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Comparisons of upwelling and relaxation events
in the Monterey Bay area

Igor Shulman,' Stephanie Anderson,' Clark Rowley,' Sergio DeRada,' James Doyle,’
and Steven Ramp’
Reccived 4 May 2009; revised 22 January 2010; accepted 4 February 2010; published 22 June 2010.

[1] Observations show significant differences in circulation patterns of upwelling and
relaxation events that occurred in the Monterey Bay during two Autonomous Ocean
Sampling Network field experiments in August 2003 and 2006. During the 2003
experiment, circulation exhibited more typical pattems associated with upwelling/relaxation:
the development of the southward flowing jet and pair of cyclonic (inside of the bay)
and anticyclonic (outside of the bay) circulations during upwelling and the development of
the northward flow along the coast during relaxation of winds. During the upwelling event
of 2006, the southward flow was weaker and shallower than in 2003. The second
relaxation event of 2006 was significantly different from the first relaxation event of 2006
and the relaxation event of 2003: a southward flow was present along the entrance to the
bay and this southward flow penetrated into the subsurface up to around 50 m at the
mooring location. Two reasons for the observed differences in upwelling and relaxation
events of 2003 and 2006 are identified in the paper: weaker winds in August 2006 than in
August 2003 and strong positive sea surface height anomalies propagating poleward
along the coast during 2006. The 2003 field program included an extensive sampling of the
bay and surrounding areas with a fleet of underwater gliders, while during 2006 program,
the extensive sampling was conducted in the area of upwelling center to the north of
the Monterey Bay. During the 2003 field program, the Monterey Bay model was able to
reproduce observed surface and subsurface features with assimilation of glider
observations. However, during the 2006 field program, the assimilation of glider data from

the upwelling center to the north of the Monterey Bay had minimal impact on model
simulations of observed features to the south of the upwelling center.

Citation: Shulman, 1., S. Anderson, C. Rowley, S. DeRada, J. Doyle, and S. Ramp (2010), Comparnisons of upwelling and
relaxation events in the Monterey Bay area, J. Geophys. Res., 115, C06016, doi:10.1029/2009JC005483.

1. Introduction

[2] Upwelling and relaxation events on the West Coast of
the United States have been the subjeet of many studies
[e.g., Beardsley and Lentz, 1987; Winant et al., 1987; Ramp
et al., 2005]). During the Coastal Oeean Dynamies Experi-
ment (CODE) of Pt Arena, California [Beardsley and Lentz,
1987] a variety of observations have shown the complex
three-dimensional strueture of the shelf response with the
development of an equatorward near-surface jet during
upwelling events, and a poleward flow near the eoast during
relaxation events. In the Monterey Bay area, the develop-

!Occanography Division, Naval Rescarch Laboratory, Stennis Space
Center, Mississippi, USA.

“Marine Meteorology Division, Naval Rescarch Laboratory, Montercy,
California, USA.

*Montcrcy Bay Aquarium Rescarch Institute, Moss Landing, California,
USA.

Copyright 2010 by thc Amenican Geophysical Union.
0148-0227/10/2009JC005483

ment of a southward flowing jet was also often observed
during upwelling events [Rosenfeld et al. 1994; Ramp et al.,
2005, 2009]. This jet separates a pair of cyelonie (inside of
the bay) and antieyelonie (outside of the bay) cireulations.
During relaxation events, the antieyelonie California Current
meander moves onshore, and the currents on the continental
shelf bccome poleward (sce, for example, Rosenfeld et al.
[1994] and Ramp et al. [2005] for more details).

[3] Multi-institution, multidiseiplinary Autonomous Oecan
Sampling Network (AOSN) field experiments were eon-
dueted in the Monterey Bay, California, during August and
September 2003 and 2006. The objeetive of this network
was to ercate a eohesive integration of real-time data
eollection, data assimilation, and modeling and predietion
efforts aeross diseiplinary lines (http://www.mbari.org/aosn/).
The objeetives of the 2003 experiment (ealled ASON-I11
[Ramp et al., 2009]), included the applieation of new tools,
teehnologies, and analysis teehniques to adaptively sample
the eoastal oecan, and the development of accurate forecasts
of the bay-seale pattems of physieal and biologieal fields,
ineluding biolumineseenee [Moline et al., 2009; Shulman et

C06016 tof 12
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Figure 1. Observed wind vclocities at M1 and M2 during (a) August 2003 and (b) August 2006. (¢) MI
and M2 moonngs locations, thc NCOM ICON model domain (bounded by solid black line), areas sam-
pled by Slocum (bounded by blue line) and Spray (bounded by green line) gliders in August 2003, the
area sampled by gliders in August 2006 (bounded by solid red line), and the area of eruise surveys
(bounded by dashcd red line) are shown. (d) Loeations of HF radar sites are shown.

al., 2005]. For this rcason, the ficld program included an
extensive sampling of the bay and surrounding areas with a
flcet of underwater gliders, propeller-driven AUVs, a low-
flying aireraft, HF Radars in addition to moorings, ships,
and other more traditional observational techniques [Ramp
et al., 2009]. In contrast, the objeetives of the 2006 expcr-
iment, ealled Adaptive Sampling and Prediction (ASAP),
werc more focused on the study of thc properties of the
upwelling eenter at Afio Nuevo to the north of the Monterey
Bay. For this reason, the extensive sampling was eondueted
insidc of an approximately 1000 km” box in order to create a
synoptie view of the oceanographic fields and fluxes in the
upwelling center to the north of the Monterey Bay
[Bellingham and Rajan, 2007].

[4] Objeetive of the present paper is to eompare and
discuss eirculation patterns during upwelling/relaxation
events of two field programs: the AOSN II (August 2003)
and the ASAP (August 2006). Description and comparisons
of upwelling/relaxation cvents providc thc foundation for
the presentation of the seeond paper’s objeetive: to dem-
onstrate the differenees in impacts of glider data assimilation
on the model’s ability to simulate 2003 and 2006 events. As

shown by Shulman et al. [2009], the Montcrcy Bay modcl
was able to reproducc observed surface and subsurface
features with assimilation of glider data from the extensive
sampling of the bay and surrounding areas during the 2003
field program. In the present study, we investigate the
impact of thc upweclling center sampling during the ASAP
(2006) experiment on the model simulations of observed
propcrtics to the south of thc upwelling center.

[s] The strueture of the paper is as follows: Seetion 2
deseribes observations and models. The eomparison of cir-
culation patterns of upwelling/relaxation events of 2003 and
2006 are prescnted in section 3. Scction 4 is devoted to the
Monterey Bay model results. Diseussions and conclusions
are presented in seetions S and 6.

2. Methods

2.1.

[¢] Observations of winds, water velocity, tcmperature
and salinity from the Monterey Bay Aquarium Research
Institute (MBARI) surface moorings MI (122.02°W,
36.74°N) and M2 (122.40°W, 36.67°N) are used in this

Observations
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study (Figure 1). Each mooring has downward looking RD
Instruments Inc. 75 KHz Acoustic Dopplcr Current Profiler
(ADCP). In 2003 and 2006 deployments, ADCPs wcre set
up to sample currents every 15 min in 60 8 m bins up to
500 m depth (the first bin at 16 m depth). Surface wind
speed and direction were measured by a RM Young model
05103 wind monitor. Temperature and salinity wcre mea-
sured by Sea-Bird MicroCAT CTDs sensors at 12 depths
between 1 and 350 m.

[7] Surface currcnt observations used in this study were
derived from a network of SeaSonde-type HF radar instru-
ments deployed in thc region of the Monterey Bay. Those
instruments exploit information in the radio wave back-
seatter from the ocean surfaee to infer movement of the near
surface water. Each individual SeaSonde instrument pro-
vides a distribution of “radial” velocity observations each
hour on a polar coordinate grid centered on the radar site.
Vector currents were estimated on a Cartesian grid with a
honzontal resolution of 3 km by computing the best fit
vector velocity components using all radial vclocity observa-
tions within a radius of 3 km for cach gnd point each hour
[Paduan and Shulman, 2004]. During the AOSN 1l exper-
iment (2003), surface currents were estimated based on
input from four HF radar sites (Figure 1). Santa Cruz
(SCRZ), Moss Landing (MLNG), The Naval Postgraduate
School (NPGS) and the Point Pinos (PPIN). During the
ASAP (2006) experiment threc more HF radar sites: Big
Creek (BIGC), Granite Canyon (GCYN) and thc Point Sur
(PSUR) provided estimatcs of currents offshorc. Paduan
et al. [2006] investigated the performance of the Montercy
Bay HF radar network by comparing the radar-derived
currents with in situ vclocity observations and by comparing
radar-to-radar velocity estimates on the overwater baselines
between radar sites. They reported error estimates for the HF
radar-derived radials in the range of 7-9 em/s.

[8] Daily mean sea level data for tidc gauges stations at
San Diego and Monterey Bay for a pcriod of 1999-2006
were obtained from the NOAA tidc gaugcs data set (http:/
tidesandcurrents.noaa.gov). Sea surfacc height (SSH) valucs
from each tide gauge wcre adjustcd by using atmospheric
pressure sca level time series from the Coupled Ocean and
Atmospheric Mesoscale Prediction System (COAMPS)
[Doyle et al., 2009; Kindle et al., 2002] which 1s dcscribed
in section 2.2.

[s] Five Spray gliders [Sherman et al, 2001] and ten
Sloecum gliders [Webb et al., 2001] were deployed in the
AOSN II (2003) experimcnt in the Monterey Bay area
[Ramp et al., 2009). Spray gliders collected temperature and
salinity profiles up to 400 m depth (with oceasional profiles
to 700 m for instrument comparison with othcr measure-
ments) from Point Afio Nuevo in the north to Point Sur in
the south, while the Slocum gliders profiled to 200 m eloser
to shorc (Figurc 1). During thc ASAP (2006) experiment
4 Spray and 6 Slocum gliders were deployed in the arca
around Point Afio Nuevo (Figure 1). Gliders collected
temperature and salinity profilcs in approximately 1000 km?
domain (Figure 1).

[10] The R/V Point Sur occupied 69 hydrographic stations
during the ASAP experiment (1-7 August 2006, Figure 1).
Temperature and salinity depth profiles with 1 m vertical

SHULMAN ET AL.: UPWELLING AND RELAXATION EVENTS
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resolution were derived from Sca-Bird SBE 9+ CTD meca-
surements using standard Sea-Bird processing software.

2.2. Models

[11] The Naval Rescarch Laboratory has been developing
a hierarchy of diffcrent resolution NCOM-based models on
the West Coast of the United States [Shulman et al., 2007].
The NCOM is a primitivc equation, 3-D, hydrostatic model.
It uses thc Mellor-Yamada level 2.5 turbulence closure
scheme, and the Smagorinsky formulation for horizontal
mixing [Martin, 2000].

[12] The NCOM global model [Rhodes et al., 2002;
Barron et al., 2004] has 1/8° horizontal resolution and the
model assimilatcs satellite-derived SSH and sea surfacc
temperature (SST) data via synthetic temperature and
salinity profiles derived from thc¢ Modular Occan Data
Assimilation System (MODAS [Fox et al., 2002]), and uses
atmospheric forcing from thc Navy Global Atmospheric
Prediction System (NOGAPS [Rosmond et al., 2002]). The
Global NCOM provides boundary conditions for the NCOM-
based regional model of the Califonia Current (NCOM
CCS [Shulman et al., 2007]). Thc NCOM CCS has a hori-
zontal resolution of about 9 km and as in the global model,
thc NCOM CCS assimilates satellite-derived SSH and SST
data via synthetic temperature and salinity profiles derived
from the MODAS. The NCOM CCS model is forced with
atmospheric products derived from thc Coupled Ocean and
Atmospheric Mesoscale Prediction System (COAMPS)
(Doyle et al., 2009].

(13] The COAMPS atmospheric model is a finite differ-
enece approximation to the fully eompressible, nonhydro-
static equations [Doyle et al, 2009]. The domain
configuration contains four horizontally nested grid meshcs
of 81 km, 27 km, 9 km, and 3 km, respcctively. The 3 km
resolution grid mesh is centered over Ccntral California and
thc Montcrcy Bay. COAMPS assimilatcs atmospheric
observations from radiosondes, aireraft, satellite and ships
[Doyle et al., 2009]. The data assimilation is accomplished
through an ineremental updatec procedure that enables
mesoscale phcnomena to be retained in the analysis inere-
ment fields. Results of COAMPS evaluation and vcrification
are presented by Kindle et al. [2002], Doyle et al. [2009],
and Shulman et al. [2007, 2009].

[14] The regional NCOM CCS provides boundary values
to the high-resolution NCOM model of the Monterey Bay
Area. The model is called NCOM ICON [Shulman et al.,
2007], and it is set up on a curvilincar orthogonal grid
with resolution ranging from 1 to 4 km. Thcre are 30 sigma
coordinate vertical levels. The NCOM ICON model domain
is shown on Figure 1. Thc NCOM ICON model is forced
with surface fluxes from the COAMPS atmospheric model
at 3 km honizontal resolution. The Navy Coupled Ocean
Data Assimilation (NCODA) system [Cummings, 2006] is
used for the assimilation of the glider temperature and
salinity data [Shulman et al., 2009]. The NCODA is a fully
3D multivanate optimum intcrpolation system. Assimilation
of temperature and salinity data is performcd cvery 12 h
(assimilation cyclc). Differences between the NCODA
analysis and the model forecast are uniformly added to the
model temperaturc and salinity ficlds over the assimilation

3of 12
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Figure 2. HF radar surface eurrents averaged over (left) 3 days of upwelling and (right) 3 days of relax-

ation in August 2003.

eyele. The evaluation of the NCOM Monterey Bay model
predictions are presented by Shulman et al. [2007, 2009].

3. Upwelling and Relaxation Events During
August 2003 and 2006

[15] During northwesterly, upwelling favorable winds, the
mesoseale and large-scale features in and around the Mon-
tercy Bay are mostly determined by the interaction between
upwelling filaments formed at headlands to the north (Pt.
Afio Nuevo, Figure 1) and to the south of the bay (Pt. Sur)
and by the California Current system offshore of the bay
[Rosenfeld et al., 1994). The development and intensifica-
tion of a southward flowing jet and pair of eyelonie (inside
of the bay) and anticyelonie (outside of the bay) eireulations
were often observed during upwelling events. During
relaxation events, the upwelling favorable winds weaken
and sometimes reverse. The antieyelonie California Current
meander moves onshore, and the currents on the eontinental
shelf become poleward (see, for example, Rosenfeld et al.
[1994] and Ramp et al. [2005] for more details).

[16] Figure 1 shows the observed wind veloeities at the
MBARI moorings M1 and M2. The wind time series were
33 h low-pass filtered and plotted each 6 h. Aceording to the
Figure 1, there was an extended upwelling event during 7-
19 August 2003 followed by a bnef relaxation event during
20-22 August. The spatial distribution of the HF radar
denved surface currents, averaged over 3 days of upwelling
(15-17 August) and 3 days of relaxation (20-22 August),
are shown on Figure 2. Figure 3 shows the subsurface
profiles of northward and eastward veloeity eomponents at
mooring M1. Profiles are averaged over the same days of
upwelling and relaxation as HF radar derived surface eur-
rents on Figure 2. During the upwelling event, Figure 2
indicates the development of strong southward flowing jet
at the surfaee, which extends up to 150 m depth (Figure 3,
negative values of V eomponent indieate southward flow).
The development of the southward flowing jet along the
entrance to the bay is a typieal feature during observed
upwelling events [Rosenfeld et al., 1994; Ramp et al., 2005,
2009]. The southward jet brings ecold, nutrient-rich upwelled
water from the upwelling center at Afio Nuevo to the mouth
of the bay. The water bifureates, such that some water flows
offshore and some into the bay [Rosenfeld et al., 1994].
During the relaxation period, when upwelling favorable
winds weaken, the strueture of the eurrents is more eom-

plicated yet there is a clear indication of the development of
an alongshore northward flow at the surface (Figure 2) and
the subsurface (Figure 3) near the entranee to the bay. This
northward flow during the relaxation event is much weaker
than the southward flowing jet assoeiated with the upwelling
(Figures 2 and 3).

[17]) During August 2006, there was a short relaxation
event (4-6 August) followed by an upwelling event during
8-12 August, which was followed with another relaxation
event during 13-15 August (Figure 1b). Figure 4 presents
HF radar denived surface eurrents averaged over 3 days of
upwelling (10-12 August) and over above mentioned

A) UPWELLING (AUGUST 15 - 17, 2003)
0 —

— 0\ |
50 MODEL
£ \
= |
a 150 \
|
200 |
L) 1
250 ]
0.2 0 0.2 0.2 0 0.2

U-VELOCITY (ms)
B) RELAXATION (AUGUST 20 - 23, 2003)
0 ——

V-VELOCITY (m/s)

)

250 s L
0.2 0 0.2 0.2 0 0.2

U-VELOCITY (m’s) V-VELOCITY (m/s)

Figure 3. ADCP observed (black line) and the NCOM
1ICON model predicted (gray line) subsurface profiles of
the veloeity components at the M1 mooring. Profiles are
averaged over upwelling and relaxation events. U is the
eastward and V is the northward component of veloeity.
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Figure 4. HF radar surface eurrents averaged over (b) upwelling and (a and c) two relaxation events
in August 2006. (d) Differences in circulation patterns between averaging over 3 (13—15 August) and
2 (14-15 August) days of the relaxation event are shown.

relaxation events. Subsurfaee eurrents at mooring M1 are
shown on Figure S. The southward jet is much weaker, less
organized and shallower during the upwelling event of 2006
than in 2003.

[18] During the first relaxation event, surface HF radar
currents (Figure 4) and subsurfaee eurrents (Figure 5) show
similarities with the relaxation event of 2003 (Figures 2
and 3). Thcre is a dcvelopment of a northward flow up to
the 200 m depth. However, the sccond relaxation event of
2006 (13~15 August) is signifieantly different from the first
event and from the relaxation event of 2003. HF radar sur-
face currents show a southward flow along the entrancc to
the bay, separating thc cyclonic eddy inside thc bay and an
anticyelonie one outside of the bay (which is typical circu-
lation pattern for the upwelling event). The southward jet,
during the seeond relaxation event, penetrates to around
50 m depth (Figure 5). There is no development of a north-
ward flow during this relaxation event. To avoid the possi-
bility that the anomalous currents structure of the relaxation
event is the result of too early an averaging, the HF radar
surfaee eurrents were also averaged over 2 days of relaxation
(14-15 August). Figure 4 shows that differences in eireula-
tion patterns between averaging over 3 (13-15 August) and
2 (14-15 August) days are insignifieant.

[19] The eontrast and differenees between upwelling/
relaxation cvents of 2003 and 2006 arc illustrated on
Figure 6. The 33 h low-pass filtered north-south wind
componcnt at M1, as well as the 3 day moving average
veloeity at M1 for August 2003 and 2006 is shown. During
August 2003, there is development of a southward flow,
penetrating into the subsurfaee during upwelling favorable
winds, and northward flow (also penetrating into subsur-

M1 MOORING CURRENT PROFILES
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Figure 5. ADCP observed veloeity profiles at M1 aver-
aged over upwclling and relaxation events of August 2006.
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Figure 6. (top) North-south wind veloeity eomponent, as well as (middle) northward and (bottom) east-
ward components of ADCP veloeity at mooring M1 for (left) August 2003 and (right) August 2006. Wind
veloeities are 33 h low-pass filtered, and ADCP veloeities are 3 day moving averaged.

face) during rclaxation of winds. However, during August
2006, while there is a northward flow during the first
relaxation event (4-6 August), there is weak and shallow
southward flow during the upwelling event of 2006.

[20] Table | presents means of observed winds at mooring
locations averaged over considered upwelling and relaxation
events of 2003 and 2006. The upwelling favorable winds
were weaker during the 2006 event than during the 2003
event. The weaker upwelling favorable winds and shorter
upwelling during 2006 compared to 2003 (Table 1 and
Figure 6) is one of the reasons for observed above differ-
enees in eirculation pattemns. Another reason is the presence
of a strong remote foreing during August 2006. Figure 7a
shows the latitude-time diagram of SSH anomalies along
the coast for July-September 2006, derived from the global
NCOM model [Rhodes et al., 2002; Barron et al., 2004]
deseribed in section 2.2. The anomalies are estimated with
respeet to the model mean over 1999-2007 and inelude
seasonal eyele. The latitude-time diagram shows the prop-
agation of positive SSH anomalies along the coast during
July—August 2006 (the y axis label has latitude 25N twiee in
order to show the wave traveling through the Gulif of

California). Many previous studies documented poleward
propagation of the SSH anomalies along the West Coast
[e.g., Chelton and Davis, 1982; Enfield and Allen, 1980;
Spillane et al., 1987]. The estimated phase speed of prop-
agation by the slope of the maxima in latitude versus time
plot (Figure 7a) is about 2-3.5 m/s, which is in agrcement
with previous estimates of phase speed for the first bar-
oelinie coastally trapped Kelvin wave [Enfield and Allen,
1980; Spillane et al., 1987]. The model results indicate the

Table 1. Wind Magnitude Means at M1 and M2 During Upwelling
and Relaxation Periods of August 2003 and 2006"

Mooring M1 Mooring M2
15-17 Aug 2003 (up) 6.24 8.94
20-22 Aug 2003 (rc) 2.39 3.60
4-6 Aug 2006 (rc) 3.02 2.79
10-t2 Aug 2006 (up) 5.86 7.40
13-t5 Aug 2006 (rc) 3.53 2.96

*Wind magnitude is given in m/s. Here up means upwelling and re means
rclaxation.
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Figure 7. (a) A latitude-timc diagram of surface height anomalics along the coast derived from the
global NCOM model (the y axis label has latitude 25°N twice in order to show the wave traveling through
the Gulf of California). (b) Tide gauge observations at (top) Monterey Bay and (bottom) San Diego for
July—August 2003 (red linc) and 2006 (bluc linc) over climatologieal mcan (black linc) and standard dcvi-

ation (shaded area).

equatorial origin of positive SSH anomalies. Figurc 7b
shows the observed sea surfaee height anomalics at tide
gauges at San Diego and Monterey stations. Figure 7b also
shows the mean of observed SSH over 1999-2006 and the
standard deviation from the mean. The observed SSH during
July—August 2006 are mueh higher than the mean value and
are outside of standard deviation from the mean. The max-
imum SSH is reached around the beginning of August.

[21] Two reasons for the observed 2003 and 2006 dif-
ferences are outlined here: weaker winds in August 2006
than in the August 2003 and strong positive SSH anomalies
propagating poleward along the coast during 2006. Other
physieal proeesses eontrolling local dynamics in the Mon-
terey Bay which eould eontribute to the observed differ-
cnees are not diseussed here.

4. Impact of Glider Data Assimilation
on the Monterey Bay Model Predictions

[22] As shown by Shulman et al. [2009], the Montcrey
Bay model was able to rcproduce observed surface and
subsurface fcatures with assimilation of glider observations
duning the AOSN 11 (2003) field program. For the ASAP
2006 experiment, three model runs arc considered here: the
run | without assimilation, the run 2 with assimilation of
only glider temperature and salinity data and the run 3 with
assimilation of temperature and salinity from gliders and
cruises profilcs. Figurc 8 shows comparisons of subsurfacc
temperature and salinity from the model and observations at
mooring M1. Table 2 presents estimates of anomaly eorre-

lation (AC) and root mean square error (RMSE) between
observed and modcl subsurface temperature and salinity
profiles (Figurc 8). Anomaly correlation is cstimated from

Y (M -M)(0-0)
AC = G — —
\/Z(M—M) \/2(0—0)
G G

where M and O are corresponding model and observed
temperature or salinity profiles, M and O arc means over
time of observed and model subsurface temperature or
salinity profiles, and G denotes the number of grid points.
The summation is performed over depth and time. The root
mean squarc (RMS) is cstimated from

N
RMS = 5; M - 0)%.

The NCOM ICON model predictions of temperature and
salinity with assimilation of glider data are very elosc to
predictions for the run without assimilation (Figure 8). This
is also reflected well in estimated values of AC and RMS
(Table 2). Therefore, the assimilation of the glider temper-
ature and salinity data from the upwelling eentcr at Pt. Afio
Nuevo (Figure I¢) has minimal impaet on the model pre-
dietions around the mooring loeation. Only with assimi-
lation of temperature and salinity profiles from cruisc
surveys (eovering the M1 area) the model was ablc to
reproduce thc observed subsurface strueturc of thc tem-
perature and salinity.
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Figure 8. Comparison of observed and model-predicted subsurface temperature and salinity at mooring
M1 during August 2006: (a) observed, (b) no assimilation, (¢) with assimilation of glider data, and
(d) with assimilation of glider data and eruise surveys.

[23] The above three model runs have poor visual agree-
ment of surface currents (not shown here) with the spatial

distributions of HF radar derived surface currents (Figure 4). 005 A¢ and RMS for Temperature and Salinity at M1 for 2-
The magnitude p and the angular displacement 8 of the 17August 2006

complex correlation coefficient between the mooring M1

ADCP and the model currents for a partieular depth are Temperature Salinity

estimated using the approach outlined by Kundu [1976]. AC RMS AC RMS
‘e mokate ]y s R CragaC ﬁ"er 2o S hortowwal gritls. € L il 0272 0912 0068  0.169
around the mooring location. The magnitude is estimated as i glider assimilation 0226 078 0033  0.183

With glider and cruisc data 0.463 0.524 0428 0.143

p=V Re? + Im?, 1) assimilation
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Table 3. Magnitude of Complex Correlation and the Angular
Displacement Between the Mooring M1 ADCP and the Model

Currents
Depth Complex Correlation (p) Angular Displacement (§)
16 m 0.25 107°
32m 0.2 142°
48 m 0.08 113°
64 m 0.09 67°
120 m 0.15 64°
240 m 0.25 98°
where

- 5, (uup + %)

) 2 2 2
VE (60 +62) S (@) 4 6)°)
. %, (vy + veur)

[24] The eorresponding angular displacement 6, whieh is
also ealled the phase angle, is eomputed aceording to

(o (v =)

f = ta 3
3 (uoum + vovi)

@)

where u]", v/ are the demeaned east-west and north-south
model veloeity eomponents, respeetively, and u7, v{ are the
demeaned east-west and north-south observed veloeity
eomponents, respeetively. The angular displacement 6 gives
the average ecounterclockwise angle difference between
model and observed veloeity veetors. The value of 4 is only
meaningful if p is signifieant. Correlations are estimated
over a 15 day period (1-15 August 2006) using hourly
model and observed data passing through a 33 h low-pass
filter. Therefore, the actual number of degrees of freedom is
less or equal to 15 x 24/33 = [ 1. With 11 degrees of free-
dom, a eorrclation 0.6 is significant at 95% eonfidenee level
[see, e.g., Wilks, 1995]. Therefore, correlations less than 0.6

TIME =12 HOURS

C06016

should be eonsidered as insignificant. Table 3 shows eor-
relations and angular displacements with observed eurrents
for the deseribed above run 3. The values of complex eor-
relations are below the significanee level for all eonsidered
depths.

5. Discussions

[25] Two reasons for the observed differenees in upwell-
ing and relaxation events of 2003 and 2006 are diseussed in
seetion 3: weaker winds in August 2006 than in the August
2003 and strong positive SSH anomalies propagating pole-
ward along the eoast during 2006. At the same time, there
are other physical proeesses eontrolling loeal dynamies in
the Monterey Bay whieh eould eontribute to the differences
in upwelling/relaxation events deseribed in seetion 3. These
include meandering eddies, California Current system,
internal tides, land/sea breeze processes ete. [see, e.g., Ramp
et al., 2005].

[26] However, the limited in spaece (Figure le) and time
sampling during the ASAP 2006 experiment alleviate pos-
sibility of the eomprehensive analysis of these processes.

[27] Models ean provide additional insights in situation
when observations are limited. However, as was demon-
strated in section 4, the level of the Monterey Bay model
fidelity in simulating events of 2003 and 2006 is quite dif-
ferent between years. During 2003, the model with assimi-
lation of observations was able to reproduee observed
surface and subsurface features. However, during 2006 the
model fidelity is very low, which limits the possibility of its
use in deseribing 2006 events. One of the reasons for the
model poor fidelity during 2006 is the sampling strategy and
coverage with gliders, when during the entire field program
all tracks were eoncentrated in the small box eovering the
upwelling eenter to the north (Figure le). As demonstrated
in seetion 4, sampling of the upwelling center with gliders
has minimal impact on the model’s ability to simulate
observed subsurfaee strueture of temperature and salinity in
2006.

[28] This ean be illustrated and supported by the model-
derived passive tracer adjoint distributions maps deseribed
in Appendix A. As shown in Appendix A, the adjoint tracer
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Figure 9. Adjoint sensitivitics maps for upwelling and relaxation ecvents in 2003.
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Figure 10. Adjoint sensitivities maps for upwelling and relaxation events in 2006.

distributions show where the model water masses, tagged by
the passive tracer, are coming from to the area of interest
(like, for example, the area around the mooring M1 loca-
tion). Therefore, they show domains which are important for
sampling as indicated by the model. Figures 9 and 10 show
adjoint tracer distribution maps for upwelling and relaxation
events of 2003 and 2006. The passive tracer adjoint patterns
show distinct differences in the origin and pathways of the
model water masses during the upwelling/relaxation events
0f 2003 and 2006. In 2003, for the upwelling event (Figure 9
(top)) the adjoint tracer is spread to the north of the mooring
location, indicating the importance of the upwelling center
sampling. In contrast to 2003, the model tracer adjoint maps
for 2006 events (Figurc 10) are more centered around the
mooring area, and they are not extended to the area of the
northern upwelling eenter. Duning the relaxation events of
2003 and 2006 (Figures 9 and 10 (bottom)), the highest
values of the adjoint are spread to the south (more in 2003
than in 2006), southeast of the target arca. In contrast to the
AOSN 11 (2003) experiment, the model adjoint tracer dis-
tribution areas were not sampled by the gliders during
the ASAP 2006 experiment (Figure lc¢), which explains
the minimal impaet of the glider data assimilation on the
Montcrey Bay model results during August 2006.

6. Conclusions

[29] Observations show significant differences in circula-
tion patterns of upwelling and relaxation cvents that
occurred in the Monterey Bay during Augusts 2003 and
2006. During 2003, observed circulation exhibited more
typical patterns associated with upwelling/relaxation: the
development of the southward flowing jet and a pair of
eyelonie (inside of the bay) and anticyclonic (outside of the
bay) circulations during upwelling, and development of the
northward flow along the coast during relaxation of winds.
This northward flow during the relaxation event is weaker
than the southward flowing jet associated with the upwelling
(Figures 2 and 3).

[30] Dunng the upwelling event of 2006, the southward
flow was weaker and shallower than in 2003, and there was
a strong northward flow during the first relaxation event.
The second relaxation event of 2006 was significantly dif-

ferent from the first relaxation event of 2006 and the
relaxation event of 2003: a southward flow is present along
the entranee to the bay, and this southward flow penctrates
into the subsurface up to around 50 m at mooring M1. There
is no development of northward flow during the second
relaxation event.

[31] Two reasons for the observed differences in upwell-
ing and relaxation events of 2003 and 2006 are identified in
the paper: weaker winds in August 2006 than in the August
2003 and strong positive SSH anomalies propagating pole-
ward along the coast during 2006. The estimated phase
speed of propagation of these anomalies is in agreement
with phase speed for the first baroclinic coastally trapped
Kelvin wave. The NCOM global model results indicate the
equatorial origin of these positive SSH anomalies.

[32] The 2003 field program ineluded an extensive sam-
pling of the bay and surrounding areas with a fleet of
underwater gliders, while during the 2006 program, exten-
sive sampling was conducted in the area of the upwelling
center to the north of the Monterey Bay. The Monterey Bay
model’s ability to reproduce observed features during
upwelling/relaxation events was quite different between the
2 years. Dunng the 2003 ficld program, the model was able
to reproduce observed surface and subsurface features with
assimilation of glider observations. However, during 2006
field program, the assimilation of glider data from the
upwelling center to the north of the bay had minimal impact
on model simulations of observed features to the south of
the upwelling center.

Appendix A

Al. Passive Tracer and Its Adjoint

[33] Consider the passive tracer equation for coneentration
Clxy.z,t)

ac_ JB6 jec 0C O, 00\ 0[50
a - Yax Yo " Te:\"ax) T\
a (. ac
+5(KE>, (AI)
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with initial conditions at time t = t,
C= COy

where diffusivities (4 and K) and velocities (v,v,w) are from
the NCOM ICON model described in section 2.2. Lets
consider the following objective function J at time t >

JC(r,0)dr
v

N Ca
v

J= (A2)

wherc V is a particular subdomain (target area) of the
modcling domain, 7 is the location in the model domain
with coordinates (xy,z), and dr is a volume element.
Therefore, function J is the normalizcd content of tracer C in
the domain ¥ at time ¢.

[34] By using thc adjoint for the tracer equation (1), the
gradient of the function J (equation (A2)) at time ¢ with
respect to the initial concentration C, at time fo, can be
cstimated

aJ

s = ﬁ 9 (A})
where s is the sensitivity, 0J/0C, is the gradicnt of J (at timc £)
with respect to initial conditions C,. Scnsitivity, s, is a func-
tion of x, y, z and times, ¢y and ¢, and can be estimated by
seeding the adjoint variable with a unit value at each grid
point in thc volume V at time ¢, and integrating the adjoint of
the traccr model backward in time to time ¢, [Baker and
Daley, 2000; Rabier et al., 1996; Fukumori et al., 2004,
Shulman et al., 2005]. The function s(x, y, z, f) is called the
adjoint tracer sensitivity, as well as the adjoint tracer distni-
bution (because the function s, is the result of the adjoint
tracer model integration).

A2,

[35] Lets introduce somc finitc pcrturbation AC, at loca-
tion Xy = { X0, Yo, 2o} to the initial concentration C, at time
to, according to (A3) we would have

Interpretation of the Adjoint Tracer Distribution

A = S(Xo,yo'.‘!o, lo, ’) . AC() (A4)
According to (A2) and (A4), thc adjoint tracer distribution s
(X0, Yo 2o, to, £) represents a fraction of tracer AC,, which
makes its way to the volumc ¥ from time ¢, to time ¢. Due to
the linearity of the passive tracer and its adjoint problems,
the adjoint traccr distribution s(x, y, z, &, £) will represent thc
fraction of the traccr-tagged water that makes its way from
location (x, y, z) at time £, to the volume ¥ at time ¢ [see also
Fukumori et al., 2004]. Thcrefore, the adjoint traccr distri-
bution provides information on the model tracer history and
identifics origin and pathways of the model tracer-tagged
water masses in the past, which circulated into the targct
area, and therefore contain uscful information about model
circulation patterns and thc propagation of information
within the system. In this case, thc adjoint tracer distribution
(scnsitivity) maps show areas which arc important for
sampling in order to improve the model tracer predictions at
the target area. Note, that while adjoint traccr distribution
shows areas where additional sampling is most influential,
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they do not necessarily show wherc additional obscrvations
will improvc the forecast [Baker and Daley, 2000]. In order
to improve the forecast, observations have to go through thc
data assimilation system, and the denvation of adjoint scn-
sitivity maps does not consider such clements of the data
assimilation system as, for example, errors in the back-
ground field and observations, and their corresponding error
covariances.

A3. Adjoint Tracer Distributions for Upwelling
and Relaxation Events of 2003 and 2006

[36] The adjoint tracer distributions ((A1) and (A2)) arc
estimated for upwelling and relaxation events of 2003 and
2006. For volume V in (A2), the model subdomain con-
sisting of 3 by 3 horizontal grids around the mooring M1
and dcpth down to 300 m is considcred. In this case the
adjoint passive tracer distributions (A3) show arcas from
which model tracer-tagged water masses at time ¢, will be
advected and mixcd into the target area (around mooring
MI) at timc ¢ > ¢, Figurc 9 shows vertically integratcd
adjoint tracer maps for upwelling and relaxation events of
2003. For upwelling, thc adjoint tracer distributions are
estimated at time t equals 17 August 2003 0000 UT, and for
relaxation at time t cquals 22 August 2003 0000 UT. The
adjoint tracer maps are shown for 12 and 26 h prior to the
time ¢ Figure 10 shows the adjoint tracer maps for
upwelling and relaxation events of 2006. For the upwelling
event of 2006, adjoint sensitivities are estimated at timc ¢
equal 11 August 2006 0000 UT, and for relaxation at time ¢
equals 6 August 2006 0000 UT. As for 2003, scnsitivity
maps are shown for 12 and 26 h prior to the time . Notc,
that the derived above adjoint distributions for passive tra-
cers will generally differ from the adjoint distributions for
the dynamically active tracers as temperature and salinity.
Howcver, some similarities between passive tracer and
dynamically active tracer adjoint distribution maps can be
expected, especially if we consider relatively short timc
periods as 12 to 26 h, not several days.

[37) Forcxample, with thc development of a southward jet
during upwelling and poleward flow during relaxation in
2003, thc Figure 9 shows expansion to the north (during
upwelling) or to the south (during relaxation) of the adjoint
distnbution maps for the passive tracer. Similar features can
be expected for the adjoint distribution maps for the active
model dynamical tracers as temperature and salinity.
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