMS state vector as ®(t) = (uv TS ( N P Z D)T, where u, v, T,S,(,N,
P,Z, D are vectors of the model grid point values at time ¢ of zonal velocity, m/efi\dional veloc-
ity, temperature, salinity, SSH, nitrate, phytoplankton, zooplankton and d\’etritus' respectively,
and superscript 7' denotes the transpose. Thus ®(t) is a vector comiptised of all model prog-
nostic variables at a single time. The nonlinear ROMS (hereafter™dedoted NLROMS) will be

represented symbolically by:

0P /0t = M (PN (1) (1)

where M denotes all model linear and nonfinéar operators, and f(t) is the forcing. Equation
(1) is solved subject to initial conditien ®(t7) = ®,; and boundary conditions ®q(t) where
denotes all boundaries, open and elesed. /

For sensitivity analysis a,scalar function J = G(®(t)) serves as an indicator of some aspect
of the circulation, and thégensitivity of J to variations in ®(t), ®;, ®q(t) and f() is explored
(Cacuci, 1980a,b). ALet(Pq(t) represent the solution of (1) that describes the time evolving
CCS, and consjd/elf\_\perturbations d®(t) to ®y(t) arising from small perturbations 6®;, P (t)

and 6f(t) tothi&4nitial conditions, boundary conditions and forcing respectively. To first-order:

06 /0t = <8M(<I>) /0%

)5@ + 5F () 2)

P (1)

subject to 0®; and dPq(t). Equation (2) is referred to as the Tangent Linear ROMS (TL-

ROMS), and compact solutions may be written as:



5®(t;) = Rits,1,)00(t:) + [ R(,t;)PSE(r)dr (3)

t;
where R(t;, tf) is the propagator for the interval [t;, t¢]. f(¢) is imposed as flux surface boundary
conditions on tracers and momentum denoted here by the matrix operatén P (3). Forcing
perturbations ¢f are transformed by P into perturbations 0® = Pdf that ax¢ advanced in time
by R according to the second term on the right hand side of (3):

Using (3), the resulting change 6.J ~ 6®7(9.J/0®) in .J is given by:

§J(t) = 6®T(t; )R (t,t;,)0G /0®(t) + At%df:ﬁ(\ﬁ‘#— JAOPTRY (t,t; + jAL)OG /0®(t)  (4)

=0

where for later convenience the integral in (3) is written as a Riemann sum, At is the ROMS
timestep, and ¢ = t; + NAt. In (4), R/T(t; t;) represents the propagator of the adjoint of
TLROMS (referred to hereaf’tyer as’ ADROMS), and the re-ordered time arguments denote
integration backwards in tirﬁe.

Solutions of TLROMS and ADROMS do not depend explicitly on the forcing f(¢) of NL-
ROMS (1); they debend only on ®((t) as driven by f(¢). This is because f(¢) is independent of
the model progr\;\g\;\s\\tic variables as formulated here 2. The perturbations 0f(¢) in TLROMS (2)
can therefore be divorced from f (t) in as much as they can be viewed as arbitrary perturbations

to thersurface boundary conditions in the presence of the circulation ®¢(t).

2In géneral of course f(t) will be an explicit function of the ocean circulation due to the influences of the

latter on the atmospheric surface boundary layer. Such complications are not considered here.

10



In the limit 6®(¢;) — 0 and 6f(t) — 0, equation (4) indicates that:

J(t)/0®(t;) = RY(t,4,)0G/0®(t);  0J(t)/0f(t; + jAt) = AtPTRT (¢, t; + jAHOG /0P(2).

§ (5)
The gradient vectors 0.J(t)/0®(t;) and 0.J(t)/0f(t; +jAt) reflect the sensi Nof J to changes
in ®; and f(¢;+jAt), and (5) shows they can be evaluated by integr /0P (t) backwards
in time using ADROMS. 4@

The gradient vectors can be expressed as linear superpositions of the singular vectors (SVs)
of the tangent linear propagator R as shown by Gela 09(1998). As such the structure of
the gradient vectors will be largely dictated by tﬁ&'stest growing SVs which are themselves
closely tied to individual circulation featuremQ%se they achieve rapid growth via barotropic
and baroclinic instability and linear eigemmode interference (Farrell and Ioannou, 1996). The
close connection between the gradie@ctors and the leading SVs means that we can also
interpret the former as pertur atiX.t:lat yield large changes in J, an idea that we exploit in
sections 6 and 7. Q’

As noted above, adWsenSitivity analysis is predicated on the validity of the TL assump-
tion. A suite of iments using the SVs as perturbations for NLROMS and TLROMS (not

shown) in that for finite-amplitude perturbations that achieve dynamically relevant am-

plitud&(i}. ¢ ~0.11 m, (u,v) ~ 0.4 ms~! and SST ~ 1.5°C), the TL assumption is valid
fi%)days.

11



5 Physical Processes of Interest

Despite the body of literature on the qualitative nature of the role surface forcing plays in
controlling the CCS, there have been few quantitative studies. These haye=gither been of
somewhat limited scope and/or using idealized models (e.g. Allen, 1980; Bri\"nk, 1991; McCreary
et al., 1991; Auad et al., 1991; Batteen, 1997), or have concentrated{on circulation differences
that result from different forcing products (e.g. Di Lorenzo, 20034 Marchesiello el al., 2003).
Here we are specifically interested in exploring, in a rigofous quantitative framework, the
spatio-temporal variations in the sensitivity of some/domiwant physical aspects of the CCS
circulation. With this in mind, we consider threé\\sgalar functions as heuristic indicators of

upwelling, kinetic energy, and baroclinic instahility:

5.1 Jsgr: Coastal SST andyUpwelling

As a measure of the strengthiof the upwelling, we computed an index Jsgr based on the

space-time averaged SST, hamely:

1 ty __
S T — ~SST)2dtd A
Jest = ) /A /t (SST — ~SST)2dtd (6)

where an ove’rbar represents the NLROMS monthly mean, and A is the area enclosed by the
targetrregion shown in Fig. 2a where coastal upwelling in the model is most pronounced. The
coefﬁciént v = 0 or 1 depending on whether the index is based on SST or SST anomaly, and
(t; —t;) = 30 days in accordance with the TL assumption. Timeseries of Jggr are shown in
Fig. 4a. For v = 0 the seasonal cycle of upwelling dominates with minimum SST in Spring and

maximum SST in Fall, while v = 1 captures mesoscale variability and interannual variations.

12



Since Jgst involves a time average, the gradient vectors in (5) are modified as described in
the Appendix. In addition, we are generally interested in the sensitivity of Jsgr to variations

in the time mean forcing f and variations in wind stress curl, as described in the=Appendix.

5.2 Jxg: Eddy Kinetic Energy

We define an index of kinetic energy so that:

tf )
- — 47)?)dtdA
e = QLA tf—t ///t u — ) W0 — y0)})dtdAdz (7)

where [; dz denotes the depth integral ~ 0 — 300 \fm and ty —t; = 30 days. The target area
A used for Jxg (Fig. 2b) is independent oféthat used for Jsgr and coincides with the area of
maximum observed eddy kinetic energy (EKE) (see Marchesiello et al., 2003, Fig. 13d, and
Kelly et al., 1998, Plate 1). Model ER¥E’is maximum here also and more tightly confined to
the coast than observed, but Gonsistent in spatial extent and magnitude with surface values
of Marchesiello et al. (2003).computed at the same resolution. Timeseries of Jxg for v = 0
and 1 (Fig. 4b) exhibit\¢onsiderable variability associated with mesoscale circulations with no
pronounced Seaségal eycle, although during some years there is a tendency for high (low) KE
in Summer :’:urld\lii all (Winter and Spring), consistent with observations (e.g. Kelly et al., 1998;

Strub‘and James, 2000).

5.3 J,,,: Baroclinic Instability

It is widely believed that baroclinic instability promotes eddy variability in the CCS (see Strub

and James (2000) and references therein). A measure of the potential for baroclinic instability

13



commonly used in meteorology and oceanography is the maximal Eady mode growth rate,
the so-called “Eady Index,” denoted op; = 0.31f]0v/0z|N~! (e.g. Lindzen and Farrell, 1980;
Hoskins and Valdes, 1990; Chelton et al., 2006), where f is the Coriolis parametersand N is

the spatially varying Brunt-Vaiséla frequency. We will consider:

1 tr
S A
Tows = TaG <10 /L /A /t T rdid AL ®)

as an index of the potential for baroclinic instability, where L, A%and (¢ 7 —t;) are identical to
those used for Jxg. A timeseries of J,,, (Fig. 4c) indicates that the circulation in the target
volume is most (least) susceptible to baroclinic ins@bility during Spring (Fall). The average
e-folding time of the fastest growing Eady mode (or equivalently the Charney mode (Gill,
1982)) in the target region is ~ 3 days consistent with theoretical studies (e.g. the “traditional
baroclinic instability” modes identified by Barth (1994) with peak e-folding times of 3.3 days
and wavelengths ~ 100 km), but sémewhat shorter than the ~ 5 day e-folding time inferred
from climatological observafions (Chelton et al., 2006). Observational estimates of op; are
typically based on avetages of N and |0v/0z| over the upper ~ 1000 m, while in the model
spatially varying:N and v are used. Nonetheless, trends in oy are probably a useful indicator
of time Variatib\hs\\in the potential for baroclinic instability, despite the over simplification of

the Eady and Charney models.

6{~"Coastal SST and Upwelling Sensitivity (Jssr)

Adjoint sensitivity calculations aimed at exploring the monthly sensitivities of Jsgr to varia-

tions in surface forcing were initiated on day 1 of each month during the last 5 years of the
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NLROMS simulation of section 3. The time-dependent gradient vectors 0.J/0f represent the
sensitivity of Jsgr to independent perturbations in each gridpoint element of f = (f). How-
ever, the units of 0.J/0f vary across components complicating the direct compe\xrison of the
sensitivities. Therefore in order to compare directly the sensitivity of Jsst ;\fpo pertﬁfbations in
each element of f, we considered the changes AJ; = Af0.J/df; that would rééiﬂt from pertur-
bations Af at each gridpoint ¢ within the target region ? over thg interffal [ti,tr]. The standard
deviations of each element of f averaged over the target regienswere used as typical forcing
perturbation amplitudes Af. To summarize the sensitiyitics AJsst = (1/n3X01, AJE)% was

computed where n is the number of gridpoints englosedhby the target region.

N
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A direct comparison of AJgg arising from perturbations in each component of surface forc-
ing (7, Q, E — P) therefore provides an immedia’té quantitative appreciation of the sensitivity
of Jsgr to perturbations with amphtlides’tybical of those encountered in the real ocean. To
illustrate, Fig. 5 shows time series\of A.Jggr for the last 5 years of the model integration for
(t; —t;) = 30 days for v > /andy ~v = 1. Figure 5 indicates that Jsgr is approximately equally
sensitive to variations in% and @, and less so to variations in curl 7, where an overbar denotes
a monthly mean, For all J considered, the sensitivity to variations in the surface freshwater

\
flux was negligible\and will not be considered further.

An/ important test of the methodology is presented in Fig. 6 showing vectors of

(ansf\/a?;;, 0Jss/0T,) for Oct year 6 for v = 0 and v = 1, a time when Figs. 5b and 5e reveal

“that Jsst is generally most sensitive to variations in 7. As anticipated a priori, for v = 0 (Fig.

Ba) an increase (decrease) in upwelling favorable winds leads to a decrease (increase) in Jsgr,

3 Analyses revealed that the largest values of d.Jsst/0f typically occur primarily within the target region.
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indicating that ADROMS yields the correct sensitivity. However, what was not anticipated ‘is
the considerable spatio-temporal variation in the circulation sensitivities to variations in 7. For
example, Fig. 6a shows that the maximum sensitivities extend ~ 150 — 200 ki \offshore, are
not spatially uniform, and extend outside the target region. This is the cage at othér times of
the year also (not shown), with sensitivity features tied to the mesoscald circﬁlation structure.
For v =1 (Fig. 6b) Jsgr is defined in terms of SST anomalies, rand the sensitivity vectors are
more locally confined.

Temporal variations in (0J/07,,0J/07,) reveal thag, the region of maximum sensitivity

sometimes propagates offshore indicating a sensitivitynt6 wind stress curl. Figures 7a and

N
u

7c show a close-up view of the sensitivity veCtors associated with the periods 0-5 Oct and
21-25 Oct, year 6. Notice how Jsgr is mdre sefisitive to alongshore variations in 7 offshore
during the penultimate week of Oct (F ig; 7?;), and more sensitive to alongshore winds close
to the shore during the first week (Fig. 7a). These changes are accompanied by a change in
OJssr/OcurlT as shown in Figs. 7b and 7d. As anticipated a priori, over much of the target
region a decrease (increése)uin wind stress curl is associated with an increase (decrease) in
SST due to the asséciated decrease (increase) in upwelling, indicating that ADROMS yields
the correct resu;lz?\ However, the spatio-temporal variations in dJsgr/dcurl7 in Fig. 7 could
certair}ly' not, have been anticipated, and reveal that localized enhancements in wind stress

curd canysiéniﬁcanctly influence SST, in qualitative agreement with recent observations (e.g.

“Glelton et al., 2001, 2004; O’Neill et al., 2003, 2005).
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6.1 Seasonal Dependencies

Figure 5 reveals a pronounced seasonal dependence in the sensitivity of Jsgr to & and curl7,
with largest (smallest) sensitivities typically occuring during Fall (Spring). Th/e“é\ensitivity to
7 (curlT) varies by a factor ~ 2 — 6 (~ 5 — 10) over the course of a yeér; For v = 0, the
most sensitive period corresponds to the time when the upwelling fayorable alongshore winds
are generally weakening, a time when relatively small perturbations in an alongshore wind
can yield significant changes in SST because near the sutface 0T/0z is large nearshore (Fig.
3b). During Spring on the otherhand the alongshor‘e Avindsyare strongest and the thermocline
outcrops offshore (Fig. 3a), exposing cold sub—théfmocline waters with a smaller 07'/0z, so
that variations in alongshore wind are less effeétive at changing SST at this time. For the case
v =1 (Fig. 5e) Jssr is sometimes sensitive to variations in 7 even when the alongshore winds
are strong as evidenced by the wide enwelope of the extremes during Spring depending on the
size of the SST anomalies.

These results suggestdthat SST may be very susceptible to variations in the timing of the
relaxation of alongshore/winds at the end of the upwelling season. While Fig. 5 quantifies the
time variability Qf\this sensitivity in ROMS, such variations may also be manifested in the real

ocean in ref@ion to the broadest mesoscale circulation features of the CCS.

6+2 A Perturbation Interpretation

As noted in section 4, the gradient vectors are synonymous with perturbations that yield large
changes in J because of their connection with the singular vectors of the TLROMS propagator.

For the case v = 0, Jggr is governed by the change in SST over the course of a month, and
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0J /0T corresponds to perturbations in 7 that yield a large change in SST over the same period,
During Oct year 6, SST warms by ~ 1°C in the northern part of the target region, and cools
in the south (Fig. 8a). Therefore a general increase in southerly alongshore wines (\enhances the
northern warming trend, reduces the southern cooling trend, leading to an increaée in Jssr,
consistent with Figs. 7a and 7b if we view the sensitivity patterns_as Wiﬂd perturbations.
The target region SST in Fig. 8a is associated with a pair of /mesosbale features, identified
as “e;” and “ey” in Fig. 2f that conspire to produce a fildment of cold SST water offhore
near 35°N, denoted “f” in Fig. 2e. Evolution of er, es and) f can be influenced by suitably

aligned wind stress perturbations that enhance or gfippress developing waves. Figure 8b shows

N
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the pattern of 9J/07 for the period 21-25 Ot _superimposed on SST for the same period,
and reveals a pattern of cross-isotherm Wihds néér 35°N (indicated by the grey box) within
the band of cooling SST along the sbuth’err,l, flank of filament f. Figure 8b shows a second
similar feature near the Monterey \Bay, indicated by a second grey box. These features can
modify the development ’of/ /SST, anomalies, an idea confirmed by additional experiments in
which NLROMS was for‘;:ed by wind stress perturbations with the structure of 9J/07 in Fig.
8b. SST anomalies/’developed along the southern flank of filament f consistent with enhanced
upwelling and d;)\\\;y}lwelling and baroclinic wave development (not shown).

Similar’ argﬁments can be advanced to explain the spatial variations in the sensitivity of
Jsst tye Wmd stress curl apparent in Figs 7b and 7d. The change in sign of d.J/dcurlT on 21-25
: Oct’ cloée to the coast (Fig. 7d), and the north-south dipole in 0.J/dcurlT that develops along
123°W centered at 36°N suggests that subtle local changes in wind stress curl can modify the

subsequent development of the e;-f-e5 circulation complex and enhance Jggr.

The sensitivities displayed in Fig. 8 and the response of NLROMS to wind perturbations of
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this form are both consistent with Spall (2007) who showed how air-sea interactions can produce
feedbacks that enhance the development of baroclinically unstable waves. The correspondence
between the sensitivities of Fig. 8 and Spall (2007) is not complete, however, becallse there are
no coupled air-sea interactions in NLROMS. However, the NLROMS ocean eddy fesponse to
changes in the wind can have the same ocean dynamics as the Spall mechaniém, only there is
no ocean-induced feedback to change the wind, except insofar that the adjoint model reveals
how the wind must change in order to enhance the growth®ef.an eddy and the consequent
effect on SST. Certainly the details of the spatio—temppral nature of the sensitivities to surface

forcing like those of Fig. 8 could not have been anticipaged without the adjoint model.

N
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The time variations and year-to-year variability of the sensitivities of Jsgr in Fig. He are
therefore associated with a combination/of sensitivity to the alongshore winds which drive

changes in upwelling, and sensitivity to local wind forcing that promotes wave variability.

6.3 Sensitivity to sarface heat flux

Figures 5c and 5f indicate tha’t Jss is typically least sensitive to variations in @) during Spring,
and most sensitive in the Fall, although for v = 1 there are significant year-to-year variations
due to variabiﬁt;\ln the mesoscale circulation. Sensitivity of Jsgr to @ typically varies by
a factor ~ 3 — 9 during the course of a year. The spatio-temporal patterns of 9.J/0Q (not

shoWn\) re\;éal that Jggr is sensitive to local variations in ), and to the influence of horizontal

Jadyection by the mesoscale circulation.
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7 Eddy Kinetic Energy (Jxg) and Baroclinic Instability (J,,,)

The sensitivity of Jkg in (7) to variations in 7 and curl7 is summarized in Figs.« 9a and 9b,
where for brevity, we present only those results for the case where Jkg is an indeX/ df eddy kinetic
energy (i.e. v = 1). The sensitivity of Jxg to variations in @ is 2 orders of magnitude weaker
and not shown. Figure 9b reveals that Jixg is most sensitive to variationsin 7, and indicates
that there is no discernable seasonal variation in the average enitivity to perturbations in
wind stress. The envelope of extremes in sensitivity is typicaﬂy widest in Spring and Fall when
the sensitivity can vary by a factor ~ 2 — 3 during any/givetyyear. Figure 9a indicates a similar
tendency for the sensitivity of Jxg to perturbation\s\{n wind stress curl.

Figures 10a and 10b illustrate typical patferns of 0Jkg/0T and 0Jkg/OcurlT; also shown
are contours of SSH for the same periads as an indicator of the surface circulation. The
patterns of sensitivity are complex buthelearly related to the underlying circulation and exhibit
considerable temporal variability (not shown) which could not be anticipated a priori in the
absence of ADROMS. Regiéns of elevated sensitivity coincide mainly with the centers of eddies
and meanders and with\regions of confluent and diffluent flow. This is consistent with singular
vector analyses by Farrell (1990) and Moore and Farrell (1993) in which such regions are favored
for perturbatidg \gfowth and secondary instability via barotropic processes, which Figs. 10a
and 10b indicate can be induced by perturbations in the wind.

Tﬁé ‘Sensitivity of the potential for baroclinic instability as measured by J,,, in (8) is

sufimarized in Figs. 9c and 9d. The sensitivity of J,,, to variations in @ is an order of

OBI

magnitude smaller and not shown. When computing the sensitivities according to (5), the

spatial and temporal variations of N are governed by the basic state flow. However, in the
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Taylor expansion of oy, perturbations in NV are neglected, and we consider only variations in
v when computing 0G/0® in (4). In all cases there is a weak seasonal cycle with maximum
(minimum) sensitivities in the Spring and early Summer (Fall to Winter transit\ion), a time
when the wind-driven alongshore circulation is strongest and therefore morgprene t(; instability
due to the enhanced vertical shear.

Figures 10c and 10d illustrate typical patterns of d.J,,,/ IT dng (?JUBI /Ocurl 7, superim-
posed on contours of SSH for the same period. Despite thé™selatively large target area, the
regions of maximum sensitivity with respect to 7 and’ clrl7T are confined to regions where the

CC is coherent, narrow, and hugs the coast. Thése Will be regions where changes in wind

Q
N

stress and wind stress curl can exert maximufympact on the potential for baroclinic insta-
bility through changes in the vertical shear broiight about by upwelling-induced changes in
stratification. Figure 10d, however, sh‘ows’that there are considerable alongshore variations in

sensitivity to curl? which could not/have been anticipated a priori.

8 Summary and Conclusions

An adjoint methi)d has been used to explore variations in the sensitivity to surface forcing of
coastal SS'E arI(\i\\l;pwelling, EKE, and the potential for baroclinic instability of the complex
circulatién pafterns that develop in the CCS. This is one of the first documented applications
of 'adjgint /Vs/ensitivity analysis for the coastal ocean circulation using an ocean general circu-

latien model. New results and insights applicable to the broadest scale, persistent mesoscale

circulations resolvable by the model include:

(1) A formal quantification of ocean model circulation sensitivities to surface forcing, sensi-
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tivities that are previously undocumented.

(2) Identification and quantification of temporal variations in circulation sensitiyities to sur-
face forcing, sensitivities that are associated with seasonal variations i /t\hé,underlying

circulation and with variations in the ocean mesoscale circulation.

(3) Identification and appreciation of the often complex nature~of'spatial variations in the
circulation sensitivities to the surface forcing that are intimatdly tied to the structure of
the underlying ocean circulation via wind-induced wave,development and the evolution of

forcing-induced perturbations controlled by localized, barotropic and baroclinic processes

and instabilities. D

(4) A clear separation of the circulation sensitiyyvity to wind stress versus wind stress curl, a
topic that has been much discissed)in the oceanographic literature (e.g. Enriquez and

Friehe, 1995).

SST along the central California coast is about equally sensitive to variations in wind stress
and surface heat flux, althdugh sensitivity to wind stress curl is also significant. The upwelling

circulation displays“greatest sensitivity to surface forcing variations during late Summer and
Q \\«

<

Fall When upwel\ﬁng favorable winds are relaxing, and least sensitivity during the Winter and
Spring} thg latter being the peak of the upwelling season. Summer sensitivities are typically
sorﬁe 2—4 times larger than in the Spring but larger variations (a factor ~ 5 — 10) do occur
during some years. These results indicate that SST in the upwelling region will be sensitive to
variations in the timing of the relaxation of the alongshore winds at the end of the upwelling

season. The considerable year-to-year variations in sensitivity are controlled by the details of
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the mesoscale circulations that develop in the model. Forcing perturbations that are appro-
priately aligned with the underlying circulation can significantly alter the development of the
mesoscale circulation itself, a finding that has implications for the predictabilitye 9f the CCS.

Eddy kinetic energy off the central coast exhibits no obvious seasonal cyple in se‘hsitivity to
surface forcing variations, although there is considerable interannual Variabilitj\f.’ The sensitivity
varies by at most a factor of 2 over the course of a year, and variations in the spatial patterns
of sensitivity are most likely controlled by variations in the €tability of the circulation, which
would explain the absence of seasonal variations in sensitivity strength.

The potential for baroclinic instability also displays‘sedsonal trends and variations in sensi-
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tivity, being greatest during Spring when the h6gizontal temperature gradient near the coast is
largest, which implies larger vertical shear ’ahd a gfeater tendency for the alongshore geostrophic
flow to be baroclinically unstable. The greateét sensitivity is associated with variations in wind
stress, and the sensitivity varies bywabout a factor of ~ 2 throughout the year although vari-
ations in wind stress curly afo effective also. While our results largely confirm the importance
of local wind forcing ag fepQrted by others, a new and unique aspect of this study is that the
spatio-temporal seﬁéitivities of the model CCS circulation to variations in surface forcing have
been quantiﬁed.\i[\ﬁ all cases, the spatial variations in sensitivity were found to be complex and
ﬂow—dgpéndeﬁt, and could not have been anticipated a priori without the adjoint model.
, More"génerally, the 3-dimensional time evolving gradient vectors also aid in identifying the
: inﬁuenée that specific physical processes, such as horizontal advection and instability, can exert
on sensitivity. Recall that the sensitivities can be expressed as a linear superposition of the SVs

of TLROMS. The structure of the gradient vectors is largely dictated by the fastest growing

SVs of the target region circulation, and characteristic signatures of instabilities associated with
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the dominant SVs are present in the gradient fields. For example, Fig. 11a shows 0Jsgr/0(¢ for
April year 6 for v = 1, and reveals that isolines of 0.Jsst/0( tilt upstream against the current
in the vicinity of the straining flow associated with the equatorward CC as it passes through
the target area close to the coast. 0Jsst/0C is synonymous with the sensifpivity, t(‘)’ variations
in geostrophic stream function, and is an indicator of kinetic energy release\\f’rom the CC by
barotropic processes (Pedlosky, 1987, Chapter 7). The role of loqalized ,’barotropic instability in
controlling the evolution of the CC has received relatively littlesattention. Temporal variations
and trends in 0.J/9¢ may be a potentially very useful’indicator of variations in the sensitivity

of J to growth by barotropic processes.
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Similarly, sensitivity to baroclinic instability’ can be identified in as isoline tilts in the
vertical as illustrated in Fig. 11b which shdws a’vertical section of OJsst/Ov through the core
of the CC. Tilts in isolines of dJsst/ v agaiﬁst the prevailing equatorward flow of the CC in
the upper 200 m coincide with regions’of large shear (Fig. 11c), features also present in other
components of dJssr/ (9<I? (hot shown). Using such information to understand and quantify
the sensitivities controlle‘,’d by instability processes clearly deserves more attention.

One aspect of, tﬂe girculation sensitivity not reported here but relevant to ocean prediction
is the sensitivit}%tﬁb*variations in the model initial conditions. While each index is an order of
magnitude mOre sensitive to variations in the initial conditions than to variations in surface
forging, the forcing provides a weaker yet significant control on the processes considered, and

: contri’bﬁtes to temporal changes in the circulation as the forcing varies, thereby confusing the
source of control. The pronounced seasonal variations in sensitivity suggest that correcting for

uncertainties in the surface forcing may be most critical at the end of the upwelling season,

and indicate that errors and uncertainties in surface forcing may significantly influence the
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predictability of the circulation on monthly timescales. Such errors on these timescales can
arise from errors in atmospheric forecast models as well from the inherent limit of predictability
of the atmospheric circulation, which at middle latitudes is just a few days.. \\The latter is
associated with the chaotic nature of the atmospheric circulation, which Qn the tiﬁescales of
the ocean circulation, can be viewed as a stochastic processes. Therefore; it Wéuld appear that
the influence of stochastic forcing on the CCS may also be signriﬁcant,/’ particularly in relation
to eddy generation through baroclinic processes. This will béwhd subject of a future study.
This work demonstrates that even the most basic,’ fandamental, and best understood fea-

tures of the CCS circulation exhibit significant te¢mpogal and complex spatial variations in
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sensitivity to surface forcing that hitherto are®undocumented and not previously recognized.
The model sensitivities were found to be robust 16 changes in the wind forcing products used to
drive the reference circulation ®¢(t), énd to Changes in the configuration of the open boundary
conditions. Additional experiments\by’Veneziani et al. (2008) using a similar model configura-
tion and 10 km resolution yiéld qualitatively similar results to those reported here. The robust
nature of the model resﬁits Suggests that they may also be applicable to the sensitivity of the
broadest observed éﬁergetic mesoscale features of the CCS to variations in surface forcing.
N
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Appendix
Since J in (6) involves a time integral, the expressions for the sensitivities given by (5) are
modified. To demonstrate, we will re-express (6) in discretized form as:

N

Jsst = % Z(‘I’(tz‘ + jAL) —y®)TH(®(t; + jAHE R P) (A1)

where H is a diagonal matrix with non-zero elements (grid céll areds divided by the target
area) only at those points that correspond to the SST gridpoints within the target polygon,
and ® is the appropriate monthly mean value of ®¢ The ¥ensitivity of Jggr to variations in

N

the initial conditions ®; = ®(t;) is then given by (uSing (4)):

O0Jsst
0P,

2 X _
=¥ S ROt jAL ) H(®(t; + jAL) — 7 @) (A2)
j=0

which represents the solution of ABRONS when forced by 2H(®(t) — v®)/(NAL).

Similarly, using (4) the sehsitivity of Jsgr to variations in the forcing is given by:

0JssT 4 Nt X _
3T jSZ ABS N 3 PTRY(t; + mAL t; + kKAOH(B(t; + mAt) —4®).  (A3)

m=k

Equation (A3) ~\r\§;ijresents the solution of ADROMS forced by 2H(®(t) —y®)/N. The sensitiv-
ity to varfations in the time averaged forcing f, such as the time interpolated monthly means

used heréyto drive the model, is given by:

OJsst _ 24t
of N

N J
SOSTPTR (i + ALt + iADH(D(E + jAL) — D) (A4)
j=01i=0
which represents the time integral of the forced ADROMS solution. It can be shown that

(A4) also represents the sensitivity to variations in the interpolants when f(¢) is computed by
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interpolation between different realizations of f.

Even though there is no explicit variable for wind stress curl in ROMS, the sensitivity of J to
variations in wind stress can be readily computed. If we denote wind stress curl -V XT,
then using the D-operator method (Stephenson, 1973) it can be shown th&@- /Oc is given

by the scalar function y that is the solution of V?y = k - V x (i@JEST%x + jOJssr/0Ty).

The ROMS solution does not depend on wind stress or wind streSs over land, so in these

regions and along coastal boundaries it was assumed that y AThe boundary conditions on
x along open boundaries is undetermined, so we assum x = 0 also. Methods for solving
a Poisson equation on irregular ROMS grids in thegre e of open boundaries using methods

of control theory are discussed by Li et al. 2@ and will be explored in the future for the

@
O
YV

problem of computing .

N
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Figure Captions

Figure 1: (a) A map showing the location of the dominant topographic features that are known
to influence the CCS. (b) The ROMS model domain and contours of bathymetry: ~Lhe contour

interval is 500 m.

Figure 2: The climatological mean SST for (a) April and (b) Oct4omputed from a 10 year
integration of ROMS. Snap-shots of SST and SSH are shown for %, April (c and d) and for 1
Oct (e and f) of year 6. The target areas used to define Jssf and Jkg are also identified. The
filament labeled “f” in (e) and eddies labeled “e;” and ‘es¥/in (f) are referred to in the main

.

text. \ \\\

Figure 3: Vertical cross-sections of the /m(')nthly/ mean temperature (degrees C) along the
section indicated in Fig. 2e for the upper'800/m of the water column for (a) April and (b) Oct,
computed from the 10 year integration. /The 12°C isotherm is highlighted in white, and the
contour interval is 1°C. Cro/ss—ys’ectionrs along the same section of the monthly mean alongshore
velocity (m s™!) over the‘apper 1000 m are shown in (c) and (d) for April and Oct respectively.
The zero contour separ‘atingvpoleward and equatorward flow is highlighted in white in (c) and

(d), and the cgnbeuninterval is 0.02 m s

|
N

Figure 4: Timgseries of (a) Jssr (K?) and (b) Jxg (kg m™'s72) for v = 0 (dashed line) and
1 (solid tipt), and (c) Joy, (days™?) computed from the last 8 years of the model integration

Aor.the target areas identified in Figs. 2a and 2b. The ordinate on the left (right) is for v = 0

Figure 5: Timeseries of the monthly mean AJssr (solid line) associated with a one standard
deviation change in (a,d) curl 7, (b,e) 7, and (c,f) Q, applied at all points within the target

36



region identified in Fig. 2a and applied at all times, and computed from years 5-10. The panels
on the left (right) is for v = 0 (7 = 1). The dashed lines show the maximum and minimum
values of AJgst encountered during each month for the same 5 year period. 4 h{ the case of
wind stress, the values of AJsgt were computed for perturbations in both\lcompoﬁ’ents of the

vector.

Figure 6: Vectors of (0.Jssr/0T4, 0Jssr/0T,) for Oct year 6 for (a)y = 0 and (b) v = 1. The
target area that defines Jggr is shown in each case. The vectofscaling is different in panels

(a) and (b).

Figure 7: A close-up of (a,c) (0Jsst /0T, OJssT/ 8?!/\)plottéd as vectors, and (b,d) dJsgr/Ocurl 7
for the time intervals indicated during Oct y€an.6 for v = 0. In (b) and (d) the contour interval

is 6000 K N™'m?, and the vectors in (a)%and [c) are scaled the same.

Figure 8: (a) The difference in SST' Between Oct 30 and Oct 1 year 6. (b) Vectors of
(0Jsst/0T 4, OJssT /0T ) for /thé period 21-25 Oct year 6 superimposed on contours of SST
for the same period. Thé grey bbxes indicate regions where the sensitivity vectors cross SST
contours, and wheré W‘inds/’perturbations with these structures can modify the circulation by
exciting growirig\o\lj decaying baroclinic waves. The target region for JSST is shown in each

N\
case. :

Figuré\\g: Timeseries of monthly mean AJkg (solid line) associated with a one standard devi-
Aation chénge in (a) curl 7, and (b) 7, applied at all points within the target region identified
in Fig. 2b and applied at all times for v = 1, and computed from years 5-10. The dashed
lines show the maximum and minimum values of AJkg encountered during each month for the

same 5 year period. Similar timeseries are shown of monthly mean AJ,,, associated with a

BI
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one standard deviation change in (c¢) curl 7, and (d) 7.

Figure 10: April year 6: (a) Vectors of (0Jxg /07, 0Jke/0T,), (b) shaded contours of 0.Jkg/JcurlT,
(c) vectors of (0Jyy, /0Ty, 0Jyy, /0T,), and (d) shaded contours of 0J,,, /OcurlT~Also shown

in each panel are contours of SSH which are the black contours in panels (c) and the

white contours in (b) and (d). The contour interval for SSH is 0.05 Q TQ target regions for

Jxg and J,,, are shown in each panel. @

Figure 11: (a) Contour maps of d.Jsgt/0¢ for April year 6 for v = 1. Contours of SSH for

the same period are shown in white. (b) A vertical %@ 0Jsst/0v over the upper 500 m

along the section denoted AB in (a). Tilts of the {solines in the vertical against the alongshore
flow are indicated by the black lines. (c) AQ%I section of the monthly mean alongshore

velocity over the upper 500 m along tfe ection denoted AB in (a).
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ur interval is 1C. Cross-sections along the same section of the monthly
me&n alanigshore velocity (ms™) over the upper 1000m are shown in (c) and (d) for April
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Figure 5: Timeseries of th&fonthly mean AJsst (K?) (solid curve) associated with a one

standard deviatio/n c gng;e/ln (a,d) curl 7, (b,e) 7, and (c,f) Q, applied at all points
within the targ/e,tr_:r,éggldm identified in Fig. 2a and applied at all times, and computed from
years 5-10. ‘é"f}é@éis on the left (right) are for the case y=0 (y=1). The dashed lines

aximum and minimum values of AJsst encountered during each month for the
same 5 earp riod. In the case of wind stress the values of AJsstwere computed for
in both components of the vector.
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Figure 9: Timeseries of the monthly mean Alke (solid line) associated with a one standard
deviation change in (a) eurl7, and (b) 7 applied at all points within the target region
identified in Fig. 2b_ahd applied at all times for y=1, and computed from years 5-10. The
dashed lines show the maximum and minimum values of AJke encountered during each
month for th@%&me 5 year period. Similar time series are shown of monthly mean AJ,
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associateghwith a one standard deviation change in (c) curlz, and (d) 7 .



Figure 10: April year @ectors of (8Jye /07,,0)c /07, ) and (b) shaded contours of
f (a3, /07,.,, /07,), and (d) shaded contours of

0dye /ocurlz , (c) VY;;
aJ,, /ocurlz . Als wn in each panel are contours of SSH for April which are the

black contou% nels (a) and (c) and the white contours in (b) and (d). The contour
interval for is 0.05m. The target regions for Jxe and J,_~are shown in each panel.
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Figure 11: &hfour map of 8l /0¢ for April year 6 for y=1. Contours of SSH for
the Saﬂe d are shown in white. (b) A vertical section of dJ.; /ov over the upper 500
ng,

m alo section denoted AB in (a). Tilts of the isolines in the vertical against the
% re flow are indicated by the black lines. (c) A vertical section of the monthly
a

alongshore velocity over the upper 500 m along the section denoted AB in (a).





