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Outline

1.Variability of California Current System:  
observations with various resolution (brief review) 

• Shipboard, satellite, drifter and spray observations at/
around CalCOFI stations

2. Seasonal fluctuations of the fine-scale structure  
(Itoh & Rudnick 2017, JGR) 

• Analysis of glider data obtained in 2007–2013

✓ Summary
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∆x ~ 50–100 km,  ∆t ~ 50–100 d
CalCOFI Station data

12.948 LYNN 

TABLE 1. Relative Comparison of Water Masses of the California Current 
and California Cndercurrent {From Simpson. 1984a] 

T  s  O2  :'IIutr冾nts 
Surface water masses (0-

L  L  H  H  
Nonh Pacitic Central H  H  L  L  
Coastal Upwelled L  H  L  H  
Subsurface water masses m) 
Equatorial Pacitic H  L  H  

high. 

tion and heat loss. T his water is entrained in the 5ubarctic 
Current and West Wind Drift , and it enters the C C  near 
480 N  IPickard, 19641. lt has relatively low temperature T, 

dissolved and high 
phate [Reid et al. , 1958; N O R P A C  Committee‘ 1960. plates 
9  and 14]. Water of Pacific Subarctic origin is still recogｭ
nizable by its relatively low salinity as it leaves the C C  

250 N  [Reid et al. , 19581. Pacific 5ubarctic water gives 
the C C  its offshore near-surface salinity minimum and 
high dissolved oxygen. Eastern North Pacific Central 
water [Sverdrup et al. , 19641 is warm ‘ salty , 
and relatively low in dissolved oxygen and nutrients [Reid 
et al. , 1958]. It enters the California Current system from 
the west. Equatorial water forms in the eastern 
tropical and has relatively high 
salinity, high nutrients , and low dissolved oxygen 

et al. , 1942; Jt enters the 
deeper-lying C U  from the south. Upwelling within 50 k m  
of the California coast brings relatively cold ‘ salty, 

and oxygen-deficient water from depth to 
the surface 1938; Reid et al. , 1958]. A  sumｭ
mary of these water properties is given in Table 1  
In this study we describe the seasonal variation of the 

physical characteristics and large-scale current patterns of 
the California Current system and their interrelationships. 

(0) 

Fig. 1. (a) CalCOFI station pattern. Harmonic analysis was applied to data for .11 s¥a¥ions shown here. The 
m  isobath is shown dotted. Bathymetry less than is hatched. (6) Record of statlon 

Although other authors have described and discussed 
aspects of the seasonal variation for some of its characｭ
teristics at some depth levels and for some 
attempt to prov冝e an integrated picture of the mean 
seasonal variation of the physical characteristics of the 
California Current system over the entire domain from 
the coast to approximately 1000 k m  offshore and from 5an 
Francisco to southern Baja California using data collected 
over the period 1950 through 1978 

2. DATA 
Large-scale systematic hydrographic sampling of the 

California Current system was initiated in 1949 by the Calｭ
ifomia Cooperative Oceanic Fisheries lnvestigations (Calｭ
C O FI) program. 5ince 1950, stations have been repeatｭ
edly occupied at varying intervals based on a  geoｭ
graph>cally fixed grid. T he  station occupation record is 
given by Eber and ln alL over 16 ‘ 000 staｭ
tions have been occupied from 1950 through 1978. Those 
stations for which there is an accumulation of observations 
adequate for the determination of seasonal cycles fall in a  
region extending olfshore to 700 k m  and from 5an Franｭ

to southern sampling grid is 
based on parallel lines oriented approximately perpendicuｭ
lar to the coast (Figure 1a). The  separation of the lines 
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Plate 1. Paths of all drifters used in the analyses shown relative to the west coast of North 
America. These drifter tracks cover the period May 1993 through December 1995. Subtracks of 
the TOPEX/POSEIDON altimeter are overlaid. The location of the moored acoustic Doppler 
current profiler (ADCP) is denoted by an open circle. The study area, which incorporates most 
of the quantitative analyses, is outlined by a rectangle. 

ity comparisons were made using the component of the 
low-passed drifter velocity orthogonal to the altimeter 
subtrack and the absolute geostrophic velocity, derived 
from the altimeter along-track SSH anomaly plus mean 
SSH. 

A mean SSH field was constructed using drifter data 
supplemented by mean dynamic height, as described in 
section 2.4. Mean dynamic heights, relative to 500 m, 
for the period of 1950-1984 were provided by R. Lynn 
from CalCOFI data. 

In addition, as part of the EBC ARI, a surface moor- 
ing was maintained near the center of our study area 
at 127.6øW, 37.1øN, (Plate 1) for the period August 2, 
1992, to October 20, 1993, except for a short gap for 
at-sea turnaround during April 6-8, 1993. The sur- 

face buoy supported a downward looking RDI 300 kHz 
narrowband acoustic Doppler current profiler (ADCP), 
which provided horizontal current data in 4-m-depth 
bins over the depth range 8-164 m for the entire 15- 
month period (where the short turnaround gap was 
filled by linear interpolation). The depth of good re- 
turn was about 120 m, but we only used the surface bin 
in the analyses described here. 

2.2 Data Processing 
Off northern California, about eight ARGOS posi- 

tion fixes were obtained on average per day per drifter 
with an approximate accuracy of 300 m (on the basis of 
an average location class of about 2.4 [Service ARGOS, 
1996]). For each drifter, the ARGOS data were first 

Surface drifter & satellite altimetry
∆x ~ 10–50 km, ∆t ~ 5–30 d

(Kelly et al. 1998)



∆x ~ 50–100 km,  ∆t ~ 50–100 d
CalCOFI Station data

12.948 LYNN 

TABLE 1. Relative Comparison of Water Masses of the California Current 
and California Cndercurrent {From Simpson. 1984a] 

T  s  O2  :'IIutr冾nts 
Surface water masses (0-

L  L  H  H  
Nonh Pacitic Central H  H  L  L  
Coastal Upwelled L  H  L  H  
Subsurface water masses m) 
Equatorial Pacitic H  L  H  

high. 

tion and heat loss. T his water is entrained in the 5ubarctic 
Current and West Wind Drift , and it enters the C C  near 
480 N  IPickard, 19641. lt has relatively low temperature T, 

dissolved and high 
phate [Reid et al. , 1958; N O R P A C  Committee‘ 1960. plates 
9  and 14]. Water of Pacific Subarctic origin is still recogｭ
nizable by its relatively low salinity as it leaves the C C  

250 N  [Reid et al. , 19581. Pacific 5ubarctic water gives 
the C C  its offshore near-surface salinity minimum and 
high dissolved oxygen. Eastern North Pacific Central 
water [Sverdrup et al. , 19641 is warm ‘ salty , 
and relatively low in dissolved oxygen and nutrients [Reid 
et al. , 1958]. It enters the California Current system from 
the west. Equatorial water forms in the eastern 
tropical and has relatively high 
salinity, high nutrients , and low dissolved oxygen 

et al. , 1942; Jt enters the 
deeper-lying C U  from the south. Upwelling within 50 k m  
of the California coast brings relatively cold ‘ salty, 

and oxygen-deficient water from depth to 
the surface 1938; Reid et al. , 1958]. A  sumｭ
mary of these water properties is given in Table 1  
In this study we describe the seasonal variation of the 

physical characteristics and large-scale current patterns of 
the California Current system and their interrelationships. 

(0) 

Fig. 1. (a) CalCOFI station pattern. Harmonic analysis was applied to data for .11 s¥a¥ions shown here. The 
m  isobath is shown dotted. Bathymetry less than is hatched. (6) Record of statlon 

Although other authors have described and discussed 
aspects of the seasonal variation for some of its characｭ
teristics at some depth levels and for some 
attempt to prov冝e an integrated picture of the mean 
seasonal variation of the physical characteristics of the 
California Current system over the entire domain from 
the coast to approximately 1000 k m  offshore and from 5an 
Francisco to southern Baja California using data collected 
over the period 1950 through 1978 

2. DATA 
Large-scale systematic hydrographic sampling of the 

California Current system was initiated in 1949 by the Calｭ
ifomia Cooperative Oceanic Fisheries lnvestigations (Calｭ
C O FI) program. 5ince 1950, stations have been repeatｭ
edly occupied at varying intervals based on a  geoｭ
graph>cally fixed grid. T he  station occupation record is 
given by Eber and ln alL over 16 ‘ 000 staｭ
tions have been occupied from 1950 through 1978. Those 
stations for which there is an accumulation of observations 
adequate for the determination of seasonal cycles fall in a  
region extending olfshore to 700 k m  and from 5an Franｭ

to southern sampling grid is 
based on parallel lines oriented approximately perpendicuｭ
lar to the coast (Figure 1a). The  separation of the lines 

FREQUENCY OF STAT[ON OCCUPAT[ON 
40-64 

POINT 90-114 

• • 
-
• 

.,. 

.

.
 

• • • 

(  b) .  

Exploring the variability of the CCS 

(Lynn & Simpson 1987)

Only for the surface

KELLY ET AL.: EDDY KINETIC ENERGY IN THE CALIFORNIA CURRENT 15 069 

40N 

EBC Drifter and TOPEX/POSEIDON Tracks 
..... V.\ ....... ,•.x •, ,•'•./•../' / .,. .... ' 

38N 

36N 

34N 

32N 

•30N 

28N 

26N 

24N 

20N• .A 
135W 130W 125W 120W 115W 

Longitude 
Plate 1. Paths of all drifters used in the analyses shown relative to the west coast of North 
America. These drifter tracks cover the period May 1993 through December 1995. Subtracks of 
the TOPEX/POSEIDON altimeter are overlaid. The location of the moored acoustic Doppler 
current profiler (ADCP) is denoted by an open circle. The study area, which incorporates most 
of the quantitative analyses, is outlined by a rectangle. 

ity comparisons were made using the component of the 
low-passed drifter velocity orthogonal to the altimeter 
subtrack and the absolute geostrophic velocity, derived 
from the altimeter along-track SSH anomaly plus mean 
SSH. 

A mean SSH field was constructed using drifter data 
supplemented by mean dynamic height, as described in 
section 2.4. Mean dynamic heights, relative to 500 m, 
for the period of 1950-1984 were provided by R. Lynn 
from CalCOFI data. 

In addition, as part of the EBC ARI, a surface moor- 
ing was maintained near the center of our study area 
at 127.6øW, 37.1øN, (Plate 1) for the period August 2, 
1992, to October 20, 1993, except for a short gap for 
at-sea turnaround during April 6-8, 1993. The sur- 

face buoy supported a downward looking RDI 300 kHz 
narrowband acoustic Doppler current profiler (ADCP), 
which provided horizontal current data in 4-m-depth 
bins over the depth range 8-164 m for the entire 15- 
month period (where the short turnaround gap was 
filled by linear interpolation). The depth of good re- 
turn was about 120 m, but we only used the surface bin 
in the analyses described here. 

2.2 Data Processing 
Off northern California, about eight ARGOS posi- 

tion fixes were obtained on average per day per drifter 
with an approximate accuracy of 300 m (on the basis of 
an average location class of about 2.4 [Service ARGOS, 
1996]). For each drifter, the ARGOS data were first 

Surface drifter & satellite altimetry
∆x ~ 10–50 km, ∆t ~ 5–30 d

(Kelly et al. 1998)



∆x ~ 50–100 km,  ∆t ~ 50–100 d
CalCOFI Station data

12.948 LYNN 

TABLE 1. Relative Comparison of Water Masses of the California Current 
and California Cndercurrent {From Simpson. 1984a] 

T  s  O2  :'IIutr冾nts 
Surface water masses (0-

L  L  H  H  
Nonh Pacitic Central H  H  L  L  
Coastal Upwelled L  H  L  H  
Subsurface water masses m) 
Equatorial Pacitic H  L  H  

high. 

tion and heat loss. T his water is entrained in the 5ubarctic 
Current and West Wind Drift , and it enters the C C  near 
480 N  IPickard, 19641. lt has relatively low temperature T, 

dissolved and high 
phate [Reid et al. , 1958; N O R P A C  Committee‘ 1960. plates 
9  and 14]. Water of Pacific Subarctic origin is still recogｭ
nizable by its relatively low salinity as it leaves the C C  

250 N  [Reid et al. , 19581. Pacific 5ubarctic water gives 
the C C  its offshore near-surface salinity minimum and 
high dissolved oxygen. Eastern North Pacific Central 
water [Sverdrup et al. , 19641 is warm ‘ salty , 
and relatively low in dissolved oxygen and nutrients [Reid 
et al. , 1958]. It enters the California Current system from 
the west. Equatorial water forms in the eastern 
tropical and has relatively high 
salinity, high nutrients , and low dissolved oxygen 

et al. , 1942; Jt enters the 
deeper-lying C U  from the south. Upwelling within 50 k m  
of the California coast brings relatively cold ‘ salty, 

and oxygen-deficient water from depth to 
the surface 1938; Reid et al. , 1958]. A  sumｭ
mary of these water properties is given in Table 1  
In this study we describe the seasonal variation of the 

physical characteristics and large-scale current patterns of 
the California Current system and their interrelationships. 

(0) 

Fig. 1. (a) CalCOFI station pattern. Harmonic analysis was applied to data for .11 s¥a¥ions shown here. The 
m  isobath is shown dotted. Bathymetry less than is hatched. (6) Record of statlon 

Although other authors have described and discussed 
aspects of the seasonal variation for some of its characｭ
teristics at some depth levels and for some 
attempt to prov冝e an integrated picture of the mean 
seasonal variation of the physical characteristics of the 
California Current system over the entire domain from 
the coast to approximately 1000 k m  offshore and from 5an 
Francisco to southern Baja California using data collected 
over the period 1950 through 1978 

2. DATA 
Large-scale systematic hydrographic sampling of the 

California Current system was initiated in 1949 by the Calｭ
ifomia Cooperative Oceanic Fisheries lnvestigations (Calｭ
C O FI) program. 5ince 1950, stations have been repeatｭ
edly occupied at varying intervals based on a  geoｭ
graph>cally fixed grid. T he  station occupation record is 
given by Eber and ln alL over 16 ‘ 000 staｭ
tions have been occupied from 1950 through 1978. Those 
stations for which there is an accumulation of observations 
adequate for the determination of seasonal cycles fall in a  
region extending olfshore to 700 k m  and from 5an Franｭ

to southern sampling grid is 
based on parallel lines oriented approximately perpendicuｭ
lar to the coast (Figure 1a). The  separation of the lines 

FREQUENCY OF STAT[ON OCCUPAT[ON 
40-64 

POINT 90-114 

• • 
-
• 

.,. 

.

.
 

• • • 

(  b) .  

Exploring the variability of the CCS 

(Lynn & Simpson 1987)

Only for the surface

KELLY ET AL.: EDDY KINETIC ENERGY IN THE CALIFORNIA CURRENT 15 069 

40N 

EBC Drifter and TOPEX/POSEIDON Tracks 
..... V.\ ....... ,•.x •, ,•'•./•../' / .,. .... ' 

38N 

36N 

34N 

32N 

•30N 

28N 

26N 

24N 

20N• .A 
135W 130W 125W 120W 115W 

Longitude 
Plate 1. Paths of all drifters used in the analyses shown relative to the west coast of North 
America. These drifter tracks cover the period May 1993 through December 1995. Subtracks of 
the TOPEX/POSEIDON altimeter are overlaid. The location of the moored acoustic Doppler 
current profiler (ADCP) is denoted by an open circle. The study area, which incorporates most 
of the quantitative analyses, is outlined by a rectangle. 

ity comparisons were made using the component of the 
low-passed drifter velocity orthogonal to the altimeter 
subtrack and the absolute geostrophic velocity, derived 
from the altimeter along-track SSH anomaly plus mean 
SSH. 

A mean SSH field was constructed using drifter data 
supplemented by mean dynamic height, as described in 
section 2.4. Mean dynamic heights, relative to 500 m, 
for the period of 1950-1984 were provided by R. Lynn 
from CalCOFI data. 

In addition, as part of the EBC ARI, a surface moor- 
ing was maintained near the center of our study area 
at 127.6øW, 37.1øN, (Plate 1) for the period August 2, 
1992, to October 20, 1993, except for a short gap for 
at-sea turnaround during April 6-8, 1993. The sur- 

face buoy supported a downward looking RDI 300 kHz 
narrowband acoustic Doppler current profiler (ADCP), 
which provided horizontal current data in 4-m-depth 
bins over the depth range 8-164 m for the entire 15- 
month period (where the short turnaround gap was 
filled by linear interpolation). The depth of good re- 
turn was about 120 m, but we only used the surface bin 
in the analyses described here. 

2.2 Data Processing 
Off northern California, about eight ARGOS posi- 

tion fixes were obtained on average per day per drifter 
with an approximate accuracy of 300 m (on the basis of 
an average location class of about 2.4 [Service ARGOS, 
1996]). For each drifter, the ARGOS data were first 

Surface drifter & satellite altimetry
∆x ~ 10–50 km, ∆t ~ 5–30 d

(Kelly et al. 1998)

Models revealed fine-scale & baroclinic fluctuations in the CCS
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Climatology:  
examples of salinity along L90
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Spatial variability

Annual Isopycnal salinity variance
White dashed line: densest outcropping isopycnal

wavelength chosen to separate meso- and submesoscales
corresponds to the first baroclinic Rossby radius in the area.
We then average across the repeated transects to obtain the
mean across-shore and vertical structure of spice variance at

those scales (Figure 7). Along-isopycnal salinity had a k!2

spectrum on all isopycnals (not shown), consistent with
previous observations [e.g., Bernstein and White, 1974;
Ferrari and Rudnick, 2000; Cole et al., 2010; Cole and

Figure 6. Mean salinity as a function of depth (a) and potential density (b) on the alongshore transect
through the numerical simulation (Figure 1). Alongshore distance increases from south to north. White con-
tours in Figure 6a showmean density with contours drawn every 0.25 kg m!3 and the 25.0 and 26.0 kg m!3

isopycnals bold. The dashed white line in Figure 6b indicates the densest outcropping isopycnal. Dashed
black lines denote the intersections with Lines 66.7, 80.0, and 90.0 at station 80 along each line.

Figure 7. Observed (a–c) mesoscale (30–200 km wavelength) and (d–f) submesoscale (6–30 km wave-
length) salinity variance along isopycnals as a function of density and across-shore distance on Line 66.7
(Figures 7a and 7d), Line 80.0 (Figures 7b and 7e), and Line 90.0 (Figures 7c and 7f). Black contours
show mean salinity with a contour interval of 0.1. The dashed white lines indicate the densest outcropping
isopycnal as in Figures 4d–4f. The dashed black lines in Figures 7c and 7f indicate the location of the
Santa Rosa Ridge.

TODD ET AL.: THERMOHALINE STRUCTURE OFF CALIFORNIA C02008C02008
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• Maximum: within the 
remnant mixed layer

• Minimum:  
around 26.3 kg m–3 

• Spectral curve P(k) 
for S ~ k–2  
(for ∂S/dx ~ k0)

Todd et al. (2012)

(From 2006–2010 CUGN data)
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k0 slope:  
different from theory (k+1)  
for enstrophy inertial  
range of QG flow



CUGN has been accumulating data
~170 transects until 2010 Annual mean (Todd et al. 2012)
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Wavelet analysis

• Wavelet analysis on  
isopycnal salinity
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Wavelet analysis

• Wavelet analysis on  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Wavelet analysis

• Wavelet analysis on  
isopycnal salinity
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Submesoscale variability:  
 1. off Monterey Bay (Line 66.7)
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Mesoscale variability
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Spectrum: 1. Inshore side
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Summary

• High-resolution climatology of T, S & V distributions 
(Rudnick et al. 2017)

• Annual isopycnal salinity variability (Todd et al. 2012)

Spray
Underwater
Glider

Frequent (2–3 weeks) & high-resolution (~3 km) 
operation of underwater gliders in the CCS

• Seasonal fluctuation
• Lateral structure
• Spatial distributions of spectral curves

Further data accumulation 
(Itoh et al. 2017)

For more detail: Itoh & Rudnick (2017, JGR)
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Summary

• High-resolution climatology of T, S & V distributions 
(Rudnick et al. 2017)

• Annual isopycnal salinity variability (Todd et al. 2012)
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Glider

Frequent (2–3 weeks) & high-resolution (~3 km) 
operation of underwater gliders in the CCS

• Seasonal fluctuation
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Further data accumulation 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salinity front during summer
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Flatter than k+1 but greater than k0
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Wavelet analysis

• Wavelet analysis on  
isopycnal salinity
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Wavelet analysis

• Wavelet analysis on  
isopycnal salinity

• Integration of wavelet power over 
“meso” (30–60 km) & 
“submeso” (12–30 km) bands
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Wavelet analysis

• Wavelet analysis on  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b =
log P1 P2( )
log k1 k2( )

P(k) = a × kb k: wavenumber

Itoh & Rudnick (2017)



CalCOFI Surveys (1949–)
PROGRESS REPORT, 1 JULY 1956 TO 1 JANUARY 1938 
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FIGURE 5-Continued 

(b) Salinity, parts per mille. 

the original thermocline. A curious result of this se- 
quence is that  the high temperature5 are found later 
in  the year a t  deeper levels than a t  the surface. Heat 
is still conducted downward by the process of mixing 
long after the highest surface temperatures are past. 
This circumstance niay be of soiiie importance in the 
distribution of dissolved oxygen and will be mentioiled 
again. (The tipper left-hand section of figure 6 is 

talrrn from Robiiison, 1957, arid Mrs. Robinson also 
prepared the rest of the data for the figure.) 

Near the coast two entirely different causes of sea- 
soiial change are found, and these alter the simple 
offshore sequence. The first is upwelling, which occurs 
earlier south of Point Coilwption than northward. To 
the south it occurs a t  about the time of the offshore 
seasonal low in temperature. t'pwelling arid seasoiial 

Reid et al. (1958) 

Salinity distribution 
in August 1955

Salty (& warm)
 CUC

Coastal upwelling

Fresh (& cold) CC



Spectral slope over  
submeso & meso range
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