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1. Introduction 

 On 16 July 2006, a commercial pilot flying a 

coastal route between Anaheim and San Francisco, 

California, observed and photographed a cyclonic 

swirl in the stratus clouds near Santa Cruz Island (Fig. 

1). This photograph was provided by a colleague of 

the pilot, with an inquiry as to what these unusual 

cloud formations might be (Capt. P. Weiss 2006, 

personal communication; see also Muller et al. 2015). 

This paper aims to answer that question as well as to 

present this unusual image and discuss the meteor-

ology of the phenomenon depicted. 

 The photographed swirl (Fig. 1) is an atmospheric 

eddy produced by marine atmospheric boundary layer 

(MABL) flow past terrain. Such eddies form as part of 

an atmospheric wake phenomenon in the lee of islands 

and headlands that penetrate the inversion above the 

MABL (Chopra and Hubert 1965; Etling 1989; Young 

and Zawislak 2006). Mesoscale eddies have been 

detected in satellite imagery in marine stratocumulus 

clouds since the first successful weather satellite was 

launched in 1960 (Bowley et al. 1962; Hubert and 

Krueger 1962). In some cases two counter-rotating 

vortices are formed downwind of the terrain 

obstructions to the flow, and stay attached to the 

terrain (e.g. Smolarkiewicz and Rotunno 1989; Schär 

and Smith 1993a, hereafter SS93a). In other cases an 

alternating series of counter-rotating vortices form and 

shed, moving downwind with the mean MABL flow 

(Schär and Smith 1993b). Some researchers consider 

these circulations to be the atmospheric analog of von 

Kármán vortex streets that appear as fluids flow past 

bluff bodies (Chopra and Hubert 1965; Ruscher and 

Deardorff 1982; Young and Zawislak 2006). 

 

 Operational meteorologists viewing geostationary 

satellite imagery of the west coast of North America 

can expect to see atmospheric eddies frequently in the 

vicinity of the Channel Islands of southern California 

when stratus or marine stratocumulus clouds are 

present. Interestingly, however, to our knowledge, the 

case presented here is only the second close-up 

photograph of a marine stratocumulus eddy taken from 

an airplane to appear in publication (Muller et al. 

2015). These features are operationally significant in 

that they have been implicated in mixing at the coastal 

margin—namely, cross-inversion fluxes of ozone and 

momentum (Lester 1985). Anecdotal reports suggest 

an environment of strong aircraft turbulence in the lee 

of islands that produce similar eddies (B. Baxter 2012 

and P. Ruscher 2012, personal communications). 

Indeed, turbulence in the lee of the Hawaiian island of 

Kauai was documented as a cause of the breakup and 

crash of NASA’s ultralight unmanned aerial vehicle 

Helios (Porter et al. 2007). Furthermore, model studies 

suggest that turbulence in hydraulic jumps is an 

essential process in wake eddy formation and the 

amplification of vorticity (SS93a; Schär and Durran 

1997). 

 

2. Discussion 

 The eddy photograph (Fig. 1) was taken at 1126 

PDT (1826 UTC) looking toward Santa Cruz Island to 

the west-southwest. Figure 2 shows corresponding 

Geostationary Operational Environmental Satellite 

(GOES) visible satellite images. The satellite image 

from 1830 UTC (Fig. 2) is a close match to the aerial 

photograph (Fig. 1) in terms of cloud feature 

morphology. Several of the same features can be seen 
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Figure 1. Aerial photograph of a stratocumulus cloud vortex just north of Santa Cruz Island on 16 July 2006 at 1126 PDT (1826 UTC), 

viewing toward the southwest. (Photo by “KB” courtesy of Capt. P. Weiss of SkyWest Airlines). Click image for an external version; this 

applies to all figures hereafter. 

 

in both the satellite (Fig. 2) and the photographic (Fig. 

1) images, including the tongue of clouds extending 

from the tip of Santa Cruz Island toward the eddy, 

striations in the stratus clouds on the northwestern side 

of the eddy, and the circular, cloud-free eye. Analysis 

of the 1830 UTC satellite image indicates that the 

circulation had a width of 9–10 km and length of 25 

km, thus straddling the line between the meso-gamma 

(2–20 km) and meso-beta (20–200 km) scales 

(Orlanski 1975). The cloud-free eye was 3 km in 

diameter. 

 The synoptic situation at the surface on 16 July 

2006 presented an overall onshore pressure gradient 

resulting in northwesterly flow over the ocean west of 

much of California including over the westernmost 

Channel Island (San Miguel). However, a weak low 

pressure center, possibly the center of a meso-beta 

scale coastal circulation generically referred to as a 

Catalina eddy (e.g., Bosart 1983), was analyzed just 

northwest of Santa Cruz Island on the National 

Centers for Environmental Prediction North American 

surface analyses for 0600 UTC and 0900 UTC (not 

shown). Resulting persistent southeasterly surface 

flow over Santa Cruz Island synoptically set the stage 

for the formation of the smaller photographed eddy 

north of the island. The 550-m terrain in the eastern 

part of Santa Cruz Island extended into a strong 

temperature inversion of 10°C above the MABL. 

 Early researchers explained similar eddies as a 

two-dimensional horizontal frictional phenomenon of 

lateral boundary layer separation (Chopra and Hubert 

1965; Jensen and Agee 1978), in analogy to von 

Kármán vortex streets. However, more recent theoret-

ical and modeling results showed that the formation of 

lee eddies can occur even in the absence of surface 

friction (Smolarkiewicz and Rotunno 1989; SS93a; 

Schär and Durran 1997; Epifanio and Durran 2002) 

and that three-dimensional motions that promote 

vorticity tilting and stretching are involved (see Young 

and Zawislak 2006 for a more complete review). 

http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_1.jpg
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Figure 2. GOES-West visible satellite images from 1700 UTC to 1830 UTC on 16 July 2006. In this sequence, dry, cloud-free air in the lee 

of Santa Cruz Island can be seen moving laterally into the circulation followed by a tongue of clouds wrapping around and closing off the 

eye. The satellite image from 1830 UTC shows the same cloud as Fig. 1. North is “up” or toward the top of the page (cf. Fig. 1). 
 

http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1700.png
http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1730.png
http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1800.png
http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1715.png
http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1745.png
http://www.nwas.org/jom/articles/2015/2015-JOM9-figs/fig_2_1830.png
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Epifanio and Rotunno (2005) and SS93a emphasized 

the importance of flow-blocking in the formation of 

wake eddies. Their simulations delineated a basic 

sequence of events that can be applied to the MABL: 

flow is blocked by a terrain obstacle, leaving a 

shallower MABL on its lee side, directly behind it 

with respect to the direction of the undisturbed flow 

(in this case, the northern side of the island). Gravity 

causes an airflow reversal directly in the lee of the 

obstacle, from the deeper MABL farther downstream 

back toward the shallower MABL at the base of 

terrain. Shear lines of enhanced vorticity trail 

downstream off of the lateral edges of the obstruction, 

dividing the reversed wake flow from the background, 

undisturbed winds, and occasionally eddies come 

spinning off from those lateral edges along the lines of 

strong shear. 

 The sequence of satellite images in Fig. 2 is 

consistent with the above description of eddy 

formation. Initially, from 1700 UTC to 1730 UTC a 

band of clouds wrapping around the northeastern 

periphery of Santa Cruz Island is apparent, with a clear 

slot between the clouds and the lee (northern) slopes of 

the island, suggesting that dry air is sliding downslope 

between the circulation center and the terrain. 

Subsequently at 1745 UTC a tongue of clouds moves 

eastward as part of the reversed (west-northwesterly) 

wake flow, surrounding an inclusion of the dry air that 

becomes the cloud-free eye. Weather Research and 

Forecasting (WRF) model simulations conducted for 

the current research suggest that this air had previously 

descended adjacent to the island slope. The tongue of 

eastward-moving clouds ultimately connected into a 

ring, thereby pinching off the cloud-free eye of 

previously descended drier air. Thus, the dry air 

comprising the cloud-free eye of the eddy apparently 

was wrapped laterally into the circulation after its 

descent. The WRF simulations also corroborate that 

the eddy formed at the shear line between the west-

northwesterly wake flow immediately north of Santa 

Cruz Island and the southeasterly background flow 

sweeping around its northeastern periphery, and 

suggest that the northwesterly wake flow may have 

been reinforced by return of the more climatologically 

typical synoptic-scale northwesterly flow to the 

California Bight. Backwards air parcel trajectories 

suggest that much of the air within the core of the eddy 

in the MABL began in the MABL and swept around 

the eastern end of Santa Cruz Island, but that some air 

subsided from above the island as air passed over and 

descended next to the terrain, bringing drier air down 

into the MABL. In the simulation, some air even 

descended near the western end of the island into an 

anticyclonic eddy, becoming trapped in the wake flow, 

then travelling eastward, and eventually ending up in 

the simulated cyclonic eddy that appeared similar in 

many respects to the one photographed by the pilot. 

 

3. Summary 

 This paper has presented an unusual close-up 

aerial photograph of an eddy circulation in the marine 

stratus clouds near Santa Cruz Island. Such eddies 

form in the lee of inversion-penetrating terrain along a 

shear boundary between the wake flow in the lee of 

the terrain and the MABL flow around the terrain. The 

next step in this research is to try to improve the 

fidelity between the WRF simulations and the 

observed eddy by running WRF in its large eddy 

simulation (LES) mode, nested within output from our 

conventional WRF simulations; it is hoped that the 

LES will give a better picture of the air flow and 

internal three-dimensional circulations that are respon-

sible for the specific features evident in the aerial 

photograph. 
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