
shows that the San Diego sea level anomaly is most
highly correlated with the anomalous logarithm of the
zooplankton concentration when it leads it by about 2
months. This implies that the zooplankton concentra-
tion in the California Current can be monitored and
predicted using monthly San Diego sea level.

7. Concluding remarks

Both hydrographic and altimeter observations indi-
cate a definite westward propagation of sea level and
dynamic height anomalies off the California coast.
However, the westward propagation speed of about 4.2
cm s!1 is approximately double the standard long
Rossby wave speed of 2.2 cm s!1. Inclusion of the mean
California Current in the theory (Killworth et al. 1997)
increases rather than decreases the discrepancy. When
both bottom topography and mean flow are included
(Killworth and Blundell 2003), the propagation speed
increases but it is still only about half that observed.

The large-scale westward propagation fundamentally
affects the low-frequency flow variability. The observa-
tions suggest that, because of the propagation, large-
scale interannual current fluctuations in the California
Current can be approximately monitored using the time
derivative of interannual San Diego sea level. Both
alongshore and vertical particle displacements change
the nutrient content of the surface waters, and in both
cases an abnormally high sea level corresponds to de-

creased nutrient concentration in the surface water and
an abnormally low sea level corresponds to increased
nutrient concentration in the surface water. We can
expect the nutrient changes to influence the phy-
toplankton and hence zooplankton population. As
shown in section 6, this links the anomaly of the loga-
rithm of zooplankton population with monthly sea level
anomalies and enables the monitoring and prediction of
California Current zooplankton population using San
Diego sea level.
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APPENDIX

The Effect of Mean Meridional Flow on Long
Rossby Waves

We will consider a simple model to highlight the in-
fluence of mean meridional flow on long Rossby waves.
Clarke and Li (2004) analyzed a similar model but in
their case the mean flow was strong enough that the
dynamics could be taken to be quasi-steady. Our model
has two layers of fluid of constant density, the upper
layer of depth h being much thinner than the lower
layer. Under the assumption that the local wind forcing

FIG. 11. Lagged correlation of monthly anomalous (lnP)" aver-
aged over the CalCOFI region with monthly anomalous negative
San Diego sea level (!#"). A positive lag means !#" leads (lnP)".

FIG. 10. Monthly anomalies of minus the logarithm of zooplank-
ton volume concentration averaged over the CalCOFI region
plotted against anomalies of the dynamic height averaged over the
CalCOFI region. Calculations using the method of Ebisuzaki
(1997) show that the probability that the correlation is signifi-
cantly different from zero is greater than 99%.
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ABSTRACT

Lagged correlation of dynamic height from the gappy California Cooperative Oceanic Fisheries Inves-
tigation (CalCOFI) with monthly San Diego sea level for the period 1949–2001 shows that the dynamic
height propagates westward at 4.10 cm s!1, about double the speed of the large-scale low-frequency Rossby
wave (2.2 cm s!1). Ocean Topography Experiment (TOPEX)/Poseidon/Jason-1’s along-track sea level
height estimates since January 1993, filtered interannually, propagate westward at 4.3 cm s!1, verifying that
observed westward propagation is about double that expected. Including the effect of the mean California
Current on the Rossby wave propagation does not explain the discrepancy but rather slightly increases it.
If variations in the ocean depth in the CalCOFI region are also taken into account, the westward propa-
gation is still only about one-half that observed. Standard theory therefore does not explain the observa-
tions. Because of the westward propagation, interannual variations in alongshore geostrophic surface cur-
rent are proportional to the time derivative of sea level. This means that such large-scale interannual current
variability can be monitored with appropriate lag by the time derivative of coastal sea level. The anomalous
alongshore flow advects particles, the anomalous alongshore particle displacement being proportional to sea
level. Since nutrient concentration is lower in the south, the anomalous alongshore displacement results in
a lower nutrient concentration when sea level is anomalously high and a higher nutrient concentration when
the sea level is anomalously low. Vertical displacement also results in a similar relationship between
nutrients and sea level, so it is not surprising that sea level anomalies are strongly related to fluctuations in
zooplankton population. In fact, consistent with the westward Rossby wave propagation, the logarithm of
the zooplankton population averaged over the CalCOFI region is well correlated with coastal sea level
anomalies and lags it by about 2 months. By this result monthly anomalous San Diego sea level can be used
to monitor and predict interannual changes in the zooplankton population.

1. Introduction

Analysis of sea level, sea surface temperature (SST),
and thermocline observations (Enfield and Allen 1980;
Chelton and Davis 1982; Kessler 1990) has shown that
much of the interannual variability along the California
coast originates along the equator; California sea level
and SST tend to be higher than normal and the ther-
mocline depth tends to be greater during El Niño, while
during La Niña sea level and SST tend to be lower than
normal and the thermocline shoals. Based on low-

frequency theory (see, e.g., Schopf et al. 1981; Cane and
Moore 1981; Clarke 1983) the interannual sea level sig-
nal seen along the coast of California should propagate
westward as long Rossby waves. White and Saur (1983)
and Kessler (1990) both provided bathythermographic
evidence for such long interannual waves leaving the
coast south of 30°N, but so far there has been little
documentation of long interannual Rossby waves
propagating westward from the coast north of 30°N. In
fact, in their analysis of bathythermographic data along
the great circle route between San Francisco and Ha-
waii, White and Saur (1983) found no evidence of
waves propagating westward from the coast north of
30°N “for reasons unknown.” Miller et al. (1997), using
a coarse-resolution 2° latitude by 5° longitude grid, con-
cluded that north of 25°N interannual ocean variability
in the interior ocean is caused by interannual wind
stress curl forcing rather than the boundary signal
propagating westward from the coast. On the other
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height propagates westward at 4.10 cm s!1, about double the speed of the large-scale low-frequency Rossby
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If variations in the ocean depth in the CalCOFI region are also taken into account, the westward propa-
gation is still only about one-half that observed. Standard theory therefore does not explain the observa-
tions. Because of the westward propagation, interannual variations in alongshore geostrophic surface cur-
rent are proportional to the time derivative of sea level. This means that such large-scale interannual current
variability can be monitored with appropriate lag by the time derivative of coastal sea level. The anomalous
alongshore flow advects particles, the anomalous alongshore particle displacement being proportional to sea
level. Since nutrient concentration is lower in the south, the anomalous alongshore displacement results in
a lower nutrient concentration when sea level is anomalously high and a higher nutrient concentration when
the sea level is anomalously low. Vertical displacement also results in a similar relationship between
nutrients and sea level, so it is not surprising that sea level anomalies are strongly related to fluctuations in
zooplankton population. In fact, consistent with the westward Rossby wave propagation, the logarithm of
the zooplankton population averaged over the CalCOFI region is well correlated with coastal sea level
anomalies and lags it by about 2 months. By this result monthly anomalous San Diego sea level can be used
to monitor and predict interannual changes in the zooplankton population.

1. Introduction

Analysis of sea level, sea surface temperature (SST),
and thermocline observations (Enfield and Allen 1980;
Chelton and Davis 1982; Kessler 1990) has shown that
much of the interannual variability along the California
coast originates along the equator; California sea level
and SST tend to be higher than normal and the ther-
mocline depth tends to be greater during El Niño, while
during La Niña sea level and SST tend to be lower than
normal and the thermocline shoals. Based on low-

frequency theory (see, e.g., Schopf et al. 1981; Cane and
Moore 1981; Clarke 1983) the interannual sea level sig-
nal seen along the coast of California should propagate
westward as long Rossby waves. White and Saur (1983)
and Kessler (1990) both provided bathythermographic
evidence for such long interannual waves leaving the
coast south of 30°N, but so far there has been little
documentation of long interannual Rossby waves
propagating westward from the coast north of 30°N. In
fact, in their analysis of bathythermographic data along
the great circle route between San Francisco and Ha-
waii, White and Saur (1983) found no evidence of
waves propagating westward from the coast north of
30°N “for reasons unknown.” Miller et al. (1997), using
a coarse-resolution 2° latitude by 5° longitude grid, con-
cluded that north of 25°N interannual ocean variability
in the interior ocean is caused by interannual wind
stress curl forcing rather than the boundary signal
propagating westward from the coast. On the other
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terannual coastal sea level and El Niño. On the other
hand, Schneider et al. (2005) showed that “the flow
anomalies are independent of large scale climate indi-
ces.” These conclusions seem contradictory.

We will attempt to understand the above conclusions
using the observed westward propagation results from
section 3. Since the sea level and dynamic height
anomalies !" propagate westward at a speed # $ 4.2
cm s%1, !" may be written

!" & G'x ( #t) '5.1)

for some general function G, where x is distance east-
ward and t is time. It follows from (5.1) that

$!"

$t
& #

$!"

$x
. '5.2)

By geostrophy and (5.2), the north–south component of
the fluctuating surface interannual flow is

g
$!"

$x ! f & g
$!"

$t !' f#), '5.3)

where g is the acceleration due to gravity. However,
(5.3) does not describe the alongshore interannual fluc-
tuations in the California Current since these fluctua-
tions are not north–south. Instead, we must estimate

%" & g
$!"

$n ! f, '5.4)

where %n is the distance normal to the coast (see Fig. 6).
To estimate *", first note that since the alongshore

wind forcing over the California Current region negli-
gibly changes the anomalous coastal sea level (Enfield
and Allen 1980), the condition of no normal flow at low
frequencies implies

$!

$s
& 0, '5.5)

where s is the alongshore distance from the origin (see
Fig. 6). Since

!!" & en

$!"

$n
( es

$!"

$s
, '5.6)

where ! is the horizontal gradient operator and en and
es are unit vectors in the directions of n and s, respec-
tively, it follows from (5.5) and (5.6) that

!!" & en

$!"

$n
. '5.7)

Hence, if i is the unit vector in the x direction

$!"

$x
& i & !!" & i & en

$!"

$n
& cos'

$!"

$n
, '5.8)

where + is the angle between i and en (see Fig. 6).
Equations (5.4) and (5.8) then imply that

%" & g
$!"

$x !' f cos'), '5.9)

or, by (5.3), that

%" & g
$!"

$t !' f# cos'). '5.10)

Notice that (5.10) enables us to estimate the anoma-
lous large-scale low-frequency interannual surface
flows anywhere in the California Current using the time
derivative of local interannual sea level. Since local sea
level is related to coastal San Diego sea level by west-
ward wave propagation, large-scale interannual varia-
tions in the California Current can be estimated by ap-
propriately lagging the time derivative of interannual
San Diego sea level.

It is clear from (5.10) that alongshore anomalous
California Current variability is directly linked to San
Diego sea level and hence to climate variability associ-
ated with El Niño. Why, then, did Schneider et al.
(2005) find that the anomalous California Current vari-
ability is unrelated to large-scale climate indices? The
correlation of coastal *" with San Diego sea level is
proportional to the covariance of coastal *" and !",
which, by (5.10), is proportional to the covariance of !"
and ,!"/,t. The latter covariance is

lim
T→(

T%1"
0

T

!"
$!"

$t
dt & lim

T→(
#1

2 '!")2$
0

T!T & 0 '5.11)

since (!")2 is always finite. Thus coastal *" is uncorre-
lated with San Diego interannual sea level and there-
fore, not surprisingly, with the El Niño index Niño-3.4.
Consequently, even though *" is directly related to the

FIG. 6. Normal and tangential coordinates (n, s) to a coastline
making an angle + with due north.
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anomalies in the California Current advect higher or
lower nutrient water into a region and then the local
population adjusts to the increased or decreased food
supply. Following similar arguments by Clarke and Li
(2004) and Li and Clarke (2004), if the sea level rises by
an amount !", then, by the arguments in section 5 [see,
e.g., (5.13)], there is northward alongshore displace-
ment of lower nutrient water and hence a lower nutri-
ent concentration locally. In addition, positive !" cor-
responds to a downward displacement of the pycno-
cline and nutricline, also resulting in a lower nutrient
concentration. A lower nutrient concentration will lead
to fewer phytoplankton and fewer zooplankton. We ex-
pect that larger !" will result in a bigger change !P in
zooplankton concentration, and we crudely model this
by assuming that !P is proportional to !". We also
suspect that !P will be proportional to P because the
same nutrient change will result in more biomass if
there are more animals present. Thus we write

!P # $"P!#, %6.3&

the negative sign being included because we take ' ( 0
and an increased (decreased) sea level results in nega-
tive (positive) !P. Integrating (6.3) from a sea level "0

when P # P0 to general " and P gives

ln%P$P0& # $"%# $ #0&. %6.4&

Subtracting the mean and annual cycle from both sides
of (6.4) gives the anomaly equation

%lnP&% # $"#%. %6.5&

The relationship (6.5) applies locally but cannot be
tested point by point because the zooplankton data are
too noisy locally. If we average the (lnP)) over the en-
tire CalCOFI region, then from (6.5) we might expect
(lnP)) to be proportional to $ ") averaged over the
region. Figure 10 shows that these time series are in-
deed correlated (r # 0.67). This linear correlation is
numerically larger than the linear correlation of P)
with $")(r # 0.45). However, the better match of (lnP))
with $") than of P) with $") is best seen by both the
high correlation of (lnP)) with $") and by the incom-
patibility of the P) and $") variability in Figs. 8 and 9.

Since also (6.5) supposedly applies locally, and ")
propagates westward from the coast, (lnP)) averaged
over the CalCOFI region should lag the sea level at the
coast. The observed lag of ") at the westernmost part of
the CalCOFI region is about 6 months (see Fig. 4), so
the lag of (lnP)) averaged over the CalCOFI region
should be about 3 months. Consistent with this, Fig. 11

FIG. 9. Frequency distribution of (a) zooplankton concentration anomalies P), (b) the
natural logarithm of zooplankton concentration lnP, and (c) dynamic height anomalies "). All
three variables are averaged over the CalCOFI region in Fig. 2.
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San Diego and ENSO signals through (5.10), it is un-
correlated with those signals because it is proportional
to !"#/!t rather than "#. This proportionality is entirely
due to the propagating nature of the signal. Represen-
tation of $# using the first EOF mode of dynamic height
anomalies (see Chelton et al. 1982) does not represent
!"#/!t and therefore does not model $#.

Many papers have been written about coastal fluctu-
ating flows that have periodicity of a few days to a few
weeks. Such flows can be described in terms of coastally
trapped waves having $# proportional to "#. We empha-
size that trapped wave dynamics is incorrect on inter-
annual time scales; mathematical and physical argu-
ments (see, e.g., Clarke and Shi 1991) show, for ex-
ample, that coastal Kelvin waves do not exist on
nonzonal coastal boundaries at low enough frequen-
cies. At low enough frequencies, Rossby wave dynam-
ics is applicable. The relationship of "# and $# at inter-
annual frequencies based on Rossby wave dynamics has
also been discussed by Pizarro et al. (2001).

Closely associated with the alongshore current
anomaly is the anomalous alongshore particle displace-
ment (%s)#. Assuming, as the observations seem to sug-
gest, that the large-scale interannual dynamics are lin-
ear, we may write

!" &
d
dt

'#s(". '5.12(

Substituting (5.12) into (5.10) and integrating with re-
spect to time gives

'#s(" & g$"%' f& cos'(. '5.13(

Thus particles are displaced poleward along the coast
when "# is positive and equatorward when "# is nega-
tive. A typical amplitude of this displacement oscilla-
tion can be estimated from a knowledge of the typical
amplitude of "#. Since the amplitude of a sinusoidal
oscillation A cos()t) is *2 times the root-mean-
squared (RMS) value of A cos()t), an estimate of the
amplitude of "# is *2 times the RMS value of the
dynamic height in the CalCOFI region. This value, cal-
culated from the first six time series in Fig. 3, is 4.6 cm.
Using this amplitude for "#, together with g & 9.8
m s+2, , & 4.2 cm s+1 (see Fig. 4), f & 8 - 10+5 s+1, and
the coastline angle . & 46° (see Fig. 6), enables us to
estimate the anomalous alongshore displacement am-
plitude from (5.13) as (%s)# & 193 km; that is, the range
of particle displacement alongshore due to interannual
flow is about 400 km. The corresponding anomalous
velocity, (%s)#), where ) is a typical ENSO frequency,
is only about 1 to 2 cm s+1. Physically, even though the
velocity is small, the alongshore displacement is large
because the current is in one direction for a long time.

6. Interannual fluctuations in California Current
zooplankton

Chelton et al. (1982) showed that interannual fluc-
tuations in the California Current zooplankton were
not related to variations in the local wind forcing but
rather to variations in the California Current. They sug-
gested that when the sea level is anomalously low, the
California Current is stronger than normal and advects
the higher nutrient northern water southward. The
higher nutrient water then results in increased phy-
toplankton and zooplankton. But Roesler and Chelton
(1987), by examining the age distribution of the zoo-
plankton, concluded that in the region of our study (see
Fig. 2), the interannual changes in zooplankton were
mainly due to interannual advection of the zooplankton
themselves. However, this conclusion was based on lim-
ited data.

The hypothesis of Roesler and Chelton can be writ-
ten mathematically as

(P"

(t
& +!"

(P
(s

, '6.1(

where P# is the anomalous interannual zooplankton
concentration and !P/!s is the mean alongshore gradi-

FIG. 7. P, CalCOFI zooplankton concentration averaged in time
and plotted as a function of distance northward along the coast.
The nine data points correspond to P averaged along each of the
nine sections perpendicular to the coast in Fig. 2, beginning with
the San Diego section (s & 0). Each of the nine section averages
only extended from the coast outward to the station nearest the
satellite track 130 in order not to bias P by the low plankton
values farther from the coast, which only occur in the south. In
practice, inclusion of these stations in P did not change the results
much; the correlation decreased from r & 0.96 to r & 0.93, and
!P/!s increased from 39.9 to 44 mL (1000 m3)+1 (100 km)+1.

MARCH 2008 C L A R K E A N D D O T T O R I 709


