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In summer off the West Coast of North America,
the wind stress is southward 
because the North Pacific High strengthens in the atmosphere.
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That southward wind stress causes coastal upwelling
that brings deep, cold water
to the surface.
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California

The upwelled water is nutrient-rich
and can be oxygen-poor.

• upwelling of nutrients supports high fisheries productivity
	

 in the California Current Large Marine Ecosystem

• upwelling of hypoxic water contributes 
   to fish and invertebrate die-off
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The upwelling-favorable winds periodically weaken or “relax”.

upwelling-favorable
wind

circulation. More recent observations suggest that warm
poleward flows occur more frequently over the inner shelf
[Cudaback et al., 2005] so statistics based on midshelf
observations may not accurately represent their frequency or
alongshore extent. Other recent studies have found signif-
icant differences in the response of currents to alongshore
and cross-shore winds over the inner shelf compared with
the midshelf [Fewings et al., 2008; Kirincich and Barth,
2009].
[7] This rest of this paper is organized as follows. The

field site, instrumentation, and data processing are described
in section 2. This section also describes empirical proce-
dures for identifying wind relaxations and arrivals of warm
water at the moorings during poleward flows. In section 3
moored time series are used to illustrate the response of
inner shelf currents and temperature to wind relaxations.
The response of coastal sea level to wind relaxations and
statistics of the poleward flows are also presented in section 3.
Section 4 discusses the results, and section 5 presents
conclusions.

2. Methods
2.1. Field Site and Instrumentation

[8] An array of moorings along the 15 m isobath was
used to study the response of inner shelf circulation to wind
relaxations between 1 January 2000 and 31 December 2006.
Five moorings were located in the SBC along the south

facing coast east of Point Conception at Alegria (ALE),
Arroyo Quemado (ARQ), Ellwood (ELL), Arroyo Burro
(ARB), and Carpinteria (CAR) (Figure 1). Four moorings
were located along the central California coast north of
Point Conception at Jalama (JAL), Point Arguello (ARG),
Point Purisima (PUR), and Point Sal (SAL). Alongshore
distances to the moorings relative to CAR are indicated on
the right had scale of Figure 2b.
[9] Temperatures at the moorings were measured using

thermistors (models UTBI-001 and TBIC32+4+27), manu-
factured by Onset Computer Corp., Bourne, Massachusetts,
mounted on mooring lines at three depths: near bottom
(!1 m above bottom), middle depth (!6 m above bottom),
and near surface (!12 m above bottom). The manufacturer
states the accuracy as 0.2!C and the resolution improved
during 2000–2006 as new thermistors were phased in: the
first group had a resolution of 0.16!C and the second group
0.09!C. These are adequate for resolving the temperature
changes due to the relaxation flows which range from about
1–7!C. Currents through the water column were measured
using acoustic Doppler current profilers (ADCP’s, 600 kHz
Workhorse Sentinel manufactured by R.D. Instruments, San
Diego, California) configured with 1 m bins. The ADCP’s
were rigidly mounted to the bottom in an upward-looking
orientation a minimum of 10 m from the thermistor mooring
lines. To avoid effects of side lobe interference, data from
bins nearest the surface were not used. More information
about the moorings is given by Melton [2008]. Additional

Figure 2. (a) Time series of alongshore wind speed for 2004 at NDBC buoy 46054 (gray line) and from
EOF mode 1 reconstruction (black line). (b) Alongshore contours of temperature during 2004 between
moorings CAR and SAL. Mooring positions are indicated along the right-hand y axis. Mooring locations
are shown in Figure 1. Triangles along the upper x axis identify wind relaxations and propagation extent.
Red triangles identify events reaching SAL or beyond, green triangles identify events reaching PUR but
not SAL, and blue triangles identify events reaching ARG but not PUR. Yellow triangles identify wind
relaxations not followed by arrivals at the moorings. The vertical dotted line indicates time tb of a wind
relaxation on 11 October 2004 that was followed by a warm poleward flow. The dashed-dotted line
indicates a poleward warm flow during a winter storm in February 2004. The slope of the dashed line
corresponds to a poleward speed of 20 km d"1.

C11016 MELTON ET AL.: WIND RELAXATIONS AND POLEWARD FLOW

3 of 18

C11016

circulation. More recent observations suggest that warm
poleward flows occur more frequently over the inner shelf
[Cudaback et al., 2005] so statistics based on midshelf
observations may not accurately represent their frequency or
alongshore extent. Other recent studies have found signif-
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The coastal ocean responds 
with buoyant poleward flows.

cold upwelled water replaced
by warm water from south of Pt. C

important for larval transport

similar flows in other upwelling systems
Iberia: 

García-Lafuente et al, 2006,
Relvas & Barton, 2002, 2006

Benguela: 
Fawcett et al. 2008
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What atmospheric conditions lead to wind relaxations?
Are the relaxations confined to California?
What is the regional ocean response?
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Figure 1: Left panel: Thick green line indicates locations of preliminary QuikSCAT data used in Figure 2. Black box outline
indicates the location of the detailed map in the right panel. Right panel: moored time series data locations in the study area
near Point Conception, California. The four Northern Channel Islands are (west to east) San Miguel, Santa Rosa, Santa Cruz,
and Anacapa. Isobaths are in increments of 100 m. Nearshore sites (on the 15-m isobath, with labels) were/are deployed from
1999 to the present. Sites in deeper water without labels are from the MMS program, 1992-2004.
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Atmospheric pressure
NCEP North American Regional Reanalysis
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Sea-Surface Temperature
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Level 3 daily binned, 9 km
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We identify relaxation times using coastal buoy data,
then select satellite data before, during, and after each relaxation.

circulation. More recent observations suggest that warm
poleward flows occur more frequently over the inner shelf
[Cudaback et al., 2005] so statistics based on midshelf
observations may not accurately represent their frequency or
alongshore extent. Other recent studies have found signif-
icant differences in the response of currents to alongshore
and cross-shore winds over the inner shelf compared with
the midshelf [Fewings et al., 2008; Kirincich and Barth,
2009].
[7] This rest of this paper is organized as follows. The

field site, instrumentation, and data processing are described
in section 2. This section also describes empirical proce-
dures for identifying wind relaxations and arrivals of warm
water at the moorings during poleward flows. In section 3
moored time series are used to illustrate the response of
inner shelf currents and temperature to wind relaxations.
The response of coastal sea level to wind relaxations and
statistics of the poleward flows are also presented in section 3.
Section 4 discusses the results, and section 5 presents
conclusions.

2. Methods
2.1. Field Site and Instrumentation

[8] An array of moorings along the 15 m isobath was
used to study the response of inner shelf circulation to wind
relaxations between 1 January 2000 and 31 December 2006.
Five moorings were located in the SBC along the south

facing coast east of Point Conception at Alegria (ALE),
Arroyo Quemado (ARQ), Ellwood (ELL), Arroyo Burro
(ARB), and Carpinteria (CAR) (Figure 1). Four moorings
were located along the central California coast north of
Point Conception at Jalama (JAL), Point Arguello (ARG),
Point Purisima (PUR), and Point Sal (SAL). Alongshore
distances to the moorings relative to CAR are indicated on
the right had scale of Figure 2b.
[9] Temperatures at the moorings were measured using

thermistors (models UTBI-001 and TBIC32+4+27), manu-
factured by Onset Computer Corp., Bourne, Massachusetts,
mounted on mooring lines at three depths: near bottom
(!1 m above bottom), middle depth (!6 m above bottom),
and near surface (!12 m above bottom). The manufacturer
states the accuracy as 0.2!C and the resolution improved
during 2000–2006 as new thermistors were phased in: the
first group had a resolution of 0.16!C and the second group
0.09!C. These are adequate for resolving the temperature
changes due to the relaxation flows which range from about
1–7!C. Currents through the water column were measured
using acoustic Doppler current profilers (ADCP’s, 600 kHz
Workhorse Sentinel manufactured by R.D. Instruments, San
Diego, California) configured with 1 m bins. The ADCP’s
were rigidly mounted to the bottom in an upward-looking
orientation a minimum of 10 m from the thermistor mooring
lines. To avoid effects of side lobe interference, data from
bins nearest the surface were not used. More information
about the moorings is given by Melton [2008]. Additional

Figure 2. (a) Time series of alongshore wind speed for 2004 at NDBC buoy 46054 (gray line) and from
EOF mode 1 reconstruction (black line). (b) Alongshore contours of temperature during 2004 between
moorings CAR and SAL. Mooring positions are indicated along the right-hand y axis. Mooring locations
are shown in Figure 1. Triangles along the upper x axis identify wind relaxations and propagation extent.
Red triangles identify events reaching SAL or beyond, green triangles identify events reaching PUR but
not SAL, and blue triangles identify events reaching ARG but not PUR. Yellow triangles identify wind
relaxations not followed by arrivals at the moorings. The vertical dotted line indicates time tb of a wind
relaxation on 11 October 2004 that was followed by a warm poleward flow. The dashed-dotted line
indicates a poleward warm flow during a winter storm in February 2004. The slope of the dashed line
corresponds to a poleward speed of 20 km d"1.
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The average wind relaxation at Pt. Conception
extends from the N. California border to Baja
and ~500 km offshore.
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Recall: the average wind relaxation
extends from the N. California border to Baja.
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We suggest the upwelling system has 2 parts:
north and south of the latitude of maximum winds
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We suggest the upwelling system has 2 parts:
north and south of the latitude of maximum winds
...or of the anticyclone.
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The 2 parts have different wind relaxation dynamics.
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low-frequency response is seen in the corresponding SAT,
with inshore values typically 1!C lower than those
offshore during upwelling conditions. These results are
further demonstrated for both the North Array and the
South Array, with histograms of inshore-offshore SAT
differences versus alongshore wind (Figure 19). For
southward winds, mean inshore-offshore SAT differences
were similar in the south and the north. For northward
winds, there was a tendency for reversal of the SAT
difference in the south, with slightly cooler temperatures
offshore. Deviations about the mean were also somewhat
larger in the south for northward winds. Extreme temper-
ature differences (not shown) were generally larger in the
south than the north, possibly due to large offshore near-
surface ocean temperature anomalies in the complex
oceanic flow field over and around Heceta Bank [Barth
et al., 2005; Kosro, 2005].
[38] These mooring observations are consistent with the

aircraft observations, which show the development of a cool
internal boundary layer (IBL) adjacent to the coast during
upwelling. Within the MABL between the inversion base
and the sea surface, the potential temperature was quite
uniform, except immediately above the ocean surface and
within about 50 km of shore during southward winds
(Figure 17; see also Figure 21, below). There the air was
directly over the cool water that had recently upwelled due
to the upwelling-favorable wind stress. This cooler air had
been flowing over the upwelled water mass for tens to

perhaps a few hundred km before being measured by the
aircraft, and it had cooled as a result of enhanced sensible
heat flux into the colder surface waters. Buoy data during
this time show the sensible heat flux was about 10 W m-2

into the ocean (Figures 5a and 5b), and it produced the cool
IBL, similar to that generated when warm air flows from
land to a cooler ocean surface [Hsu, 1983; Garratt, 1990;
Rogers et al., 1995]. When present, the IBL grows in
thickness in the downwind direction, beginning where the
air crosses the upwelling SST front and first encounters the
cool, upwelled water. Close to shore on the southernmost
COAST aircraft section (line 7 in Figure 1), the IBL was
typically observed to have a thickness of about 200 m. The
IBL thickness was determined by examining individual
profiles of air temperature, humidity, and wind speed (see
Figure 21 below).
[39] In addition to lower air temperatures, lower wind

speeds were often observed within the IBL as well. There
are two reasons for this: first, the lateral density gradient
caused by the cooler IBL air close to the coast gives a
thermal wind shear that will tend to slow the air closer to
the ocean surface, and second, the increased stability
within the IBL reduces the depth of the stress boundary
layer, thereby increasing the vertical divergence of the
turbulent stress that is decelerating the near-surface flow.
The lower wind speeds over the cool, upwelled waters
close to the coast resulted in a positive wind stress curl
on the ocean surface, likely driving upward Ekman

Figure 20. Surface atmospheric pressure field for 0000 UTC on 2 August, at about the midpoint of
flight 22. A Gulf of Alaska Low was centered about 55!N, 140!W, and its southern extent was causing
northward winds in the COAST area at this time. This low continued its eastward progression and kept
the winds northward at COAST for another 3 days. This is typical for episodes of northward winds off
Oregon that are the result of a Gulf of Alaska Low.
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A new 30-yr wind relaxation index from NARR
shows no trend in the number of relaxations.

# relaxation events
per year

June - September



A new 30-yr wind relaxation index from NARR
shows no trend in the number of relaxations.

# relaxation events
per year

March - May



Conclusions 

Northeastward movement of the North Pacific High causes
upwelling-favorable wind stress off California to INCREASE, then RELAX.

The wind relaxations at Pt. Conception
have northward phase propagation
extend ~500 km offshore
do not extend north of California.

The upwelling system has 2 parts with different wind relaxation dynamics.



Climate variability and wind relaxations (DSR special issue)
30-yr index of relaxations:
is strength or frequency of relaxations related to ENSO or other climate indices?

Regional ocean response
spatial extent, time evolution, ocean-atmosphere coupling dynamics 

water temperature, velocity, pressure
chlorophyll, backscatter, CDOM, phytoplankton productivity

Future changes in wind relaxations
with relaxation index from atmospheric pressure gradient,
predict changes in frequency & intensity of relaxations under future climate scenarios

Ongoing and Future Work
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