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Abstract

While the basic hydrographic and circulation pattern of Santa Monica Bay (SMB) are relatively well known, the seasonal
and interannual variations of these patterns are not well established nor are the mechanisms behind them well understood.
We analyzed 10 years of hydrographic observations (1987-1997) in the surface layer of SMB off southern California to
establish the mean seasonal cycle and to deduce patterns of sub-seasonal to interannual variability of sea surface
temperature, salinity, oxygen anomaly (the difference between oxygen concentration and its solubility), and transmissivity
using empirical orthogonal functions and time-lagged cross-correlation methods. All four variables exhibit distinct seasonal
variations, whose spatial distributions are a consequence of the interaction of bottom topography, vertical mixing,
horizontal advection, freshwater discharge, and biological processes. The seasonal anomalies of all four parameters were
estimated by removing the mean seasonal cycle; they exhibit three basic patterns: (1) an inshore/offshore gradient; (2) a
balance between horizontal advection of the California Current from the northwest and the Southern California
Countercurrent from the south; and (3) freshwater discharge from Ballona Creek. Air/sea heat flux and vertical mixing are
the main factors regulating the dynamics of sea surface temperature. Freshwater discharge centered at Ballona Creek is the
principal factor creating the salinity pattern. The annual mean oxygen anomaly shows a substantial supersaturation across
the entire SMB. The variations of oxygen anomalies are regulated by local biological productivity, vertical mixing, and
horizontal transport. Vertical mixing influences water transparency by suspension of sediments and nutrient supply
stimulating phytoplankton growth. A remarkably clear pattern of spatio-temporal variations of all parameters is observed
in a relatively small basin; these variations are regulated by both local meteorological factors (air temperature, wind,
atmospheric precipitation) and remote forcing, including the El Nifio—Southern Oscillation cycle.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Santa Monica Bay (SMB) is a semi-enclosed bay
within the Southern California Bight (SCB)
(Fig. 1). The bottom topography of SCB consists
of ranges of submarine mountains and valleys and
is neither classical continental shelf nor continental
slope; Emery (1960) called it the Southern
California Borderland. The continental shelf in
SMB is wide (> 12 km) as compared to other parts
of SCB. Two canyons cross the shelf: Santa
Monica Canyon in the northern part of SMB is
a relatively wide trench, while Redondo Canyon in
the southern part is a narrow trench that almost
reaches the shore (Fig. 1). The shelf slope is steep,
sometimes reaching 14.5° (Emery, 1960).
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The hydrographic processes in SMB are deter-
mined by a complex pattern of surface currents
(Lynn and Simpson, 1987; Hickey, 1992, 1993;
Hickey et al., 2003). The relatively cold, low-saline,
and high-oxygen waters of the southward flowing
California Current penetrate to SMB from the
northwest through the Santa Barbara Channel,
this flow being especially intensive in spring
(Dorman and Palmer, 1981; Hickey, 1993; Bray
et al., 1999; DiGiacomo and Holt, 2001). The
relatively warm, salty, and low-oxygen waters
of the poleward Southern California Counter-
current (Sverdrup and Fleming, 1941) penetrate to
the basin alongshore from the southeast through
the straight between San Pedro Peninsula and
Santa Catalina Island. Poleward flow within SCB
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Fig. 1. (a) Bottom topography of the SMB and location of meteorological stations where air temperature and precipitation were
measured. Isolines indicate bottom depth and land elevation (m). (b, ¢c) Maps of hydrographic stations surveyed in September 1987—
June 1994 and September 1994-December 1997, respectively. See Table 1 for exact station locations.
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exhibits significant seasonal variations: maximum
poleward flow occurs in summer or early fall, and
is also intensive in winter; minimum equatorward
flow occurs during spring (Hickey, 1979, 1993).
The seasonal mean flow is equatorward during fall
and winter in the narrow inshore shelf zone of
SMB (Hickey, 1992). The temperature gradients
near the coast are enhanced by the effects of local
wind-driven upwelling, resulting from alongshore
equatorward wind typical for this geographical
zone (Bakun and Nelson, 1991). Wind over SMB
is relatively weak because it is sheltered from the
north by a coastal mountain range (Dorman and
Winant, 1995).

The vertical stratification of the water column is
strong as a consequence of both intensive surface
heating and low vertical mixing due to the low
wind stress in this comparatively protected area
(Hickey, 1992). This strong stratification is only
intermittently broken in late winter/early spring
when individual wind events can lead to local
upwelling (Gruber et al., in preparation). Current
fluctuations over the inner SMB shelf have
significant short-period variance; these fluctua-
tions appear to be driven predominantly by
boundary forcing of the outer shelf and only
secondary by local wind stress (Winant and
Bratkovich, 1981; Hickey, 1992; Hickey et al.,
2003). SMB is an area of active mesoscale eddy
dynamics; cyclonic eddies of <50km diameter
(often <10km) are especially numerous in fall and
winter (DiGiacomo and Holt, 2001).

In contrast to open oceanic regions, freshwater
discharge plays a very important role in determin-
ing the hydrographic, chemical, and biological
state of coastal waters. While freshwater discharge
to SMB is small compared to other coastal
regions, its influence on coastal water after rain-
storms can be substantial. Such storm events are of
particular interest as they are often associated with
the transport of pollutants from land into the
coastal seas (Dwight et al., 2002; Ackerman and
Weisberg, 2003). The freshwater discharge to SMB
is relatively small but comes from a variety of
sources. The rainwater flows to SMB through
small storm drains and two small rivers: Malibu
Creek that discharges near Malibu Point and
Ballona Creek whose mouth is located near

Marina del Rey. The watershed of Ballona Creek
occupies the majority of the coastal plain, with an
area of about 350 km?. Ballona Creek’s bed is lined
with concrete to speed the water flow to the ocean,
resulting in runoff that is linearly related to rainfall
(Ackerman and Weisberg, 2003). Annual mean
runoff from the storm drains and the two rivers
has been estimated to about 2.4 x 10" Iyr—'. This
discharge is much smaller than the freshwater
discharges from industrial sources (mostly cooling
waters from power plants) which amount to about
8 x 10" 1yr ! and the discharges from municipal
waste which are about 1.6 x 10"*1yr~! (Eganhouse
and Venkatesan, 1993). While surface runoff is
highly intermittent and mostly concentrated in the
winter months (Dwight et al., 2002), municipal
wastewater is a continuous source of fresh water.
Wastewater is collected by a network of sewers
that drain into central treatment plants of which
the Hyperion Treatment Plant is the largest one by
discharging about 5x 10'"'1yr~' in SMB (Raco-
Rands and Steinberger, 2001). Its outfall is located
8.3 km offshore at a depth of 57m (Fig. 1).
Variations of hydrographic, chemical, and
biological properties in the ocean are a result of
several external forces: the exchange of heat across
the air—sea interface, the input of mechanical
energy into the surface ocean by wind (wind
stress), the exchange of freshwater (discharge and
air—sea fluxes), the exchange of dissolved gases
across the air-sea interface, and the additions of
materials by river discharge and atmospheric
depositions. The exchange of heat and freshwater
across the air-sea interface leads to changes in
surface ocean buoyancy, which drives both local
mixing and large-scale circulation. The input of
momentum by wind stress drives upper ocean
currents as well as provides the input of mechan-
ical energy to mix against the vertical stratifica-
tion. These processes have a pronounced influence
on oceanic temperature and salinity. Both wind
and buoyancy driven mixing and circulation, such
as associated with upwelling and entrainment,
interact with ocean biological processes in gen-
erating intense biological production when nutri-
ents, the limiting factor for growth in the study
area (Eppley et al., 1979; Eppley and Renger,
1988), are brought into the light illuminated upper
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ocean. The main biological process, photosynth-
esis, uses these inorganic nutrients and converts
them into organic nutrients, thereby releasing
oxygen into the surface ocean. A fraction of the
organic matter produced in the upper ocean leaves
it as sinking particles or is mixed downward as
dissolved organic matter. Most of the organic
matter that escapes the surface ocean is reminer-
alized back to inorganic constituents deeper in the
water column, using oxygen as the primary
oxidation agent. This leads to a reduction of the
dissolved oxygen levels below the surface ocean.
Oxygen is also exchanged with the atmosphere by
gas transfer across the air-sea interface. For
conditions typical for SMB, the characteristic
time-scale for the equilibration of an oxygen
anomaly (i.e., a deviation of the dissolved oxygen
concentration from saturation) is a few weeks
(Broecker and Peng, 1974). This time-scale is fast
relative to the biogeochemical and physical pro-
cesses acting in the surface ocean to change oxygen.
Therefore, the surface concentration of oxygen is
generally relatively close to its saturation value.
While the basic hydrographic and circulation
pattern of SMB are relatively well known (Hickey,
1992; Hickey et al.,, 2003), the seasonal and
interannual variations of these patterns are not
well established nor are the mechanisms behind
them well understood. Establishing these long-
term variations is of great importance in order to
understand the high-frequency point observations
that are currently being obtained at the Santa
Monica Bay Observatory Mooring operated by
UCLA’s Institute of the Environment (Gruber
et al., in preparation). These data will also assist in
assessing the impact of future climate change. In
this paper, we will focus on hydrographic pro-
cesses at the ocean surface and take advantage of a
rich spatio-temporal data set collected in SMB
between 1987 and 1997 by the LA City Environ-
mental Monitoring Division (Dalkey and Shisko,
1996). The focus on surface properties and their
variations is also motivated by the fact that an
increasing number of parameters can be monitored
by remote sensors from satellites and airplanes
(see, e.g., Halpern, 2000), which provide great
opportunities of real-time observation and analy-
sis of ecological data. The in situ data analyzed

and interpreted here will provide a historical
background for the analyses of these newly
available data.

In this paper, we will use this rich data set from
SMB to investigate the imprint of these various
processes on the spatio-temporal variations of four
parameters: sea surface temperature (SST), salinity
(SAL), dissolved oxygen (O,), and transmissivity
(Tr). Our goals are in particular:

® to reveal the general features of the seasonal
dynamics of SST, SAL, O,, and Tr in SMB;

® to study variations of these parameters at time-
scales from sub-seasonal to interannual;

® to analyze the influence of meteorological
factors (air temperature, precipitation, wind)
on the dynamics of hydrographical parameters
in SMB using the statistical method of time-
lagged correlation;

® to make an attempt to explain the observed
seasonal anomalies by the influence of both
local and remote meteorological and hydro-
graphical factors.

In Section 2 we describe the data and the
statistical methods used for our analysis. In
Section 3 we analyze climatological seasonal cycle
of the observed data. In Section 4 we analyze the
sub-seasonal variability; in Section 5 we consider
the variability from intraseasonal to interannual
time-scale. Summary and concluding remarks are
given in Section 6.

2. Methods

The hydrographic data (SST, SAL, O,, and Tr)
in SMB were collected by the Environmental
Monitoring Division of the Los Angeles City
Department of Public Works Bureau of Sanitation
as a part of their program to monitor the water
quality of the Hyperion Treatment Plant waste-
water discharge. The observations were carried out
on a weekly basis from September 1987 to June
1994 and on a monthly basis thereafter until
December 1997.

Conductivity—temperature—depth (CTD) pro-
files were collected over the course of 2 days
throughout SMB at 36 stations from September
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1987 to June 1994 and at 32 stations from
September 1994 to December 1997 (see Fig. 1).
All nearshore stations and the northernmost and
southernmost offshore stations were sampled on
the first day and the remaining offshore stations
were sampled on the second day. Profiles of
temperature (°C), salinity (on the practical salinity
scale), dissolved oxygen (umoll~'), and transmis-
sivity (%) were taken using a Sea-Bird Electronics
Inc. Model SBE-9 CTD system (for details see
Dalkey and Shisko, 1996). Rather than analyzing
the dissolved oxygen concentration per se, we
analyze the oxygen anomaly, which is defined as
the deviation of the measured oxygen concentra-
tion from the oxygen saturation. This is motivated
by the fast exchange of oxygen across the air—sea
interface which results in surface ocean oxygen
usually being close to saturation. It is therefore
more instructive to investigate the deviations from
saturation. We use the oxygen solubility function
of Garcia and Gordon (1992) and estimate the
oxygen anomaly on the basis of the CTD-
measured dissolved oxygen concentrations, tem-
perature, and salinity. Oxygen anomalies (here-
after AO,) are expressed in pmoll~'.

Station coordinates and the number of observa-
tions collected at each station are given in Tables 1
and 2. In most surveys all stations were sampled,
sometimes twice. This is why the total number of
observations exceeds the total number of surveys
in a few cases (410). Temperature, salinity, and
transmissivity were measured at almost all sta-
tions, oxygen at >90% of stations.

In order to better assess the spatial structure of
the variations and in order to remove the effect of
the change in the sampling grid, the four
parameters (SST, SAL, AO,, and Tr) were inter-
polated for each survey onto a regular grid of
0.01° resolution within the latitude range 33.76—
34.06°N (33°45.6'-34°03.6’N) and longitude range
118.74-118.38°W (118°44.4-118°22.8'W). The in-
terpolation was carried out using the kriging
method (Isaaks and Srivastava, 1989; Oliver and
Webster, 1990). Grid nodes that are located more
than 5Skm from the nearest sampling station were
excluded from analysis.

The four parameters exhibit distinct seasonal
variations, which can be approximated by a

harmonic function with a 12-month period. In
order to construct a mean seasonal climatology,
we fitted a harmonic function of the type

y =m — kcos((t — ¢)2n/365) (1)

to all four parameters at each node with observa-
tions. In Eq. (1) y is the SST, SAL, AO,, or Tr, ¢ is
the Julian Day, m is the mean value of the
parameter, k represents the amplitude of the
seasonal cycle, and —¢ is the phase illustrating
the time when the seasonal minimum occurs.

Next, we computed seasonal anomalies by remov-
ing the climatological mean seasonal cycle from the
observed time series both integrated over the entire
SMB and at each grid node. From those seasonal
anomalies, we created interannual anomalies by
filtering the seasonal anomalies with a 100-day
running mean filter. The seasonal anomalies were
analyzed further using the method of empirical
orthogonal functions (EOF). The EOF method
decomposes the spatio-temporal variability into a
set of orthogonal functions (spatial maps) and the
corresponding principal components (time series).
Each of these orthogonal functions is ranked by
their temporal variance. Ideally, the leading order
orthogonal functions explain a substantial fraction
of the total variance, so that the sum of them is a
close reconstruction of the initial signal. The
methodology is described in Priesendorfer (1988).

Air temperature (hereafter T,;;) was measured at
the meteorological station of the Los Angeles
International Airport (LAX). This station is
located 3 miles (Skm) to the east of the SMB
shore (Fig. 1). Marine air covers the coastal plain
most of the year, and thus air temperature at LAX
does not differ greatly from the air temperature
over SMB. To check it we compared the LAX T;;
data with the air temperatures obtained in the
central part of SMB by the UCLA Institute of
the Environment Bay Observatory Mooring in
June 2001-April 2003 (Gruber et al., in prepara-
tion); both time series were highly correlated
(r=0.9185; p<0.001); the difference was on the
average 0.76°C. As done for the other parameters,
the mean seasonal cycle was estimated by approx-
imating the observations using Eq. (1), and seaso-
nal anomalies were obtained by subtracting this
mean seasonal cycle.



1058 N.P. Nezlin et al. | Continental Shelf Research 24 (2004) 1053—1082

Table 1

Coordinates of hydrographic stations and number of observations collected at each station in September 1987-June 1994; total, sea
surface temperature (SST), salinity (SAL), dissolved oxygen (O;), and transmissivity (Tr)

Station # Latitude (°N) Longitude (°W) Total SST SAL (o)) Tr
2 33.8178 118.400 351 351 350 327 351
4 33.8244 118.463 348 348 345 323 346
5 33.8481 118.418 348 348 347 323 348
6 33.8519 118.525 352 352 352 329 352
7 33.8519 118.408 347 347 346 324 345
8 33.8686 118.494 346 346 346 324 346

11 33.8822 118.421 351 351 350 327 351

13 33.8931 118.537 345 345 344 320 344

14 33.8944 118.588 353 353 352 330 352

15 33.8967 118.474 343 343 342 319 343

17 33.9050 118.606 350 350 350 327 349

18 33.9075 118.524 351 351 351 327 349

19 339114 118.435 346 346 345 322 345

20 33.9117 118.550 346 346 345 325 345

21 33.9147 118.525 351 351 351 328 350

22 33.9200 118.447 349 349 348 325 349

23 33.9214 118.492 347 347 347 323 345

25 33.9281 118.535 350 350 350 326 350

26 33.9283 118.558 351 351 351 327 347

27 33.9378 118.450 347 347 346 324 346

28 33.9411 118.509 350 350 349 327 350

29 33.9422 118.575 355 355 355 331 353

31 33.9528 118.554 353 353 353 330 352

32 33.9606 118.466 354 354 353 328 352

35 33.9719 118.614 354 354 354 331 354

37 33.9861 118.714 348 348 348 324 347

38 33.9897 118.601 351 351 351 328 351

39 33.9911 118.491 349 349 348 325 348

40 33.9964 118.550 360 360 360 336 359

41 33.9972 118.717 355 355 355 332 354

42 33.9978 118.649 347 347 346 324 345

44 34.0069 118.716 353 353 353 330 352

46 34.0200 118.525 350 350 349 326 349

47 34.0242 118.715 349 349 348 325 346

48 34.0306 118.643 350 350 349 326 350

49 34.0317 118.600 349 349 348 326 349

Surface freshwater discharge to SMB originates
from the atmospheric precipitation over the
watershed area. An important aspect of the
climate of the Los Angeles metropolitan area is
the pronounced difference in weather conditions,
including precipitation, over fairly short distances,
closely related to the distance from, and elevation
above, the Pacific Ocean. Precipitation generally
increases with distance from the ocean, from a
yearly total of around 300mm in the coastal
sections to the south of the LA city to over 500 mm
in the foothill areas. To obtain more reliable

values of freshwater discharge from surface runoff,
we estimated the total rainfall over the watershed
from the meteorological observations at five
stations, when the complete record of observations
during 1987-1997 (4018 days) was available
(Table 3, Fig. 1). The daily precipitation (hereafter
Pr) at five stations was averaged and smoothed
using 7-day running average to enable time-lagged
correlation analysis between daily precipitation
and weekly oceanographic observations.

As we are interested in wind stress variations that
are representative over a relatively large region, we
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Table 2
Coordinates of hydrographic stations and number of observations collected at each station in September 1994-December 1997; total,
sea surface temperature (SST), salinity (SAL), dissolved oxygen (O,), and transmissivity (Tr)

Station # Latitude (°N) Longitude (°W) Total SST SAL 0, Tr
1 33.7914 118.451 37 37 37 36 37
3 33.8231 118.517 38 38 38 37 38
4 33.8244 118.463 39 39 39 38 37
5 33.8481 118.418 41 41 41 40 41
6 33.8519 118.525 43 43 43 42 41
8 33.8686 118.494 49 49 49 48 49
9 33.8792 118.536 57 57 57 55 57

10 33.8792 118.457 41 41 41 40 40

12 33.8867 118.506 58 58 58 56 58

15 33.8967 118.474 56 56 56 54 55

16 33.9000 118.453 40 40 40 39 40

18 33.9075 118.524 62 62 62 60 62

20 339117 118.550 59 59 59 58 59

21 33.9147 118.525 64 64 64 62 63

22 33.9200 118.447 41 41 41 40 40

23 33.9214 118.492 59 59 59 57 57

24 33.9253 118.467 40 40 40 39 40

25 33.9281 118.535 63 63 63 61 63

26 33.9283 118.558 58 58 58 56 57

28 33.9411 118.509 56 56 56 55 54

29 33.9422 118.575 56 56 56 54 56

30 33.9519 118.485 39 39 39 38 39

31 33.9528 118.554 63 63 63 61 62

33 33.9664 118.526 42 42 42 41 42

34 33.9714 118.565 45 45 45 44 45

35 33.9719 118.614 38 38 38 37 38

36 33.9764 118.505 39 39 38 37 38

38 33.9897 118.601 39 39 39 38 39

41 33.9972 118.717 40 40 40 39 40

42 33.9978 118.649 41 41 41 40 41

43 34.0058 118.597 39 39 39 38 39

45 34.0175 118.716 40 40 40 39 39

Table 3

Location of meteorological stations where atmospheric precipitation was measured

Station Latitude Longitude Elevation above
sea level (m)

Long Beach Daugherty Field 33°49'N 118°09'W 9.4
Los Angeles International Airport (LAX) 33°56'N 118°23'W 29.6
Los Angeles Downtown 34°03'N 118°14'W 70.1
Pasadena 34°09'N 118°09'W 263.3
Torrance Municipal Airport 33°48'N 118°20'W 33.5
used wind stresses determined from atmospheric nents of the “Bakun upwelling index” (Bakun, 1973)
pressure fields rather than from the relatively sparse for the location 33°N, 119°W (obtained from the
in situ wind speed measurements. More specifically, Pacific Fisheries Environmental Laboratory (PFEL)

we were using the offshore and alongshore compo- http://www.pfeg.noaa.gov/). Though expressed in
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units of water transport (m*s™' per 100m of the
coastline), the upwelling index is directly propor-
tional to wind stress, with the offshore upwelling
index being a measure of the equatorward along-
shore wind stress, and with the alongshore upwel-
ling index being a measure of the wind stress
directed onshore. The coastal angle used by PFEL
at 33°N is 129°; i.e., the equatorward wind is
northwesterly and onshore wind is southwesterly.
With the limitation in mind that these wind stresses
are only indirectly determined, we refer to the
alongshore wind stress toward the equator as WS,
and to the onshore component as WS,,. The
seasonal variations of WS, and WS, were
approximated by Eq. (1) (Figs. 2g and h) to obtain
seasonal anomalies.

In order to investigate the influence of large-
scale/low-frequency forcing on the observed varia-
bility in SMB more explicitly, we also computed
lag correlations of low pass filtered time series with
an index of the El Nifio—Southern Oscillation
(ENSO) phenomenon. In particular, we smoothed
the seasonal anomaly time series of each para-
meter with a 100-day running mean filter in order
to obtain an interannual anomaly time series. We
used the NINO3 index, which was determined by
averaging the SST anomalies over the eastern
tropical Pacific (5°S—-5°N; 150°W-90°W) as our
index for ENSO. The values were obtained from
the International Research Institute of Climate
Prediction (http://iri.ldeo.columbia.edu/).

3. Seasonal climatology
3.1. Results

3.1.1. Annual mean distribution and variability
The spatial distributions of the annual mean
SST, SAL, AO,, and Tr in SMB are illustrated in
Fig. 3. Annual mean SST varies between 16.6°C
and 17.5°C with the highest values observed in the
southern inshore part of SMB and the lowest SST
found in the northern part a few kilometers
offshore (see also Table 4 for mean values).
Annual mean salinity is relatively uniform across
the entire Bay with values close to 33.40, except for
a zone of low salinity along the coast with the

lowest values found near the mouth of Ballona
Creek. The annual mean oxygen anomaly shows a
substantial supersaturation across the entire SMB
with values between -+16 and +28umoll™!
(equivalent to a relative supersaturation of
6-11%). The spatial distribution of the annual
mean AO, reveals generally higher values in the
nearshore region, except for the very inshore
region in the southern part of the Bay, and lower
supersaturations in the central deep part of SMB.
The annual mean transmissivity (Tr) in SMB is
medium to high with values between 66% in the
inshore region tapering off to values above 85%
offshore.

Fig. 4 illustrates the spatial distribution of the
standard deviation (SD) around the annual mean
of SST, SAL, AO,, and Tr in SMB. Maximum
variability of SST, SAL, and Tr occurs in a narrow
zone near the shore. In the case of AO,, the zone of
high variability is much wider and more irregular.

3.1.2. Seasonal variations

Figs. 5 and 6 illustrate the spatial distribution of
the amplitude and phasing of the mean seasonal
cycle (coefficients k and ¢ in Eq. (1)) of SST, SAL,
AO,, and Tr over the SMB area. In general, the
seasonal amplitudes of all parameters are of
similar magnitude as the SD (Fig. 4), suggesting
that most of the total variability is caused by the
seasonal cycle. Although, the seasonal amplitude is
generally relatively small in comparison to the
mean value and to the amplitudes observed in
other oceanic regions, the spatial distribution of
the amplitude shows distinct spatial distribution.
The amplitudes of SST, SAL, and Tr (Fig. 5) are
highest in the nearshore zones and tend to decrease
offshore. In the cases of SAL and Tr, these zones
are located near Marina del Rey, indicating that
Ballona Creek acts as a main source of seasonal
variations of both salinity and turbidity. The
seasonal amplitude of the oxygen anomaly is of
about equal magnitude as the mean, and with a
pattern that resembles that of the mean. The
Ballona Creek region differs in that regard in that
its seasonal amplitude of AO, is strongly sup-
pressed relative to the rest of the Bay.

The seasonal phasing of the different parameters
is quite different (see Fig. 2 and Table 4) with SST
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Fig. 2. Seasonal variations of (a) sea surface temperature (°C), (b) salinity, (c) oxygen anomalies (umol1™"), and (d) transmissivity (%)
in SMB. (e) Air temperature at LAX (°C), (f) precipitation averaged over five stations in the northwestern portion of the Los Angeles
Basin (mmday '), (g) equatorward, and (h) onshore wind stress (m*s~' per 100m of the coastline). The lines show the seasonal

variations approximated by Eq. (1) in the main text.

and SAL having their seasonal minima in mid-
February (Julian Day 49) and late January (Julian
Day 24), respectively, while the seasonal minimum
of AO, occurs in late December (Julian Day 362)
and that of Tr at the end of April (Julian Day 118).
The occurrence of the seasonal minima of SST,
SAL, and AO, varies across SMB by more than 2

weeks (Fig. 6). The seasonal minimum (and
maximum) of SST and Tr generally occur earlier
in the inshore compared to offshore.

Interesting exceptions are the observation of a
conspicuous early minimum in the seasonal cycle
of SAL in the central part of SMB, just over the
outfall of the Hyperion sewer. The “latest”
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Fig. 3. Annual mean spatial distribution of SST (°C), SAL, AO, (umoll™"), and Tr (%) in SMB averaged over the entire period of

observations (1987-1997).

Table 4

Coefficients of Eq. (1) for sea surface temperature (SST), salinity (SAL), oxygen anomaly (AO,), transmissivity (Tr), air temperature
(Tir), equatorward wind stress (WS,), and onshore wind stress (WS,,,)

m k @ (Julian Day)
Sea surface temperature (°C) 16.90 2.761 48.78
Salinity (psu) 33.41 0.124 24.03
Oxygen anomaly (umoll~") 20.4 16.36 361.81
Transmissivity (%) 79.52 2.634 117.85
Air temperature (°C) 17.72 3.624 37.69
WSeq (m*s™! per 100m of the coastline) 90.64 80.376 354.76
WSon (m*s™! per 100m of the coastline) —22.19 6.786 2.49

seasonal minimum of SAL is observed in two
inshore zones: near Marina del Rey and to the east
of Malibu Point. For AO,, secasonal extremes are
observed first in the southern part of SMB. In
Marina del Rey and in the northwestern part of
the basin, the seasonal minimum occurs 3—4 weeks
later. The largest variations in phasing are found
for Tr, which varies by more than 2 months over
the Bay. The seasonal minimum of Ty;, (Fig. 2e) is
observed in early February (Julian Day 38) and its

maximum in early August (Julian Day 220). The
seasonality of Pr is strong, with a maximum in
winter and essentially zero Pr in summer. The
seasonal maximum of equatorward wind stress
WSq occurs about June 21 (Julian Day 172) and
minimum about December 20 (Julian Day 354).
The seasonal minimum of WS, is observed at the
beginning of January (Julian Day 2) and max-
imum at the beginning of July (Julian Day 185).
However, the latter cycle is not pronounced.
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Fig. 4. Spatial distribution of the total variability (SD) of SST (°C), SAL, AO, (umol1™"), and Tr (%) in SMB over the entire period of

observations (1987-1997).
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Fig. 5. Spatial distribution of the amplitude of seasonal variations of SST (°C), SAL (psu), AO, (umoll™"), and Tr (%) in SMB
estimated from the entire period of observations (1987-1997). Note that we define the amplitude as the coefficient k£ of Eq. (1); the
seasonal difference between the minimum and maximum is twice the amplitude.
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Fig. 6. Spatial distribution of the seasonal phase (coefficient ¢ of Eq. (1), Julian Day) of SST, SAL, AO,, and Tr in SMB estimated

from the entire period of observations (1987-1997).

3.2. Discussion

3.2.1. Annual mean distribution

The observed distribution of the annual mean
SST in SMB is likely due to a combination of an
offshore/onshore gradient in SST caused by
stronger sheltering in the nearshore regions and
possible warming from the beach zone, and a
general north-south gradient in SST. The latter is
likely reinforced by the interaction of the south-
ward flowing branch of the cold California
Current that penetrates into SMB from the
northwest and the northward flowing Southern
California Countercurrent that penetrates into
SMB from the south (Hickey, 1992, 1993; Hickey
et al., 2003).

In contrast to the annual mean SST distribution,
the spatial distribution of the annual mean salinity
is dominated by the freshwater discharge from
Ballona Creek. This conclusion is corroborated by
the pattern of SAL variability, which shows
highest variability near Marina del Rey.

The first remarkable observation about the AO,
distribution within SMB is its general supersatura-
tion. The only two processes that can lead to such
a supersaturation are net heating of the surface
ocean layer and the generation of oxygen by
photosynthesis. We suspect that the biology is
primarily responsible for maintaining the high AO,
values in winter and early spring when the surface
ocean is generally cooling, and that the net heating
maintains the supersaturation in summer against
the continuous loss of oxygen from the surface
ocean into the atmosphere by air—sea exchange.

The general trend toward higher oxygen annual
mean AQ, in the nearshore zones is likely due to
enhanced biological productivity there, probably
driven by higher nutrient input because of
enhanced vertical mixing, closeness to the bottom
sediments and nutrient inputs from wastewater
discharge. We cannot explain the anomalously low
AO, values in the southern nearshore zone of
SMB. One possible reason is enhanced oxygen
demand from the remineralization of organic
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matter that is being brought into the marine
environment from external sources.

3.2.2. Seasonal variations

The spatial distributions of the seasonal ampli-
tude of SST, SAL, and Tr (Fig. 5) are similar to
the spatial distribution of their total variability
(Fig. 4), but the inshore zones of high seasonal
variability occupy larger areas compared to total
variability. For SAL and Tr, these zones are
located near Marina del Rey, indicating that
Ballona Creek is a main source of seasonal
variations of both salinity and transparency in
the surface layer.

For AO,, the spatial patterns of seasonal and
non-seasonal variability are somewhat different, in
line with the observation that the seasonal varia-
tions represent a smaller fraction of the total
variability compared to the other parameters. The
magnitude of the seasonal amplitude increases
generally toward the shores, with the highest
seasonal amplitude of AO, observed in the south-
eastern part of SMB over Redondo Canyon. A
remarkable deviation from this general trend is the
very small seasonal amplitude observed near
Marina del Rey, in the zone of influence of the
Ballona Creek discharge. The tendency for a
higher seasonal amplitude in the nearshore zones
is in line with the general increase in the annual
mean AO, toward the shores, which we interpreted
as a result of generally higher productivity levels
fueled by higher level of mixing in the nearshore
environments. We interpret the low seasonal
amplitude of the regions around the mouth of
Ballona Creek to be caused by the input of
oxygen-rich freshwaters into SMB during winter
time, when the rest of SMB experiences low levels
of AO, as a result of general cooling and the
entrainment of low AO, levels from the thermo-
cline. The reduction of the seasonal amplitude is
aided by the fact that due to the non-linear
dependence of oxygen on salinity, the mixing of
oxygen saturated freshwaters and oxygen satu-
rated saltwater results in a supersaturated mixture.

The seasonality of SST in the inshore areas is
about 2 weeks ahead compared to the deeper
offshore zones (Fig. 6a). The explanation is that
over shallow areas the response of SST to heat

fluxes is more rapid and coincides better with the
seasonal cycle of air temperature (see Fig. 2e). In
the deeper offshore zones, the seasonal cycle of
SST lags that of air temperature by a couple of
weeks.

The time of the seasonal minimum of surface
salinity (Fig. 6b) in SMB depends on freshwater
discharge from the two main sources of fresh-
water: the Ballona Creek and the Hyperion sewer
outfall. The freshwater discharge from Ballona
Creek is directly related to atmospheric precipita-
tion (Ackerman and Weisberg, 2003), and the
seasonal minimum of SAL near Marina del Rey
occurs in late winter (end of January—early
February) when precipitation is maximal (Fig. 2f).
In contrast, freshwater discharge from the Hyper-
ion sewer does not exhibit significant seasonal
variation (Eganhouse and Venkatesan, 1993); yet
there is a marked earlier onset of the seasonal SAL
minimum directly above the Hyperion sewer
outfall (Fig. 6). This can be understood by the
fact that the fraction of the sewer outflow that
reaches the surface depends on the vertical
stratification. During mid-winter, when vertical
stratification is lowest and vertical mixing is
highest (Winant and Bratkovich, 1981), the highest
fraction of fresh water discharged from the
Hyperion sewer reaches the sea surface.

The phasing of the seasonal cycle in AO, in
SMB shows in general a propagation from the
south to the north which we interpret as being
driven mainly by an earlier onset of water column
stratification in the southern parts of the Bay
which leads to a slightly earlier start of the
phytoplankton bloom in winter/spring. The sec-
ond interpretation is that winter/spring upwelling
in SMB occurs preferentially along the northern
shore (Gruber et al., in preparation). The upwel-
ling brings oxygen deficient waters to the surface.
As long as upwelling is active, any net growth of
phytoplankton is transported offshore and hence
phytoplankton concentration and AO» remain low
along the northern shore. Only after upwelling
relaxes, a phytoplankton bloom can develop
(Barber and Smith, 1981).

The seasonal phasing of surface transmissivity
matches the general pattern of SCB bottom
topography. In shallow arcas seasonal extremes
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occur up to 2 months earlier than in the deeper
zones (Santa Monica Canyon in the north of SMB
and Redondo Canyon in the south). In the
offshore zone of SMB, the seasonal minimum of
transmissivity in mid-spring is a result of the
spring bloom of phytoplankton, which occurs
typically near the end of February (Nezlin and
Li, 2003). In the nearshore zones, the seasonal
minimum of Tr occurs closer to the time of the
seasonal minimum of salinity in February, indicat-
ing that the input of suspended material from
small rivers and creeks dominates the seasonal
phasing there.

The succession of the seasonal extremes of the
meteorological factors (Tkir, Pr, WS¢y, and WS,,)
illustrates the general cycles of these parameters in
subtropical coastal areas. The dynamics of sea
surface temperature is regulated by the balance of
heat fluxes from above and cooling from below
resulting from vertical mixing. The high heat
capacity of the ocean relative to that of the air
leads to a trailing of SST relative to air tempera-
ture; that is why the seasonal cycles of air
temperature and SST trail the insolation cycle by
about 1.5 and 2 months, respectively (Tont, 1975).

4. Sub-seasonal variability
4.1. Results

4.1.1. Time series of the seasonal anomalies

The temporal variations of the seasonal anoma-
lies of SST, SAL, AO,, and Tr averaged over the
SMB area are shown in Fig. 7. For SST, AO,, and
Tr, sub-seasonal variability tends to dominate over
longer-term variations. In contrast, variations of
SAL over the entire SMB are more persistent;
leading to a situation, where long-term variability
dominates over sub-seasonal variations.

Table 6 indicates correlations between the
seasonal anomalies of SMB mean SST, SAL,
AO,, Tr, and various meteorological forcings.
Significant correlations are observed between
SST, SAL, and Tr, high SAL is accompanied by
low SST and high Tr. As for the correlations with
meteorological forcings, the highest correlation
(+0.40) is found between air temperature and

SST. A negative correlation exists between SAL
and Pr; a second factor forcing salinity variations
are winds.

4.1.2. EOF analysis of the seasonal anomalies

Table 5 illustrates the contribution of the 10
leading EOF modes to the total non-seasonal
variability of SST, SAL, AO,, and Tr over the
SMB area. For each parameter we selected the
three leading EOF modes for analysis. They
contribute 58.0%, 51.3%, 49.8%, and 50.2% to
total variability of SST, SAL, AO,, and Tr,
respectively. The remaining modes contribute too
little to the total non-seasonal variability and
reveal neither clear pattern nor correlations with
meteorological factors.

The patterns of the first EOF modes of all four
parameters are remarkably similar (Fig. 8), reveal-
ing a nearshore to offshore gradient with higher
SST (Fig. 8a), SAL (Fig. 8d), AO, (Fig. 8g), and Tr
(Fig. 8j) located in a narrow inshore area. We refer
to this mode as ‘“‘the inshore/offshore’ mode. The
patterns of the second EOF modes show a
gradient between the northwestern and south-
eastern parts of SMB. In this mode, the north-
western area is occupied by low values of SST
(Fig. 8b), SAL (Fig. 8¢), and Tr (Fig. 8k) and high
values of AO, (Fig. 8h) anomalies. We call this
mode ‘“‘the north/south” mode. The third EOF
modes illustrate the differences between the central
part of SMB and its northwestern and south-
eastern zones. The maxima of the third EOF
modes for SAL and Tr are located in Marina del
Rey, the maximum of SST and the minimum of
AO, a few kilometers offshore. Evidently, the
discharge from Ballona Creek seems to be a main
factor regulating the spatio-temporal variability
revealed in the third EOF modes. Therefore, we
refer to this mode as ‘“‘the discharge” mode.

Fig. 9 shows the temporal variations of the
principal components of the two leading (“in-
shore/offshore”” and ‘“‘north/south’”) EOF modes
for SST, SAL, AO,, and Tr from 1987 to 1997.
Temporal variations of the equatorward and
onshore wind stress, air temperature, atmospheric
precipitation, NINO3 index are depicted in Fig. 10.
Correlations between these parameters will be
discussed next.
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Fig. 7. Temporal variations of (a) sea surface temperature, (b) salinity, (c) oxygen anomaly, (d) transmissivity seasonal anomalies
averaged over SMB. Thick solid lines indicate the results of smoothing using a 100-day linear filter.

Table 5

Percentage of variation of sea surface temperature (SST), salinity (SAL), oxygen anomalies (AO,), and transmissivity (Tr), explained
by 10 leading modes of empirical orthogonal functions (EOF) analysis (in parenthesis cumulative percent)

EOF mode SST SAL AO, Tr
1 23.70 (23.70) 29.79 (29.79) 21.43 (21.43) 25.20 (25.20)
2 21.93 (45.63) 13.09 (42.88) 17.74 (39.17) 15.54 (40.74)
3 12.34 (57.97) 8.42 (51.31) 10.29 (49.46) 9.50 (50.24)
4 8.90 (66.86) 6.53 (57.84) 7.40 (56.86) 6.57 (56.82)
5 6.69 (73.56) 5.80 (63.64) 5.53 (62.38) 5.48 (62.30)
6 4.90 (78.45) 4.59 (68.23) 4.86 (67.24) 4.67 (66.96)
7 3.11 (81.56) 4.07 (72.30) 4.04 (71.28) 3.66 (70.62)
8 2.54 (84.10) 2.93 (75.23) 3.34 (74.62) 3.36 (73.99)
9 1.97 (86.07) 2.55(77.78) 3.16 (77.77) 2.88 (76.87)
10 1.78 (87.85) 2.28 (80.07) 2.86 (80.64) 2.56 (79.42)
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Fig. 8. Spatial maps of the three leading EOF modes of sub-seasonal variability in SMB. The three columns show the first (inshore/
offshore mode), the second (north/south mode), and the third EOF (discharge mode) for the various quantities. (a—c) three leading
EOFs for the seasonal anomalies of sea surface temperature (SST); (d—f), as (a) but for salinity (SAL); (g-i), as (a) but for oxygen
anomaly (AO,); (j-1), as (a) but for transmissivity (Tr).

4.1.3. Correlations between the EOF modes modes for all four parameters (SST, SAL, AO,,
We find correlations between the principal and Tr). For most correlations, the maxima are at
components of the first, second, and third EOF zero time lag. Significant correlations are shown in
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Table 7. Fig. 11 shows the time-lag correlation for
the discharge modes of SAL and AO,, which
represents the only parameter pair that had
significant correlations at time lags different from
Zero.

The inshore/offshore EOF modes of SST, SAL,
and Tr are positively correlated with each other.
The inshore/offshore mode of AO, is not signifi-
cantly correlated with SST and SAL, but nega-
tively correlated with Tr. This means that the
anomalously high SSTs that are associated with
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this inshore/offshore mode near the coast tend to
coincide with high salinities and transmissivities,
and low-oxygen anomalies. Most of these correla-
tions are relatively weak, however. The exceptions
are the correlations between SAL and Tr and
between AO, and Tr, respectively.

The correlations of the north/south EOF mode
are also positive (Table 7). The correlations reveal
that the anomalously low SSTs found in the
northwestern part of SMB during the positive
phases of this north-south mode are generally
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Fig. 9. Time series of the principal components of the two leading EOF modes for (a, b) sea surface temperature; (c, d) salinity; (e, f)
oxygen anomaly; and (g, h) surface ocean transmissivity. Thick solid lines indicate the results of smoothing using a 100-day linear filter.
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Fig. 9 (continued).

accompanied with low salinities, high-oxygen
anomalies, and low water transparencies.

The correlations for the “discharge” mode are
small; variations in SAL are weakly positively
correlated with SST, AO,, and Tr variations.
These correlations (Table 7) reveal that an increase
of salinity in the zone of influence of the Ballona
Creek discharge is correlated with a decrease of
AO; and an increase of water transparency. The
maximum of correlation between SAL and AO,
has a time lag different from zero (Fig. 11); AO,
was trailing SAL within 10-20 days.

4.1.4. Correlations between the EOF modes and the
meteorological factors

In order to investigate the causes underlying
these modes, such as local meteorological forcing,
ocean internal dynamics, or remote influences, we
look at the time-lagged correlations between the
EOF modes and several meteorological factors.

The inshore/offshore EOF mode of SAL is
negatively correlated with atmospheric precipita-
tion Pr (Fig. 12a) and onshore wind stress WS,
(Fig. 12b) with Pr leading the variations of salinity
by about 0-20 days and WS, by about 0-30 days.
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The inshore/offshore EOF mode of SST is days. The inshore/offshore EOF mode of Tr is
positively correlated with Pr (Fig. 12d); SST negatively correlated with Pr (Fig. 12¢). Although,
variations leading Pr variations from 0 to >30 the correlation is weak, this correlation is expected
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Fig. 11. Time-lagged correlation between temporal variation of
the ““discharge” EOF modes of SAL and AO,.

given the strong positive correlation between the
inshore/offshore EOF modes of salinity and Tr.

The north/south EOF mode of SST is negatively
correlated with Pr within a wide range of time lags
(Fig. 12g). The north/south EOF mode of SAL is
positively correlated with Pr (Fig. 12h), the latter
leading SAL by 0-15 days.

4.2. Discussion

4.2.1. Sub-seasonal variations of the EOF modes

Despite the fact that the four oceanographic
properties were analyzed independently, the results
of the decomposition of each signal into orthogo-
nal functions are remarkably similar. The first
EOF modes of SST, SAL, AO,, and Tr indicate
inshore/offshore contrasts in oceanographic prop-
erties; the second EOF modes are related to the
balance between two main sources of horizontal
advection into SMB, and the third EOF modes
reveal the influence of freshwater discharge from
Ballona Creek. The correlations between the same
EOFs of the different properties are generally low,
however. This indicates that the same modes for
the different properties are not necessarily dyna-
mically linked to each other despite their very
similar spatial structure.

The spatial structure of the “inshore/offshore”
mode has many similarities to the spatial structure
of the seasonal amplitude. We therefore suspect
that the same processes responsible for generating
the spatial structure of the seasonal amplitude are
responsible for this sub-seasonal mode. The basic
processes responsible for these correlations are the

loss and gain of vertical stratification resulting
mostly from the heating and cooling of the sea
surface. This process is most effective in the
shallow nearshore zone. The decrease in AO, is
counterintuitive, as one would expect an increase
in AO, due to the warming. We suspect that the
small warming effect is overwhelmed by a sub-
stantial decrease in the photosynthetic activity of
the phytoplankton as a result of a reduction in the
supply of nutrients into the upper layers caused by
the increased stratification.

The positive correlations between temperature,
salinity, and water transparency also indicate that
the inshore/offshore EOF modes are likely related
to the intensity of nearshore mixing. An intensive
mixing inshore results in cool, desalinated, and
turbid water; an enrichment of the surface layer
with nutrients results in phytoplankton growth,
which in turn causes an increase of AO,. It is worth
mentioning that the highest correlation (+0.344)
is observed between the inshore/offshore modes of
SAL and Tr. We suppose that rain storms
contribute to the inshore/offshore modes of
salinity and transmissivity.

The correlation and pattern of the north/south
EOF modes suggest that they are related to the
balance between the two main sources of hor-
izontal advection to SMB: one is the nearshore
branch of the California Current flowing into
SMB from the northwest (low temperature and
salinity, high oxygen, and low transparency) and
the other is the Southern California Counter-
current flowing in from the south (high tempera-
ture and salinity, low oxygen, and high
transparency). The positive correlation between
Tr and AO, in this north/south mode can be
attributed to higher productivity of the California
Current waters compared to the waters of the
Southern California Countercurrent, as documen-
ted previously on the basis of large-scale observa-
tions (Chelton et al., 1982) and remotely sensed
data by CZCS (Pelaecz and McGowan, 1986; Smith
et al., 1988; Thomas and Strub, 1990) and by
SeaWiFS radiometers (Nezlin et al., 2003).

As the name suggests, the correlations of the
“discharge” modes can be traced back to
the impact of freshwater discharges into SMB.
The discharge of freshwater not only causes
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Fig. 12. Time-lagged correlation between the time series of the principal components of EOF1 (inshore/offshore mode) and EOF2
(north/south mode) with various local meteorological parameters. Only those correlations are shown that are significant. (a)
correlation as a function of lag between EOF1 of salinity and precipitation; (b), as (a) but for onshore wind stress; (c), as (a) but for
equatorward wind stress; (d) time-lag correlation between EOF2 of SST and precipitation; (e) time-lag correlation between EOF1 of Tr
and precipitation; (f), as (e) but for air temperature; (g) time-lag correlation between EOF2 of SST and precipitation; (h) time-lag

correlation between EOF2 of salinity and precipitation.

salinity to decrease, but is most likely also the
reason behind the observed decrease of water
transparency and increase in AO,. We suspect that
the latter two changes are caused in part by
enhanced productivity, which is driven by the
freshwater derived input of nutrients. An addi-
tional reason for the high AO, values is the mixing
of freshwaters with salty waters, which can cause

supersaturation because of the non-linearity of the
salinity dependence of the oxygen saturation
concentration. A couple of weeks after each event
of freshwater discharge (i.e., rainstorms) the
oxygen concentration in this zone decreases. We
attribute this change to a lowered biological
productivity as well as to an increase in oxygen
demand from the decay of the organic matter



1074

produced earlier in situ or swept by river runoff
into SMB.

4.2.2. Influence of local meteorological forcing on
the SMB

Before one can assess the correlations between
oceanographic properties and local meteorological
factors one needs to be aware that air temperature,
wind, and atmospheric precipitation are correlated
among themselves (see Tables 6 and 7). Significant
correlations exist between equatorward and on-
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shore wind stresses (—0.23), between equatorward
wind stress and air temperature (—0.38), between
the onshore wind stress and precipitation (+0.27),
and between air temperature and precipitation
(—0.19). The first correlation simply indicates that
wind stress is either predominantly perpendicular
to the shore (i.e., from the southwest) or aligned
with the shore (i.e., from the northwest). We
assume that the second correlation is a result of
the fact that meridional winds are generally
associated with a substantial heat transport by

Table 6
Coefficients of linear correlation between the external forcing WSeq, WSqp, Tyir, Pr, and NINO3 and SST, SAL, AO,, and Tr averaged
over SMB

WSeq WSon Tair Pr SST SAL AO,
WSeq 1.00 X X X X X X
WSon —0.226 1.00 X X X X X
Tair —0.376 —0.168 1.00 X X X X
Pr — +0.269 —0.188 1.00 X X X
SST —0.103 +0.121 +0.402 1.00 X X
SAL +0.148 -0.213 —0.263 —0.265 1.00 X
AO, — — +0.101 —0.209 — +0.112 1.00
Tr — — —0.191 +0.173 +0.291 —0.116

Note: Only significant (p<0.05) coefficients are given. The coefficients of high significance (p <0.001) are marked with bold.

Table 7

Coefficients of linear correlation between the three leading EOF modes of SST (SST-1, SST-2, SST-3), SAL (SAL-1, SAL-2, SAL-3),
AO; (AO>-1, AO,-2, AO,-3), Tr (Tr-1, Tr-2, Tr-3), and meteorological factors WSqq, WSy, Tair, and Pr

SST-1 SST-2 SST-3 SAL-1 SAL-2 SAL-3 AO»-1 AO»2 AOy3 Tr-1  Tr2  Tr-3 WSeq WSen Tuir
SST-1 100 X X X X X X X X X X X X X X
SST-2 — 1.00 X X X X X X X X X X X X X
SST-3 — — 1.00 X X X X X X X X X X X X
SAL-1 +0.142 — — 100 X X X X X X X X X X X
SAL2 — 40222 —0.112 1.00 X X X X X X X X X X
SAL-3 —0.190 —  +0.150 — 1.00 X X X X X X X X X
AO»1 — — —0.142 ~0.161 1.00 X X X X X X X X
AO»2 — — — +0.206 — 1.00 X X X X X X X
AO»3 — — — — 40150 — — 1.00 X X X X X X
gV R— — — 40344 +0.170 —0269 — — 1.00 X X X X X
Tr2 40132 — — ~0.177 +0.186 ~0.132 +0.188 — — 100 X X X X
T3 — — —0.103 —0.110 —  +0.140 — — — — — 1.00 X X X
WSy — 40130 — — — 40112 —0.122 —0.139 — 1.00 X X
WSon — — —0.115 —0.191 — — - — — 40276 — —0226 1.00 X
T — — — — — 40103 —  +0.18 — — —0.376 —0.168 1.00
Pr — —~0.128 — —0.127 — — — — 0123 40132 — —  +0.269 —0.188

Note: Only significant (p<0.05) coefficients are given. The coefficients of high significance (p <0.001) are marked with bold.
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the atmosphere leading to cool temperatures when
the wind is from the north and vice versa. The
correlation between onshore transport and pre-
cipitation is likely caused by the transport of moist
air masses from the sea toward the land causing
increased precipitation with increased moisture
transport (Mo and Higgins, 1998). The correlation
between air temperature and precipitation simply
suggests that rainy days are cooler on average.

High correlation between precipitation and
salinity indicates freshwater discharge as a main
source of salinity variations in SMB. The most
pronounced decrease of salinity in SMB (about
—2psu) was observed in January 1993 (Fig. 7b)
and coincided with heavy rains (Fig. 7d). Pre-
cipitation was the main source of variability of
AO,, and Tr (see Table 6); ie., freshwater
discharge decreased both oxygen concentration
and water transparency.

Atmospheric precipitation is negatively correlated
with the inshore/offshore EOF mode of salinity. The
time lag between these variations ranges from 0 to 20
days, with a maximum of about 4-5 days (Fig. 12a).
The rationalization of this correlation is straightfor-
ward, as each rainstorm results in a freshwater
discharge to SMB causing a decrease of salinity in
the nearshore zone while the changes in the offshore
regions remain small. This signal is detected over a
period of 2-3 weeks after each event. Precipitation
exerts a similar but weaker influence on the
transparency in the nearshore zone (Fig. 12¢). An
increase in turbidity in the nearshore environment is
very typical after a rain event. We suspect that the
correlation between the inshore/offshore EOF mode
of salinity and onshore wind stress (Fig. 12b) results
from the correlation between onshore wind and
precipitation, rather than a direct influence.

The absence of a significant correlation between
all three EOF modes of SST and air temperature in
SMB on sub-seasonal time-scales is worth discuss-
ing. This and the significant correlation between
T.ir and SST averaged over SMB (Table 6) suggest
that variations of these modes on sub-seasonal
time-scales must be determined by large-scale
processes rather than local coupling.

The variations of air temperature are correlated
with the inshore/offshore mode of Tr with a time
lag of about 1 month (Fig. 12f). This correlation

can be explained by the warm weather enhancing
stratification of the upper mixed layer, which,
in turn, inhibits both water mixing and phyto-
plankton growth, leading to an increase in
water transparency. The time lag of 1 month
suggests that biological processes (phytoplankton
growth) might dominate over physical processes
(turbidity resulting from suspension of bottom
sediments).

Significant correlations exist between the equa-
torward and onshore wind stresses and the
inshore/offshore EOF mode of salinity (Table 7,
Figs. 12b and c). These correlations exist over a
wide range of time lags. This relation coupled with
very weak correlation between the equatorward
wind stress and SST (Table 6) is somewhat
surprising since one would expect that a stronger
than usual equatorward wind stress would lead to
upwelling and hence cooler than normal SSTs.
However, as shown by Gruber et al. (in prepara-
tion) wind conditions in SMB are too weak during
most of the year to cause any significant upwelling.
Secondly, the vertical stratification is too strong
during most of the year in order to upwell waters
that have distinctly colder temperatures and
elevated nutrient levels. Only late winter/early
spring storms that occur during a time of minimal
vertical stability appear to cause any significant
upwelling in SMB. As these events tend to be
episodic, they do not show up in our correlation
analyses.

Summarizing the analysis of the impact of local
meteorological forcing on the sub-seasonal varia-
tions in SMB, we conclude that except for
Tair /SST relation and to some extent salinity and
transmissivity, local meteorological forcing ex-
plains only a small fraction of the sub-seasonal
variability. We suspect that internal ocean dy-
namics associated with the passage of eddies and
other meso- and sub-mesoscale phenomena ex-
plain most of the remaining sub-seasonal varia-
bility. On longer time-scales, large-scale forcing by
the atmosphere and ocean, such as induced, for
example, by northward propagating coastally
trapped waves associated with ENSO events in
the Tropical Pacific might have a distinct influence
on SMB variability as well. We investigate these
connections in Section 5.
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5. Intraseasonal to interannual variability

Visual inspection of the time series of the
various properties and their EOF modes (Figs. 7
and 9) shows a substantial amount of Ilow
frequency variability. In this last section, we will
investigate the possible roles of various processes
in forcing this part of the variability spectrum.

5.1. Results

Table 8 shows the zero-time-lag correlation
coefficients of the interannual anomalies with
various atmospheric and oceanic forcings. The
first part of the table refers to the mean anomalies
over the entire Bay, computed by averaging the
properties over the investigated region for any
given survey. The second part of the table refers
to the interannual anomalies of the three leading
EOF modes. A comparison of these interannual
anomaly correlations (Table 8) with those ob-
tained for the sub-seasonal anomalies (Tables 6
and 7) shows generally larger -correlations.
This needs to be viewed cautiously, since with 10
years of data, there are many fewer degrees
of freedom for interannual variability correlations,
requiring much larger values of the correlation
coefficient in order to be significant. Keeping
this caveat in mind, a number of high correlations
are particularly noteworthy. On time-scales
longer than a few months, SST is strongly
correlated with wind stress, air temperature, and
the NINO3 index. By contrast, the correlation
with precipitation is very small. Salinity shows
high correlations with wind stress and precipita-
tion, but is only weakly related to air temperature.
The signs of the correlations between SST,
SAL, and the two wind stresses are of interest.
Stronger than normal equatorward wind stress
leads to lower SSTs and higher SAL and vice
versa, while stronger than normal onshore wind
stress leads to warmer SSTs and lower SAL values.
The oxygen anomaly shows only a noteworthy
correlation with precipitation, while transmissivity
does not exhibit any strong correlations. The
correlations between the external forcings and
the EOF modes are much higher for the inter-
annual variability frequency band (Table 8) than

Table 8

Coefficients of linear correlation between the external forcing
WS.q, WSgn, Tair, Pr, and NINO3, averaged over SMB
variables (SST, SAL, AO,, and Tr), and the three leading
EOF modes of SST (SST-1, SST-2, SST-3), SAL (SAL-1, SAL-
2, SAL-3), AO; (AO»-1, AO,-2, AO,-3), Tr (Tr-1, Tr-2, Tr-3)
after smoothing by a 100-day linear filter

WSeq  WSon  Tus Pr NINO3
WSeq 100 X b'e X X
WSon ~0.46 100 X X X

Toir —047 4024 100 X X

Pr —0.17 4047  —0.06 100 X
NINO3  —043  +032  +045  +0.09 1.00
SST 049 4040 4083 4004  +0.56
SAL +0.60  —047  —0.17  —042  —0.29
AO, +0.15  +0.07 000 —047  +0.01
Tr +026  —0.17  +0.09 —023  —0.14
SST-1 —0.03  +0.06 —0.10 +044  —0.I8
SST-2 +0.14  —0.07 4012  —033  —0.10
SST-3 +040  —047  —043  —0.08  —0.63
SAL-1 +047  —024  —0.11 4001  —0.21
SAL-2 +0.07  —025  —0.18  +0.14  —0.28
SAL-3 +0.19  +0.10 000 —003 —0.24
AO»-1 —0.09  +0.15  +026  +0.03  +0.10
AO,-2 ~0.09 4041 4022 4018  +0.16
AO-3 +020 4008  —0.08  +0.04  —0.17
Tr-1 +0.16  +0.16  +031 4004  +0.11
Tr-2 +036 —0.18  —0.14  —0.12  —0.04
Tr3 027 4013 4031  —0.02  +0.03

they are for the unfiltered data, i.e. sub-seasonal
frequency band (Table 7).

The most pronounced correlations are observed
between the third (“discharge’’) EOF mode of SST
and all external forcings excluding Pr; the highest
correlation (—0.63) is with the NINO3 index.

Atmospheric precipitation influences the “in-
shore/offshore”” SST EOF mode (+ 0.44), indicat-
ing freshwater discharge as a substantial source of
the temperature gradient. The onshore wind stress
mostly influences the “‘north/south” AO, EOF
mode (+0.41) and the equatorward wind stress is
positively correlated with the “north/south” Tr
EOF mode (+0.36).

5.2. Discussion
The signs and magnitudes of the interannual

anomaly correlations between the equatorward
wind stress, SST, and SAL clearly point toward
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upwelling being the cause of these correlations. An
increase in the equatorward wind stress enhances
the offshore Ekman transport and hence upwel-
ling. As upwelling occurs in SMB primarily in
winter and spring, when salinity tends to increase
with depth, the cooler than normal SSTs induced
by the upwelling are accompanied by higher
salinities. Although not significant, years with
elevated upwelling also tend to have higher oxygen
supersaturations and more turbid waters. We
suspect that the correlations between the onshore
wind stress and SST and SAL are similarly driven
by upwelling processes, but occurring at locations
where the large-scale onshore wind stress is aligned
with some part of the coastline.

SST and air temperature are even more corre-
lated on interannual time-scales than they are on
sub-seasonal time-scales. This suggests that SST in
SMB is closely coupled to large-scale forcing. This
is particularly evident by the high correlation of
SST with the NINO3 index. A negative correlation
emerges between SAL and NINO3, which is
expected, as the positive phases of ENSO (El
Nifio) are known to increase precipitation in
Southern California quite substantially (Ropelews-
ki and Halpert, 1986; Haston and Michaelsen,
1994). The strong forcing of interannual anomalies
of SST and SAL within SMB by the tropical
Pacific is remarkable and merits further discussion.

During the warm phase of ENSO (El Nino) the
eastward propagating equatorial Kelvin waves
that are generated in the western Pacific (Wyrtki,
1975; McPhaden et al., 1990; Kessler and McPha-
den, 1995; Chavez et al., 1999; McPhaden, 1999)
are transformed at the South American coast into
coastally trapped waves. These waves propagate
north and south along the American west coast
toward the poles (Enfield and Allen, 1980; Chelton
and Davis, 1982; Huyer and Smith, 1985) deepen-
ing the thermocline and raising sea level along the
coast. The resulting accumulation of warm water
in the upper ocean results in large positive sea
surface temperature anomalies. The redistribution
of SST over the Pacific Ocean changes atmo-
spheric circulation, reflected, for example, in an
expansion of the Aleutian Low (Emery and
Hamilton, 1985). Some scientists consider the
influence of ENSO on the local atmospheric

circulation (‘“‘atmospheric teleconnection) to be
the main source of the changes in the hydrography
and ecology of the California Current System
(Simpson, 1983, 1984a,b; Mysak, 1986; Breaker
and Lewis, 1988; Breaker et al., 2001; Schwing
et al., 2002); other researchers emphasize the direct
influence of the coastal waves (Huyer and Smith,
1985; Rienecker and Mooers, 1986; Lynn et al.,
1995; Chavez, 1996; Ramp et al., 1997).

El Nifo events were especially pronounced
during our observations (1987-1997), because the
period from 1976 to 1998 belongs to a warm phase
of the Pacific Decadal Oscillation (PDO) (Smith,
1995). In 1998-1999, the warm PDO phase
abruptly changed to a cold phase (Bograd et al.,
2000; Bograd and Lynn, 2003; Chavez et al., 2003;
McGowan et al., 2003). The warm phase of PDO,
like ENSO, tends to bring warmer winter tem-
peratures to the Pacific Northwest, whereas the
cool phase produces La Nina-like cooler winter
conditions (Mantua et al., 1997; Zhang et al.,
1997; Chao et al., 2000). PDO modulates ENSO
teleconnections through constructive or destruc-
tive ENSO-PDO phase pairings. In constructive
or “in-phase” relationships, El Nifio signals tend
to be strong and stable during a warm PDO phase
and La Nina signals tend to be strong and stable
during a cool PDO phase. On the other hand, in
destructive or ‘‘out-of-phase’ pairings (warm
PDO/La Nina and cool PDO/EI Nifio), ENSO
signals tend to be weak and unstable (Gershunov
and Barnett, 1998).

Inspection of the NINO3 index in Fig. 10e
shows that the beginning of our observations in
1987 coincided with an El Nifio event, followed by
a La Nina in 1988. The next El Nifio was observed
in 1991-1992; it was rather smooth and was not
followed by a La Nina. Both events had a
substantial effect on the West Coast of North
America (Lenarz et al., 1995; Lynn et al., 1995;
Mullin, 1995; Murphree and Reynolds, 1995;
Chavez, 1996). The end of our observations
coincided with the onset of the 1997-1998 El Nifio
event, the strongest in the twentieth century
(Chavez et al., 1999; McPhaden, 1999).

The time for the coastally trapped waves to
propagate northward from the equatorial Pacific is
1-2 months or less (Fiedler, 1984; Spillane et al.,
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1987; Kosro, 2002). If these waves were the only
external factor driving interannual anomalies in
SMB, one would expect a maximum in the
correlation between NINO3 and properties within
SMB at such a time lag. As it turns out, the time-
lag correlation between SST in SMB and NINO3
is quite broad with a maximum at time-lag zero,
suggesting that a combination of atmospheric
teleconnection and coastal wave dynamics is
responsible for the SST anomalies. Another factor
to consider is that our smoothing with a 100-day
filter tends to suppress correlations shorter than
this period.

A substantial negative correlation is observed
between the NINO3 index and the SST EOF
modes. Taking into account the correlations
between NINO3 and WS, WS,,, and T, this
negative correlation indicates a “flattening” of the
SST pattern in SMB during the El Nifio events
resulting from a combination of remote and local
forcings.

Significant correlations between the wind stress
and the “north/south” AO, and Tr EOF modes
indicate the influence of dominant winds on the
contrast between these properties of the water
transported to SMB from the northwest and from
the south; this influence is related to phytoplank-
ton growth rather than to the hydrographical
variables. We speculate that wind stress influences
upwelling located not in SMB but elsewhere
(probably to the northwest in Santa Barbara
Channel and further) and the resulting ““biological
signal” is transported to SMB by the horizontal
flow.

Some extremes in the time series of the EOF
modes can be explained by the extremes of the
external forcing; these relations are often not
reflected in the correlation coefficients. For exam-
ple, the inshore/offshore SST EOF mode was not
correlated with air temperature, wind, and NINO3
index. At the same time, its first minimum in
January 1988 and the subsequent maximum in
March 1988 (Fig. 9a) are related to the simulta-
neous variations of air temperature anomalies
(Fig. 10c) and can be attributed to local variations
in ocean/atmosphere heat flux. The next minimum
of the inshore/offshore SST EOF mode in July
1988 was very strong, but not related to local

meteorological factors. However, it coincided with
the onset of 1988 La Nina event (Kerr, 1988)
(Fig. 10e). The shallow zone of SMB appeared to
be most sensitive to remote forcing from tropical
Pacific, as compared with its deeper part. The next
substantial minimum of the inshore/offshore SST
EOF mode occurred in June 1989 (Fig. 9a). It
coincides with well-pronounced maximum of the
equatorward wind stress (i.e., the offshore upwel-
ling index) anomaly (Fig. 10a). We consider this
event as a manifestation of coastal upwelling,
resulting in cooling of the SMB nearshore zone.
The next minimum of the inshore/offshore SST
EOF mode was observed in September 1989; it
coincided with local minimum of air temperature
and should be attributed to local ocean/atmo-
sphere interactions.

A substantial maximum of the inshore/offshore
SST EOF mode was observed in July—September
1990; it coincided with the decrease of the
equatorward wind stress. We speculate that this
event could be an example of coastal downwelling
resulting from southerly winds; similar situation
was documented earlier by Winant (1980).

The maximum of the inshore/offshore SST EOF
mode in February 1991 and the minima in June—
July 1991, May 1994 and April-May 1995 coin-
cided with the negative anomalies of air tempera-
ture. The positive anomaly of the inshore/offshore
SST EOF mode in August-September 1991 we
attribute to the onset of the 1991 El Niflo event,
seen at Fig. 10e.

High values of the inshore/offshore SST EOF
mode were observed during the winter seasons of
1994/1995, 1995/1996, and 1996/1997. These per-
iods were characterized by high values of the
onshore wind stress (Schwing et al., 1997, see also
Fig. 10b) resulting in strengthening of the equator-
ward alongshore flow transporting cold water of
the California Current to SMB from the north-
west. This cold upwelling water retained in deep
part of SMB and, in turn, increased the contrast
between sea surface temperature in the nearshore
and offshore parts of SMB.

Schwing et al. (1997) called the period from late
1995 till early 1997 ““a weak La Nifia”. There was a
strong transition in atmospheric circulation be-
tween the fall of 1994 and winter/spring 1995,
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resulting in anomalous southerly/southwesterly
winds along the USA west coast (Hayward et al.,
1995); the decrease of equatorward wind stress is
also evident from Fig. 10a. The southerly wind
caused onshore water transport and was asso-
ciated with severe ecological consequences, includ-
ing torrential rains (see Fig. 10d) and a red tide
event (the bloom of dinoflagellate Gonyaulax
polyedra Stein) during January-April 1995 in a
wide inshore area of the SCB including SMB
(Hayward et al.,, 1995). The bloom reached
concentrations of more than 2 million cells1™'. A
substantial decrease of the inshore/offshore gra-
dients of oxygen anomalies and turbidity during
the first half of 1995 are likely caused by this red
tide (Figs. 9¢ and g).

6. Summary and concluding remarks

Weekly and monthly hydrographic observations
collected during 10 years (1987-1997) in the
surface layer of SMB were analyzed in order to
elucidate the dominant modes of spatio-temporal
variability and their controlling processes. Sea
surface temperature, salinity, oxygen anomaly,
and transmissivity exhibit substantial seasonal
variations. The spatial distributions of the ampli-
tude and phase of the mean seasonal cycles in
SMB are governed by variations in bottom
topography, vertical mixing, horizontal advection,
freshwater discharge, and biological processes.

The seasonal cycle of sea surface temperature is
typical for the subtropical latitude of SMB. The
amplitude and phasing are spatially modified as a
function of offshore distance. The seasonal cycle
of salinity is relatively small, but varies spatially
quite substantially in response to the two domi-
nant sources of freshwater: continuous discharge
of municipal wastewater from the Hyperion
treatment plant sewer outfall and surface runoff
from Ballona Creek, which is characterized by
substantial seasonality with rainstorm-caused
maxima in winter. The annual mean oxygen
anomaly shows a substantial supersaturation in
the entire SMB, mostly caused by an excess of
oxygen production by marine phytoplankton over
respiration by the upper ocean biological commu-

nity. The seasonal cycle of oxygen anomalies is
spatially modified by the discharge of oxygen-rich
water from Ballona Creek and the advection of
oxygen and nutrient-rich waters by the southward
flowing branch of the California Current. The
seasonal cycle of surface transmissivity is mainly
regulated by the growth of phytoplankton and
spatially modified by offshore distance and bottom
topography mainly in connection with sediment
suspension.

The anomalies of all four parameters estimated
after removing the regular seasonal variation
component were analyzed using the methods of
empirical orthogonal functions and time-lagged
cross-correlation. Three basic modes of variability
were revealed:

® An inshore/offshore mode, primarily regulated
by bottom topography, variations in vertical
stability and resulting differences in vertical
mixing, and freshwater discharge.

® A north/south mode resulting from the inter-
action between horizontal advection of the
nearshore branch of the California Current
from the northwest and the Southern California
Countercurrent from the south.

® A discharge mode centered around the fresh-
water discharge from Ballona Creek.

Despite similar spatial pattern, the principal
components of the four modes for the different
parameters are only weakly correlated. This
indicates that related processes cause variations
of these modes, but that the forcings are appar-
ently quite different. Variations of some modes
can be traced to particular forcings, such as the
inshore/offshore mode for salinity to precipitation
anomalies.

Variations on longer time-scales tend to be more
highly correlated among themselves, and also with
meteorological forcing factors. Local meteorology
(air temperature and wind) and sea surface
temperature are substantially influenced by the
remote forcing from the Equatorial Pacific ex-
pressed in the NINO3 index. The influence of the
warm extremes of the ENSO cycle was especially
pronounced during the observational period, likely
because they occurred during a warm phase of the
Pacific Decadal Oscillation.
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