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Why study eastern boundary upwelling systems (EBUS)?

• highly productive systems:

only ~3% of the global ocean surface area, but

25-40% of the reported global fish catch 
(Pauly and Christiansen, 1995; Capone and Hutchins, 2013)

• severely affected by MHWs:

California EBUS (CCS) 2014–16 MHW: 
- delays and closures in $100Ms Dungeness crab fishery
- coastwide toxic algal bloom (McCabe et al. 2016)
- extensive species shifts: spatial and phenological — mistiming of prey and predators
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Altimetry shows basin-scale oceanic connection to tropics

Figure by Corinne James and Ted Strub
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SSH anomalies 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An example of regional structure within a MHW in the CCS

Fewings and Brown, 2019

This spatial variability during an extreme event (MHW) 
is due to an unusually persistent version of a “normal” weather event.



In California EBUS, regional wind patterns enhanced the MHW

Fewings and Brown 2019



There are SST anomalies associated with summer wind relaxations

!
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Figure 6. Evolution of wind stress anomalies for the composite wind relaxation event, based on 

67 events during May–August 2000–2009. The number in each panel indicates time in days 

relative to the onset of wind relaxation at the Pt. Conception buoys (dy 0). Color indicates the 

wind stress anomaly in the direction of the mean wind stress at each point (Figure 1). Blue 

indicates weaker than the mean upwelling-favorable wind stress, and/or downwelling-favorable 

wind stress. Red indicates the upwelling-favorable wind stress is stronger than the mean in 

Figure 1. Red and blue contours indicate a wind stress anomaly of +/- 0.03 Pa. The cross-mean 

component of the wind stress anomalies is weak (not shown). Grey indicates the anomaly is not 

wind stress anomaly 
composite of 69 wind relaxations

Mendocino

change in SST 
composite of 44 wind relaxations

OAFlux

Mendocino

QuikSCAT

60% of variability in summer 
is in this quasi-dipole mode

Fewings et al. 2016, Fewings 2017, Flynn et al., 2017, Fewings and Brown 2019

➡ to understand extreme events, first understand typical events.  

weak

strong

warmer

cooler



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.
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figures based on Melton et al. 2009

2004

We identify wind relaxation times at Pt. Conception using buoy data,
then select satellite data before, during, and after each relaxation.

focus period: May–August

• analysis years: 2000–present 

• relaxation times identified with 
Melton et al. 2009 method:
zero crossings of 1st EOF 
of wind velocity at 4 buoys near Pt. Conception
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Composite satellite data reveal 3 connected wind events!
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Figure 6. Evolution of wind stress anomalies for the composite wind relaxation event, based on 

67 events during May–August 2000–2009. The number in each panel indicates time in days 

relative to the onset of wind relaxation at the Pt. Conception buoys (dy 0). Color indicates the 

wind stress anomaly in the direction of the mean wind stress at each point (Figure 1). Blue 

indicates weaker than the mean upwelling-favorable wind stress, and/or downwelling-favorable 

wind stress. Red indicates the upwelling-favorable wind stress is stronger than the mean in 

Figure 1. Red and blue contours indicate a wind stress anomaly of +/- 0.03 Pa. The cross-mean 

component of the wind stress anomalies is weak (not shown). Grey indicates the anomaly is not 

stage 2:
intensified upwelling-

favorable wind

stage 1:
relaxation/reversal

off Oregon 

stage 3:
relaxation off

central California

Fewings et al. 2016, Fewings 2017

wind stress anomaly from QuikSCAT satellite
composited over ~70 relaxations at Pt. Conception in summer 2000-2009

day

day

quasi-dipole
60% of vel. variance



What SSH anomalies are associated with this wind event cycle?



The wind quasi-dipole is associated with coastal-trapped waves

• these are locally-forced CTW
• only detectable because remotely-generated CTW are averaged out by composite
• progression speed consistent with mode-1 baroclinic CTW: 200-300 km/day
• combined forced/freely-propagating waves
• wind variability is as large as mean, so many events have SSH anomaly 4-6 cm

SSH anomaly composite, ~100 wind relaxations, blended AVISO-TG, JJA 2000–2014

day

CA

OR

WA

50N

32N



• context about distant forcing, time scales months to years

     — equatorial connection

— help define large-scale MHW to separate from regional variability
 

• estimate ocean advection contribution to regional MHW formation

— combine altimetry & satellite SST: along-coast advective heat flux divergence
— important in upwelling zone and for extreme events (relaxations of ~weeks)
— globally, where coastal HF radar velocities and tide gauges not available

— future: composite along-track altimeter data near coast
— goal: enable better predictions of regional variability in MHW (Jacox et al. 2019)

Implications for understanding MHW in productive EBUS



• SWOT will alias these propagating SSH signals of wind events
— SSH anomalies O(2-6 cm) for typical *locally-driven* events
— typical wind events last 3-5 days, making a ~12-day cycle
— SWOT sampling will alias or miss features with 5-10 day time scales

• need to model these CTWs for SWOT
— need to model the locally- and remotely-driven CTW
— it is possible to model CTW SSHs accurately: extensive literature on dynamics

(CCS: Allen, Denbo, Enfield, Battisti, Hickey, Chelton, Brink, Pringle, … Kurapov recent papers)
— computationally expensive to model globally
— need high-res bathymetry
— need stratification
— need high-resolution wind stress, local and remote

Implications for the SWOT mission



We are analyzing other MHW during 2000–2017
and comparing to the Chile-Peru system
With Co-PI Carlos Moffat (U. Delaware)

We will use our recently developed application of Hilbert Empirical Orthogonal Function (HEOF)
analysis [Fewings 2017] to analyze satellite scatterometer winds and SST, air-sea heat fluxes, and
reanalysis pressure fields. We will analyze all summer MHWs in both eastern subtropical Pacific basins
during the scatterometer record, 2000–2017, including ⇠15 MHWs o↵ NAmer (Fig. 3b).

We hypothesize that:

1. during midlatitude MHWs, the wind dipole mode persists in one state, reducing and increasing
SST in the poleward and equatorward parts of the domain, respectively, “splitting” the MHW;

2. during more typical synoptic ridging events, the wind dipole can create a shorter-lived MHW in
the relaxation region (blue in Figs. 1c, 2b).

2 Expected Significance and Impact to the Field
This will be one of the few studies of the recent MHWs to resolve the underlying synoptic-scale

processes that contribute most of the variance in winds and SST. Most studies of the causes,
spatial pattern, and timing of the recent NAmer MHWs have used monthly anomalies [e.g., Bond
et al. 2015; Di Lorenzo and Mantua 2016; Chao et al. 2017], but monthly anomalies are often due to
the presence of a few strong anomalies on synoptic time scales. Our study will relate the SST
variability to the dominant synoptic wind forcing patterns.

If there is a direct relation between the SST pattern during midlatitude MHWs and the characteristic
regional wind pattern, we will be able to determine which areas along western North and
South America are likely to have enhanced or mitigated SST anomalies during future
MHWs. These eastern ocean boundary regions include coastal eastern boundary upwelling systems
(California Current, Chile-Peru Current) that support a substantial fraction of the world’s ocean export
production and fisheries. This project will add to the literature on wind forcing over the Chile-Peru
Current and California Current systems.

3 Relevance to the OVWST Solicitation, and need for Level 2 swath OVW data
This project is relevant to the OVWST 2017 solicitation because Level 2 satellite ocean vector wind

time series are our primary data sets. Our project also includes analyses of RapidSCAT data and is
synergistic with the aims of the NASA SST science team: we use GHRSST L2P and L4 MUR NASA
MEaSUREs satellite SST data. This project also requires the OAFlux air-sea flux products, which are
supported by the OVWST [Yu and Weller 2007; Yu et al. 2008].

This work requires L2 ocean vector wind swath data in order to calculate the wind stress curl and
to analyze wind stress and wind velocity along the coast. Reanalysis wind fields are inaccurate within
⇠2 grid cells of the coast [Wallcraft et al. 2009], especially in regions with hydraulic expansion fans

Fig. 2: SST and wind stress
anomalies o↵ Chile during the
2016 southeast Pacific MHW. (a)
SST anomaly, similar to Fig. 1(a). (b)
Wind stress anomaly, similar to Fig. 1(d).
Note the figures are flipped vertically,
i.e. north is downward, to facilitate
comparison with the NAmer figures.

2

A Scientific / Technical / Management Description

1 Motivation and Objectives
In the northeast Pacific during 2014–2016, one of the largest recorded marine heat waves (MHWs)

occurred, known in the popular press as “The Blob”. This MHW caused major damage to economically
important fisheries and other ecosystems from Alaska through California associated with species shifts
[Peterson et al. 2017; Whitney 2015; Auth et al. 2017] and an unprecedentedly large bloom of toxic
algae that spanned the entire coastline [McCabe et al. 2016]. Though The Blob a↵ected the entire
northeast Pacific, the sea-surface temperature (SST) anomalies along the west coast of the United
States in summer were much stronger along the southern half of the coastline, California and Baja,
than the northern half, Washington and Oregon [Gentemann et al. 2016]. This north-south di↵erence
was so strong by summer 2015 that The Blob split in two parts, one in the Gulf of Alaska and one
extending from central California to Baja (Figure 1a); the split was reported in the journal Science as
“flummoxing” scientists [Kintisch 2015]. The reason for the splitting of the MHW has remained
unclear, but the strong regional variation in SST anomalies is consistent with region-specific variations
in frequency of MHWs worldwide [Scannell et al. 2016] and in the rate of change of the number of
days with extremely cold or warm SST along the world’s coasts [Lima and Wethey 2012]. The
scientific community’s lack of understanding of the causes of regional variation within MHWs prevents
accurate prediction of MHWs and the resulting economic and ecological impacts.

We have observed a striking similarity between the SST pattern of the split Blob (Fig. 1a) and a
characteristic quasi-dipole wind pattern we recently described o↵ western North America (NAmer)
(Fig. 1c) [Fewings et al. 2016; Flynn et al. 2017; Fewings 2017]. Until now, however, this quasi-dipole
wind pattern has not been considered as a possible cause of regional variation in SST anomalies during
MHWs o↵ western NAmer. We observe an analogous pattern in SST and wind stress o↵ South
America (SAmer) during the MHW in January 2016 (Fig. 2).

We propose to determine whether there is a systematic relationship between the
characteristic regional wind forcing patterns in summer and the spatial structure,
intensity, and persistence of midlatitude MHWs west of North and South America.

Fig. 1: SST and wind stress anomalies during the recent northeast Pacific MHW and during typical
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MHWs o↵ western NAmer. We observe an analogous pattern in SST and wind stress o↵ South
America (SAmer) during the MHW in January 2016 (Fig. 2).

We propose to determine whether there is a systematic relationship between the
characteristic regional wind forcing patterns in summer and the spatial structure,
intensity, and persistence of midlatitude MHWs west of North and South America.

Fig. 1: SST and wind stress anomalies during the recent northeast Pacific MHW and during typical
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