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Abstract 18 

  Aerial photographs of cyclonic, von Karman-like vortices in the marine 19 

stratocumulus clouds off the California coast, taken by a commercial pilot near Santa 20 

Cruz Island and Grover Beach, are presented.  It is believed that these are the first 21 

photographs of such eddies taken from an airplane, to appear in publication. 22 

Both eddies occurred with strong inversions above a shallow marine boundary 23 

layer, in the lee of high, inversion-penetrating terrain. Tower and surface wind 24 

measurements demonstrate that the Grover Beach eddy was not just a cloud-level feature, 25 

but extended through the marine atmospheric boundary layer (MABL) to the surface.  2-26 

3C
o
 temperature increases and then decreases with the eddy passage suggest cross-27 

inversion mixing of warm, dry air into the MABL, producing a cloud-free, warm-core 28 

“eye.”  Additionally, the sequence of wind reversals and temperature rises and falls from 29 

different levels of the tower suggest that the eddy is leaning forward as it passes the 30 

tower.  Satellite-tracked eddy motions also suggest cross-inversion mixing: the eddy first 31 

moved toward the southwest, consistent with the northeasterly inversion-layer winds, but 32 

ultimately turned toward the east, apparently embedded in the westerly MABL flow 33 

rounding San Luis point.  While it is not possible to unambiguously determine the eddy 34 

formation mechanism from the available data, observed characteristics were consistent 35 

with hypotheses from the theoretical literature on low Froude number, continuously 36 

stratified flow over obstacles involving tilting of baroclinically-generated “backward-37 

rolling” (negative) horizontal vorticity into a vertical orientation by differential vertical 38 

motion in the lee of the high terrain. 39 

 40 
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1. Introduction 41 

 On July 16, 2006, and again on September 12, 2006, a pilot flying California 42 

coastal routes for SkyWest Airlines observed and photographed cyclonic vortices in 43 

marine stratocumulus clouds just off the coast (Capt. Peter Weiss, personal 44 

communication).  The first (July 16) occurred on the north side of  Santa Cruz Island 45 

(Figure 1) within what appeared from satellite imagery to be the southeasterly flow 46 

portion of a larger Catalina eddy circulation.  The second (September 12) was spotted off 47 

Grover Beach downwind of a coastal headland (Fig. 2) southwest of San Luis Obispo, 48 

within a generally northwesterly marine atmospheric boundary layer (MABL) flow 49 

regime.   Based on estimates from GOES satellite imagery, these eddy circulations in the 50 

clouds appeared to be on the order of 10-25 kilometers in diameter, placing them on the 51 

borderline between the meso-gamma and meso-beta scales of phenomena (2-20 km and 52 

20-200 km, respectively, Orlanski 1975). Each contained a round cloud-free “eye” or 53 

hole of 2-3 kilometers diameter at their center.  54 

 Casual inspection of  GOES satellite imagery of the West Coast region of North 55 

America reveals that similar eddies in the stratocumulus-topped MABL, on the order of  56 

tens of kilometers, are a relatively common occurrence near peninsulas, headlands, and 57 

downwind of islands.  Many investigators have likened these relatively small-scale 58 

circulations, and similar features in other parts of the world, to von Karman vortices 59 

(Hubert and Krueger 1962; Chopra and Hubert 1965, Lyons and Fujita 1968; Thomson et 60 

al. 1977; Ruscher and Deardorff 1982; Etling 1989; Young and Zawislak 2006). 61 

 A number of meso-beta scale (20-200 km) eddies appear on a regular basis in the 62 

near-shore marine environment and have been described in the literature.  They include 63 
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the Catalina eddy  (e.g. Rosenthal 1968; Bosart 1983; Wakimoto 1987; Mass and 64 

Albright 1989; Eddington et al.1992; Thompson et al. 1997; Parish et al. 2013), the 65 

Gaviota and midchannel eddies (Kessler and Douglas 1991; Douglas and Kessler 1991; 66 

Hanna et al. 1991; Wilczak et al. 1991; Dorman and Winant 2000), the Santa Cruz Eddy 67 

(Archer et al. 2005; Archer and Jacobson 2005), and the Antalya Cyclone (Alpert et al. 68 

1999).  Eddies at this scale are important because they are persistent and large enough to 69 

influence local stratus cloud formation, air quality, and surface wind fields in coastal 70 

regions (Wakimoto 1987; Hanna et al. 1991; Archer et al. 2005).  The preceding 71 

modeling and observational studies indicate that these eddies result from complex 72 

interactions between a strong boundary layer-topping marine inversion, inversion-73 

penetrating terrain, synoptic scale wind and pressure fields, nighttime drainage flows, and 74 

daytime/nighttime wind reversals produced by diurnal radiative cycles.  75 

 The smaller borderline meso-gamma/meso-beta scale eddies photographed and 76 

investigated in the current research appear to be mechanically-driven transient features 77 

(see the discussion by Hubert and Kruger 1962), lasting several hours.  Such order-10 km 78 

eddies are important as they have been hypothesized to play a role in mixing at the 79 

coastal margin and have been implicated in cross-inversion fluxes of ozone and 80 

momentum (Lester 1985). Furthermore, they could lead to unexpected wind shifts for 81 

sailors or pilots, and anecdotal reports suggest an environment of strong aircraft 82 

turbulence in the lee of islands that produce similar eddies (Bob Baxter, Paul Ruscher, 83 

personal communicatons). Indeed, strong turbulence in the lee of the Hawaiian island of 84 

Kauai was documented as a cause of the breakup and crash of NASA’s ultralight 85 

unmanned aerial vehicle Helios (Porter et al, 2007). While the satellite imagery indicates 86 
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that their appearance and scale are similar to those found in Von Karman vortex streets 87 

(e.g., Young and Zawislak 2006),  the eddies presented here occurred individually and 88 

not as part of a series, although there is evidence that the Grover Beach eddy actually was 89 

the second one to form in the area that morning. 90 

Although radiometric imagery of such features from weather satellites is 91 

common, the cases presented in this paper are notable in that photographic 92 

documentation of atmospheric eddies at this scale has been lacking in the meteorological 93 

literature. To our knowledge, these are the first close-up photographs of marine 94 

stratocumulus eddies, taken from an airplane, to appear in publication.  Furthermore, 95 

because of their small scale, such eddies often pass between observation stations or occur 96 

within island wakes over the open ocean making them difficult to measure directly.  This 97 

has left some basic questions not completely resolved, such as the nature of the cloud-98 

free eye, and whether their circulations are only an inversion-level feature (as indicated 99 

by their cloud-free eye) or if they penetrate through the MABL all the way to the surface 100 

(Young and Zavislak 2006). 101 

In the current case, satellite observations reveal that the eddy photographed near 102 

Grover Beach originally emerged offshore just south of Pt. Buchon moving toward the 103 

southwest, and passed directly through the three-station monitoring network run by 104 

Pacific Gas and Electric (PG&E) Company in support of their Diablo Canyon Nuclear 105 

Power Plant operations (Thuillier [1987] described PG&E’s wind measurement efforts 106 

for emergency response in this complex terrain region). The eddy’s path then turned 107 

toward the east, passing by and influencing wind directions at a surface observing station 108 

run by California Polytechnic State University (Cal Poly) on the Cal Poly Center for 109 
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Coastal Marine Sciences Pier.  Finally, after being photographed just offshore by the 110 

pilot, the eddy moved inland over Grover Beach, this time through a coastal wind 111 

monitoring network operated by the San Luis Obispo County Air Pollution Control 112 

District (SLOAPCD).  During its lifetime on satellite imagery, the eddy was close enough 113 

to influence surface wind measurements at three different observing stations. 114 

Furthermore it moved directly over PG&E’s 76 m instrumented tower, allowing for direct 115 

observations of the surface and low level circulations and temperature structure, and 116 

subsequently directly over SLOAPCD’s Grover Beach wind monitoring station, causing 117 

a nearly 180 degree wind direction reversal over a period of one minute. Note that 118 

without the special high resolution non-synoptic data obtained from PG&E, SLOAPCD, 119 

and Cal Poly for this study, it would not have been possible to document meteorological 120 

details of the eddy feature’s passage through the area, as the only METAR in proximity is 121 

from San Luis Obispo, and it was unaffected by the circulation.  122 

 Given the relative frequency of mechanical eddies in satellite imagery, we 123 

speculate that pilots on the U.S. West Coast must see them periodically, but the current 124 

examples seem to be one of the few times that actual photographs have come to light in a 125 

scientific context.  Since we received these images, a similar photograph from Sept. 2, 126 

1993 also has come to our attention (Bill Brick, personal communication, Fig. 3).  It was 127 

observed in the Santa Barbara channel, viewing approximately southward.  Based on the 128 

description by Wilczak et al. (1991), it may be an example of a midchannel eddy (see 129 

also Kessler and Douglas 1991), or it may have been produced by Santa Cruz Island, 130 

similar to the July 16 2006 eddy.  131 
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 The purpose of this paper is to present these unique photographic images of 132 

eddies near Grover Beach and Santa Cruz Island, to document their physical and 133 

dynamical characteristics, and to advance a hypothesis from the theoretical literature to 134 

explain their formation.  It is intended that they will serve as a benchmark for verification 135 

and corroboration of numerical model simulations and studies on predictability of small-136 

scale coastal effects, particularly where cross-inversion transport and mixing are 137 

important.  This paper also demonstrates the value of high resolution coastal monitoring 138 

sites for detailed understanding of coastal processes.  Confirmation of the photographed 139 

cloud features is provided in the form of corresponding satellite imagery, allowing nearly 140 

the complete eddy life cycles to be examined.  Soundings, surface, and tower data will 141 

demonstrate that both circulations occurred with very strong temperature inversions 142 

above a relatively shallow MABL.  Additionally, evidence of cross-inversion mixing will 143 

be presented from time series of winds and temperature as the Grover Beach eddy passed 144 

directly over the PG&E instrument tower.  Finally, while the data presented do not permit 145 

an unambiguous conclusion on the formation mechanism of these eddies, it will be shown 146 

that the morphology and evolution of both is consistent with the hypothesis proposed by 147 

Smolarkiewicz and Rotunno (1989, hereafter referred to as SR1989):  that is, tilting of 148 

“backward rolling” (negative) baroclinically generated horizontal vorticity into the 149 

vertical by vertical velocity differences between strong downslope flow directly in the lee 150 

of inversion-penetrating terrain and the weak or non-existent vertical motions on its 151 

periphery. 152 

2. Eddy photographs and meteorological environment 153 

a. Santa Cruz Island Eddy 154 
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The synoptic situation on July 16, 2006 included an inverted thermal trough in the 155 

interior of California extending northward from a climatologically typical thermal low 156 

over the California/Arizona border.  The resulting onshore pressure gradient resulted in a 157 

northwesterly flow over the ocean west of most of California including over the 158 

westernmost Channel Island (San Miguel).  However, a weak low pressure center, 159 

possibly a Catalina eddy circulation, was analyzed on the NCEP North American surface 160 

analyses for 06 and 09 UTC just north-northwest of Santa Cruz Island (not shown).  This 161 

resulted in southeasterly surface flow in the near-shore environment and over Santa Cruz 162 

Island for a period of several hours during which the Santa Cruz Island eddy formed.  At 163 

500 hPa, southern California was under the influence of a west-east oriented ridge of  164 

high pressure centered north and east of the area, and helping to create easterly flow 165 

above 700 hPa and a strong temperature inversion just above the MABL. 166 

 The San Diego sounding (KNKX, Fig. 4)  from 1200 UTC (Vandenberg, which 167 

is considerably closer, was unavailable) showed a strong inversion, with the MABL 168 

temperature at the inversion base of 20.6 
o
C at 293 m MSL (977 hPa),  rising nearly 10 169 

Celsius degrees over a vertical distance of about 500 m to 30.4
 o
C at 795 m MSL (925 170 

hPa).  The 1200 UTC Oakland sounding (KOAK, not shown) also showed a temperature 171 

inversion increase of 13
 
Celsius degrees from the surface (elevation 3 m MSL) to 613 m.    172 

The terrain in the eastern part of Santa Cruz Island rises to a peak elevation of roughly 173 

550 m.  In the context of previous studies that have shown mesoscale spatial variations of 174 

inversion height of hundreds of meters over land in the San Francisco Bay Area (Lester 175 

1985), Los Angeles (Edinger 1959), over the ocean west of the California coast (Bridger 176 

et al. 1993) and near the Channel Islands (Eddington et al.1992), it is impossible to say 177 
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with certainty what the MABL depth and inversion height was near the peak.  178 

Nevertheless, if we assume that the sounding environment near Santa Cruz Island was 179 

somewhere  between the values at KOAK to the north and KNKX to the south, then we 180 

can conclude that the eastern peak of the island, at an elevation of 550 m, penetrates the 181 

base of the inversion, but may not extend to its top.  Young and Zawislak (2006) note that 182 

island wake vortex streets typically occur downwind of steep islands that penetrate the 183 

inversion.  Southerly winds through the depth of the temperature inversion (indicated by 184 

the KNXK RAOB) flowed over and around Santa Cruz Island, producing the 185 

photographed eddy on the north side of the island near its eastern periphery. 186 

This first eddy photograph (Fig. 1) was taken at approximately 11:26 PDT  (18:26 187 

UTC) looking toward Santa Cruz Island to the west southwest.  GOES Satellite imagery 188 

corroborates the existence of this eddy in the context of the larger-scale flow field.  It also 189 

provides the ability to track the evolution and life-cycle of the eddy over the course of 190 

several hours, and to accurately estimate its dimensions at the satellite time most closely 191 

corresponding to the photograph, and other times as well.  The satellite data were 192 

obtained from the NOAA (National Oceanic and Atmospheric Administration) 193 

Comprehensive Large Array-data Stewardship System (CLASS), remapped to a local 194 

perspective using McIDAS (Man computer Interactive Data Access System), then 195 

displayed and analyzed using GARP (GEMPAK [GEneral Meteorology PAckage] 196 

Analysis and Rendering Program).  It should be noted that resolution limitations of the 197 

satellite imagery preclude fine scale analysis of structures that are clearly evident in the 198 

photographs. 199 
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In the sequence of visible satellite images covering the day of the photograph 200 

(Fig. 5), the corresponding image from 18:30 UTC is a close match in terms of cloud 201 

feature morphology.  Several of the same features can be seen in both the satellite image 202 

and the photograph (Fig. 1), including the tongue of clouds extending from the tip of 203 

Santa Cruz Island toward the eddy, striations in the stratocumulus clouds on the 204 

northwest side of the eddy, and the cloud-free “eye.” 205 

Analysis of the 18:30 UTC satellite image using GARP indicates a circulation 206 

width of 9-10 km, length of 25 km, and cloud-free eye of 3 km; thus dimensions of this 207 

eddy near Santa Cruz Island straddle the line between the meso-gamma (2-20 km) and 208 

meso-beta (20-200 km) scales. 209 

In the absence of  direct in-situ observations or a detailed model simulation, 210 

conclusions on the formation mechanism of the Santa Cruz Island eddy must remain 211 

speculative.  The following description and hypothesis are based on the satellite evidence 212 

and its consistency with previous theoretical results.  The sequence of satellite images 213 

suggests that the dry air comprising the cloud-free eye of the eddy was wrapped laterally 214 

into the circulation from clear descending air near the north slope of the high terrain on 215 

Santa Cruz Island.  This occurred near the eastern periphery of the island, consistent with 216 

SR1989’s numerical simulation of vortices in low Froude number (i.e., very stable) flow 217 

past inversion-penetrating terrain.  Calculation of Froude numbers using the San Diego 218 

sounding indicated a vertical distribution of values within the inversion ranging from 219 

0.29 to 0.45, close to the “low Froude number” conditions investigated by SR1989, but 220 

transcritical conditions (Fr ~ 1) in the surface layer and above the temperature inversion. 221 

The apparent mechanism of vorticity production for this case may be synthesized from 222 
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SR1989, and theoretical results from Rotunno and Smolarkiewicz (1991), Rotunno and 223 

Smolarkiewicz (1995), Schär and Durran (1997), Rotunno et al. (1999), Epifanio and 224 

Durran (2002), and Epifanio and Rotunno (2005), and has also been invoked to explain 225 

real-world eddies like the Denver Cyclone (Crook et al. 1990) and the Santa Cruz eddy 226 

(Archer and Jacobson 2005).  Based on these studies, we hypothesize that a favorable 227 

combination of strong static stability and ambient flow within the inversion layer air 228 

passing over the island top is accelerated downward in the lee of the island (e.g. Durran 229 

2003).  This produces a two-fold effect: (1) “backward rolling” (negative) baroclinically 230 

generated horizontal vorticity due to sloping isentropes, and (2) strong subsidence to the 231 

north of the high terrain side-by-side with non-vertically moving air over the open ocean, 232 

that is, differential vertical motion, initiating a tilting process wherein the “backward 233 

rolling” (negative) horizontal vortex tubes are bent downward into a vertical orientation.  234 

The strong sinking directly downwind of the high terrain brings down unsaturated air 235 

from above the marine layer, which also moves laterally into the cloud area, then 236 

becomes encircled in the eddy by the saturated air at the top of the MABL, forming the 237 

cloud-free eye.  Section 2b.3 will present evidence from in-situ observations for this 238 

hypothesized formation mechanism in conjunction with the Grover Beach eddy. 239 

Vorticity within the MABL flow below the inversion may also be contributed by 240 

the blocking effect of the island on its cool, dense air which cannot flow over the 241 

obstacle.  This effect causes a deepening of the MABL on the upwind (south) side and a 242 

lowering of the inversion on the lee side, allowing for deeper penetration toward the 243 

surface by the warm, inversion layer air, and possibly reverse (northerly) MABL flow 244 

back toward the island on its lee side, similar to that following a retracting piston as 245 
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described by Epifanio and Rotunno (2005).  Within the overall southeasterly flow 246 

impinging on the island, this potential flow reversal on the lee (north) side of the island 247 

results in cyclonic vorticity generation within the MABL at the eastern periphery of the 248 

island. 249 

A comment can be added here.  The synoptic conditions on this day produced 250 

visible satellite imagery rich with low-level cloud phenomena.  In fact, three eddies in the 251 

marine stratocumulus similar to the one later photographed near Grover Beach on 252 

September 12 also occurred in that area on the day of the Santa Cruz Island eddy 253 

photograph (July 16).  Two can be seen in satellite animations (not shown) to rotate 254 

around each other south of Pt. San Luis.  Additionally, a dramatic westward-propagating 255 

gravity wave train is evident in the marine stratocumulus clouds to the south of Santa 256 

Cruz Island, initiated by climatologically unusual thunderstorm activity reported in the 11 257 

and 12 UTC San Diego METARs.  Given the strong inversion and stability just above the 258 

MABL, conditions conducive for mechanical eddy formation also are conducive for 259 

pronounced gravity waves at the top of the MABL.  Burk and Thompson (2004) have 260 

described a relationship between “shock-like” wave features and eddy formation in trans-261 

critical flow (Froude number ~ 1). 262 

b. Grover Beach Eddy 263 

1) SYNOPTIC CONDITIONS 264 

Synoptic scale weather conditions at the surface at 12 UTC on September 12, 265 

2006, were characterized by an inverted thermal trough over the Central Valley of 266 

California.  However, surface stations in the vicinity of San Luis Obispo indicate a 267 

weakly offshore pressure gradient in that region.  The prevailing air flow just offshore 268 
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along the coast as indicated by buoy stations was northwesterly around 5 m s
-1

 (10 kts).  269 

Several stations in the vicinity of the south central California coast were reporting fog or 270 

mist.  At 500 hPa there was a high pressure area centered in northeastern Nevada, and a 271 

low centered over the California/Arizona/Mexico border.  These two features combined 272 

to make lower tropospheric flow above the boundary layer easterly over the central to 273 

southern California coast. 274 

The marine layer in the central and southern California coastal region was very 275 

shallow.  For example, the Oakland sounding (not shown) indicated a surface-based 276 

inversion with a surface temperature at 3 m of 14.4
 o
C,  versus a temperature of 19.4

 o
C  277 

at 122 m. The inversion top had a temperature of 27.4
o
C  at 805 m and 925 hPa.  The San 278 

Diego sounding (not shown) indicated an inversion base of 17.2
o
C at 251 m and 983 hPa 279 

with an inversion top of 26.4
o
C  at 709 m and 933 hPa.  It would be preferable to use the 280 

sounding from the much-closer Vandenberg RAOB site, but crucial data were missing 281 

from its lower levels. Nevertheless, easterly to northeasterly flow aloft (seen most clearly 282 

in steady northeast winds at PG&E’s Davis Peak station at an elevation of 550 m (1800 283 

feet) and the very shallow depth of the MABL combine with the coastal terrain to limit 284 

inland penetration of the marine stratocumulus.  Satellite imagery indicate that it is 285 

widespread over the ocean, but confined to the immediate coastal region over land.  286 

These weather characteristics are common during September in coastal California, 287 

indicative of marginal Santa Ana conditions that often prevail at this time of year. 288 

2) SPECIAL METEOROLOGICAL DATA SOURCES 289 

 Three data sources provide direct evidence that the Grover Beach eddy’s 290 

circulation extends down from cloud level (as seen in the photograph and satellite 291 
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imagery) through the MABL all the way to the surface during most of its lifetime.  The 292 

first was a three-station network operated by PG&E in support of their Diablo Canyon 293 

nuclear power plant.  These stations consist of a 10 m tower located at Pt. Buchon at an 294 

elevation of 12.2 m (40 feet), a 20 m tower on Davis Peak in the San Luis Range at an 295 

elevation of 549 m (1800 feet), and their “Primary Meteorological” site, a 76 m tower at 296 

the plant itself (hereafter referred to as the “meteorological tower.”) at 32 m (105 feet) 297 

MSL.  The tower measures winds at 10 m and 76 m AGL, and temperature at 10 m, 46 298 

m, and 76 m AGL.  Pressure and humidity are not measured.  Data from these stations 299 

were available every 15 minutes. The second data source is from the meteorological 300 

station at the Cal Poly Center for Coastal Marine Sciences Pier.  This station contains a 301 

full suite of meteorological measurements on a four meter tower, archiving data every 302 

two minutes.  The third data set comes from wind monitoring instruments operated by the 303 

San Luis Obispo County Air Pollution Control District (SLOAPCD), collecting 304 

observations every minute. 305 

It should be noted that at the scales being examined in this paper, distances of less 306 

than a few kilometers and time periods of a few minutes become important for matching 307 

wind observations to satellite features.  For example, at a speed of 3 m s
-1

 the eddy can 308 

move nearly 2.7 km, roughly the diameter of the cloud-free eye, in 15 minutes.  309 

Therefore, special care was taken to match images as closely as possible with the 310 

appropriate observation time.  This involved calculating the time for the GOES-West 311 

Imager radiometer to scan to the latitude of the Diablo Canyon area, then determining the 312 

closest observations to that time for each of the three data sources, that is, the 15-minute 313 

PG&E data, the 2-minute CalPoly data, and the 1-minute SLOAPCD data.  There can be 314 
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a 1-4 minute lag time between the beginning of the GOES-West scan, and the time it 315 

takes to reach the latitude of the Diablo Canyon area, depending on which sector it is 316 

scanning. 317 

3) GROVER BEACH EDDY DESCRIPTION AND ANALYSIS 318 

The Grover Beach eddy was photographed at approximately 11:28 PDT (18:28 319 

UTC) looking toward the west southwest (Fig. 2).  Again, visible satellite imagery (Fig. 320 

6) corroborates the existence of this flow feature and allows us to track the eddy’s life 321 

cycle and the dimensions of its circulation. Satellite imagery and data from Davis Peak 322 

demonstrate that the terrain that produced the feature penetrated through the MABL into 323 

the inversion layer.  The 1830 UTC satellite image (sixth panel in Fig. 6) is the time 324 

closest to the photograph time.  Estimates made using GARP indicate that the eddy had a 325 

width of 9 km, was 17 km in length, and contained a cloud-free eye of 2.5-3 km at the 326 

time the photograph was taken.  The stratocumulus field was much more extensive for 327 

this case than in the Santa Cruz Island case, clearly delineating the path of the eddy after 328 

formation around dawn. 329 

The terrain that generated the eddy and locations of the relevant meteorological 330 

sites are shown on a relief map in Fig. 7.  Directly north northwest of San Luis Bay is the 331 

San Luis Range (also known locally as the Irish Hills) with the higher ridges extending to 332 

between 450 to 550 m (1500-1800 feet) MSL.  The Los Osos Valley containing San Luis 333 

Obispo can be found to the northeast.   The satellite imagery in Fig. 6 includes wind and 334 

temperature observations superimposed using Unidata’s Integrated Data Viewer (IDV).  335 

These images, selected from a more extensive satellite animation, indicate that the eddy 336 

originally emerged off the high terrain of the San Luis Range between 1400 and 1530 337 
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UTC just south of Pt. Buchon moving toward the southwest, parallel to the inversion-338 

layer flow.  The eddy becomes apparent in the marine stratocumulus as sunrise occurs.  339 

The initial eddy movement is consistent with the inversion-layer flow field as indicated 340 

by the steady northeast winds from the Davis Peak site, and likely downslope air 341 

movement in the lee of the ruggedly steep terrain of the coastal face of the San Luis 342 

Range (see Fig. 8) 343 

As the sun comes up and the eddy first becomes apparent in the GOES-West 344 

imagery from 1430 to 1500 UTC, a strand of clouds begins to encircle the dry air that 345 

most likely subsided in a downslope mountain wave-like flow in the lee of the San Luis 346 

Range.  Again it appears to be a combination of horizontal and vertical transport of 347 

unsaturated air from above the inversion base that produces the cloud-free eye.  It is 348 

worthwhile to emphasize the steady northeasterly cross-ridge wind direction at Davis 349 

Peak.  The strongest winds of the day of 6.2-6.5 m s
-1

, a possible precursor of mountain 350 

wave activity, were recorded at 1415-1430 UTC at this station, just prior to the apparent 351 

eddy formation. This momentum may have mixed downward to the surface during the 352 

eddy formation process as will be seen in the wind time series showing stronger winds on 353 

the back side of the eddy during its passage over the meteorological tower.  Evidence will 354 

be presented in this section that the inversion-layer air was indeed mixed down to the 355 

surface near the Diablo Canyon nuclear power plant. 356 

When first evident on the satellite imagery as it emerges from the coastline, the 357 

cloud-free eye is 6-7 km in diameter, but shrinks to 2-3 km as it turns from moving 358 

southwestward to moving toward the east.  The shrinkage of the eye is similar to that of 359 

von Karman vortices seen downwind of islands (Young and Zawislak 2006), suggesting a 360 
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non-steady state boundary layer flow characterized by pressure gradient force, centrifugal 361 

force, and friction.  It is interesting to note some features seen early in the eddy’s life at 362 

1600 UTC (Fig. 6): a band of clouds in the northwesterly flow piling up against the 363 

northwest face of the headland containing the San Luis Range, and a very similar band  364 

on the northwest flank of the cloud-free eye.  Outside that is a dark band of apparently 365 

thin, less reflective clouds.  These dark and light bands appear as the result of 366 

convergence between the southeasterly flow on the back side of the eddy, and the 367 

oppositional northwesterly flow over the ocean.  The result is a smooth rim of thick, 368 

bright clouds surrounded by a dark area of thin clouds that at subsequent times is 369 

advected by the eddy circulation and encircles the eye. Thus the satellite imagery 370 

demonstrates the origins of the interweaved dark and light bands in the aerial photograph 371 

of the eddy (Fig. 2, corresponding to the 1830 UTC image in Fig. 6) spiraling in toward 372 

the eye and completely surrounding it. 373 

Once the eddy emerges off the coastline its movement becomes more consistent 374 

with the westerly flow around the south side of the San Luis Range and Pt. San Luis.  The 375 

change in direction suggests mixing of the inversion-layer air with the MABL air so the 376 

motion of the eddy, originally parallel to the inversion-layer flow, then becomes 377 

embedded within the boundary layer flow. 378 

Surface and tower data (Fig. 6 and Fig. 9) corroborate Li et al.’s (2000) synthetic 379 

aperature radar results and Young and Zawislak’s (2006) suggestion that the circulations 380 

of von Karman vortices observed in satellite imagery of island wakes can extend through 381 

the depth of the MABL to the surface.  While the terrain feature here is not an island, it 382 

penetrates the temperature inversion and is completely surrounded by the MABL as an 383 
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island would be.  At least for the case of this shallow MABL, there is direct evidence that 384 

indeed the circulations evident in the cloud imagery were present in the surface wind 385 

field.  Wind direction reversals of close to 180
o
 are seen at PG&E’s meteorological tower 386 

as the eddy passes over the station (1445 and 1600UTC images from Fig. 6).  Initial 387 

winds at 10 m before the eddy passage are northwesterly then shift to southeasterly after 388 

the cloud-free eye passes over the station.  We estimate that the eddy is moving at 389 

approximately 1 m s
-1

 toward the southeast during this time period. 390 

Winds at the 76 m level (Fig. 9) show a similar reversal, but it precedes that at 10 391 

m by 15 minutes, presenting the intriguing possibility that the eddy has a forward slant 392 

from the surface to the upper level of the tower.  This slant, along with the finite scanning 393 

period of the GOES satellite radiometer, may help to explain a slight apparent lag 394 

between the eddy position in the satellite images and the winds at the surface stations.  395 

Additionally, errors in the satellite image navigation and precision limitations in the map 396 

databases may cause map discrepancies of as much as two or more kilometers.  397 

Interestingly, the southeasterly “return flow” winds in opposition to the synoptic scale 398 

flow on the rear flank of the eddy were stronger at 10 m and 76 m (4.6 and 6.0 m s
-1

, 399 

respectively) than either the winds directly before or after its passage, possibly indicating 400 

that the accelerated downslope winds of the mountain wave circulation are being 401 

converted to kinetic energy of the eddy. 402 

As the eddy crossed San Luis Bay, winds at the Cal Poly pier swung from 403 

southerly (Fig. 6, 1700 UTC) to east southeasterly (1746 UTC).  This is consistent with 404 

the eddy’s cyclonic rotation as it passes to the south of the pier. 405 
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The 1830 UTC satellite image (Fig. 6) is closest in time to the Grover Beach eddy 406 

photograph (Fig. 2).  At this time, winds from the Grover Beach station of the SLOAPCD 407 

network were reporting southerly winds, consistent with the cyclonic flow on the east 408 

side of the eddy.  During the period between 1830 and 1911 UTC the GOES-West 409 

satellite was operated in rapid scan mode and images became available at 1840, 1846, 410 

1852, 1900, and 1911 UTC during this period as a result.  The cloud-free eye moves 411 

directly over the station as indicated by the 1846 UTC image (Fig. 6) and other 412 

subsequent images from 1852 and 1900 UTC (not shown).  The wind from the Grover 413 

Beach station was reported as southeast at 2.2 m s
-1

 at 1846 UTC (note that these are the 414 

nominal times of the satellite image, and that according to the procedure outlined in 415 

Section 2b.2, the station data may actually be several minutes different depending on the 416 

actual time in the scan when the imager reached the Diablo Canyon area).  By 1911 UTC 417 

(Fig. 6)  the cloud-free eye had moved beyond the edge of the coastal stratocumulus and 418 

merged into the clear-air region to the east, while the reported wind at the Grover Beach 419 

station had shifted to a northwesterly direction at 3.6 m s
-1

. 420 

It is instructive to examine the time sequence of temperatures in comparison with 421 

the winds from the meteorological tower (Fig. 9). Prior to about 1445 UTC temperatures 422 

indicate that the entire tower is within the well-mixed MABL, with values at 10 m, 46 m, 423 

and 76 m hovering near 11
o
C.  As the eddy begins to pass over the tower, the winds are 424 

northwesterly and temperature at the 76 m level begins to rise, followed by a rise in 425 

temperature at 46 m, then at 10 m over a period of approximately an hour and a half.  426 

This sequence briefly establishes a surface-based temperature inversion during the 427 

duration of the eddy passage.  This is followed by a drop in temperatures again initiating 428 
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at the 76 m level followed by those at the 46 and 10 m levels 45 minutes later.  The 429 

possibility of a forward slant in the eddy shape suggested by the wind fields would also 430 

explain this sequence of temperature changes.  The increase in temperature at all three 431 

levels indicates that there is cross-inversion turbulent mixing of warm air from aloft 432 

down into the cool MABL in the lee of the rugged terrain of the San Luis Range.  433 

Goodman and Miller (1977) hypothesized cross-inversion mixing in the horizontal 434 

direction in the presence of sloped inversions based on measurements from the 299 m 435 

Sutro Tower atop 277 m Mt. Sutro, and tracer experiments of the inversion in the San 436 

Francisco Bay Area.  The sequence of temperature measurements here imply a strongly 437 

sloped inversion and support Lester's (1985) implication of order-10 km scale eddies in 438 

cross-inversion mixing. 439 

 4) FROUDE NUMBER AND POSSIBLE EDDY FORMATION MECHANISM 440 

SR1989  used idealized model simulations in order to understand wake vortex 441 

formation in the lee of the Hawaiian Islands.  Their results suggest the importance of 442 

Froude Number (Fr) in the range 0.5-0.1 in eddy formation.  Fr is a dimensionless ratio 443 

comparing inertial with buoyancy forces in the flow field, and values considerably less 444 

than 1 usually mean that the atmosphere is very stable.  Here the Oakland and San Diego 445 

soundings and wind speed at Davis Peak are used to estimate a Fr based on the 446 

formulation employed by SR1989: 447 

hN

U
Fr


                                                          (1) 448 

where  U is the speed of the flow approaching a mountain, h is a characteristic mountain 449 

height (taken as 550 m, the height of Davis Peak), and N is the Brunt-Vaisala frequency.  450 
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This form of Fr applies for the continuously stratified real atmospheric environment 451 

presented in this case.  N is given by  452 

z

g
N v

v 






                                                         (2) 453 

(e.g., Young and Zawislak 2006) where in practice we averaged the virtual potential 454 

temperature, θv  between two discrete levels of the sounding, and the vertical derivative of 455 

virtual potential temperature was approximated using the values at those discrete levels.  456 

g is the acceleration of gravity. 457 

As described in Section 2b.3, it appears that the eddy was initiated in the 458 

inversion-layer northeasterly flow over the San Luis Range, and therefore Fr was 459 

estimated for mountain-top level based on the 12UTC Oakland and San Diego soundings, 460 

since Vandenberg was missing data from the relevant lower levels.  As noted in Section 461 

2a, there can be considerable variability in inversions over coastal California, and the 462 

distances between the Diablo Canyon area and the Oakland or San Diego sounding sites 463 

are approximately 320 and 430 km, respectively. Additionally,  N varies vertically in a 464 

continuously stratified atmosphere. Therefore, N was calculated individually from both 465 

the Oakland and San Diego soundings for their layers encompassing the height of Davis 466 

Peak, representative of the tops of the San Luis Range.  Fr for each was allowed to vary 467 

in time based only on variations in U, the speed of the flow impinging at mountain top 468 

level as indicated by wind speed from the Davis Peak monitoring site. The Fr values from 469 

each sounding at each time then were averaged together.  Results indicate Fr values 470 

varying within the 0.3-0.5 range, consistent with SR1989. 471 
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Wind speed observations and the Fr estimates at different times prior to and at the 472 

beginning of eddy formation are shown in Table 1. SR1989 idealized model simulations 473 

indicate that atmospheric lee vortices at a Fr of 0.3 form by tilting of baroclinically 474 

generated horizontal vorticity.  While the current data set is not detailed enough to 475 

unambiguously confirm their hypothesis in this case, behavior and physical 476 

characteristics of the Grover Beach eddy are consistent with such a mechanism.  The 477 

meteorological tower data provide direct evidence meeting SR1989’s suggested 478 

observational test (p. 1164) that such vortices should have a warm core (see also Schär 479 

and Durran 1997).  This is seen in the previously-noted temperature increases at all three 480 

tower levels during eddy passage (Fig. 9).  This warm core requires an injection of 481 

inversion-layer air into the MABL, which under SR1989’s mechanism is provided in a 482 

mountain wave-like sinking in the lee of the San Luis Range that also provides the dry air 483 

for the cloud-free eye, and may also be facilitated by the blocking effect of the terrain on 484 

the MABL and consequent lowering of its top downwind of the terrain (Epifanio and 485 

Rotunno 2005). 486 

Again, based on a synthesis of results from theoretical studies of eddy formation 487 

dealing with baroclinic generation of horizontal vorticity and subsequent tilting to a 488 

vertical axis (SR1989; Rotunno and Smolarkiewicz 1991; Rotunno and Smolarkiewicz 489 

1995; Rotunno et al. 1999; Schär and Durran 1997; Crook et al. 1990; Epifanio and 490 

Durran 2002, and Epifanio and Rotunno 2005), we can describe the possible formation 491 

mechanism of the Grover Beach eddy: a favorable combination of strong static stability 492 

and ambient northeasterly flow within the inversion layer air near mountain-top level 493 

creates a downslope wind acceleration on the lee (southwest) side of the mountain peak 494 
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(in our case the raised terrain of the San Luis Range) as in Rotunno and Smolarkiewicz’s 495 

(1995) Figure 3 reproduced here as Figure 10.  Negative horizontal vorticity (i.e. rotation 496 

around a horizontal axis) is generated here baroclinically along sloping isentropic 497 

surfaces, the result being a “backward” rolling motion and overturning as the fast-moving 498 

surface level flow undercuts the slower flow above it.  The finite width of the hills means 499 

that the maximum downward acceleration of the flow is directly in the lee of the highest 500 

terrain and decreases to negligible on either side beyond the flanks of the terrain.  This 501 

results in differential downward vertical velocity tilting the backward rolling horizontal 502 

vortex tube downward into a vertical orientation.  Figure 11 shows a schematic view of 503 

this process (based on the concept illustrated in Figure 3c of Rotunno and Smolarkiewicz 504 

1991) superimposed on an aerial photograph of the region between the Diablo Canyon 505 

nuclear power plant and Pt. Buchon.  Looking upwind toward the oncoming flow, the 506 

maximum downward vertical velocity in the lee of the centerline of the highest terrain 507 

produces a counterclockwise or cyclonically-rotating vortex to its left (Rotunno et al. 508 

1999; Rotunno and Smolarkiewicz 1991). This mechanism would explain why the 509 

maximum temperatures seen during the eddy passage in Figure 9 occur not at the center 510 

of the wind reversal, but within the southeasterly winds on the rear flank of the eddy 511 

during this early period in its life-cycle.  The tilting mechanism requires greater 512 

downward vertical motion to the right of the eddy (looking upwind) during its formation, 513 

therefore this should be a region containing a higher proportion of warm inversion air, at 514 

least in the incipient stages of the eddy. This air moves into the rear of the eddy with its 515 

cyclonic circulation. SR1989’s mechanism would appear to explain the initial eddy 516 
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motion paralleling the inversion-layer northeasterly flow, but subsequently moving along 517 

with the MABL flow rounding San Luis point toward the east. 518 

As with the Santa Cruz Island case, it seems likely that the blocking effect (again, 519 

see Epifanio and Rotunno 2005) of the high terrain on the cool, dense, northerly air flow 520 

of the MABL contributes to cyclonic vorticity formation within that layer phasing with 521 

that produced within the inversion. Again, the blocking effect contributes to the lowering 522 

of the MABL top in the lee of the terrain, allowing the inversion layer air to penetrate 523 

more easily to the surface.   524 

Some final points are in order.  Casual examination of visible satellite images in 525 

the seven years since the eddy images were sent to us have revealed that it is not unusual 526 

for eddies to come spinning off the raised terrain of the San Luis Range.  Its prominence 527 

as terrain that protrudes westward into the marine environment, while frequently 528 

penetrating the inversion above, creates conditions that are likely to produce eddies in 529 

ways similar to large islands like Santa Cruz and Catalina, and thus may often produce 530 

conditions for cross-inversion mixing and transport, a potentially important phenomenon 531 

if pollution or toxins are present. 532 

SR1989’s eddy formation mechanism explains another observation we have 533 

noticed in satellite imagery over the years (and that was seen in the Santa Cruz Island 534 

satellite feature):  when eddies form in the lee of inversion-penetrating high terrain, the 535 

dry air appears to move laterally into the eddy before the stratocumulus clouds wrap 536 

around the rear flank closing off the cloud-free eye.  This would be due to the greatest 537 

downward vertical velocity not being in the center of the cyclonic eddy, but being to the 538 
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right of it looking upwind during its formation stage, consistent with the vorticity tilting 539 

that produces the eddy. 540 

3. Summary and conclusions 541 

Unique aerial photographs of cyclonic eddies in the marine stratocumulus taken 542 

by a commercial pilot off the California coast have been presented.  The eddies were 543 

similar in scale and appearance to Von Karman vortices seen in high resolution satellite 544 

imagery and described in the literature.  Each had a cloud-free eye, and occurred under 545 

strong inversion conditions with a shallow MABL.  While satellite imagery of such 546 

features has previously been presented, to our knowledge, these are the first photographic 547 

images of such features, taken from an airplane, to appear in publication. 548 

The eddies occurred in the lee of inversion-penetrating high terrain of Santa Cruz 549 

Island and the San Luis Range, a headland near San Luis Obispo.  The latter eddy then 550 

drifted toward Grover Beach where it was photographed by the pilot.  551 

GOES satellite imagery, along with non-synoptic meteorological observing sites 552 

in the case of the Grover Beach eddy, shed light on the formation and evolution of these 553 

eddies.  A three-level 76 m instrumented tower, run by PG&E for monitoring at their 554 

Diablo Canyon nuclear power plant, was found to be directly in the path of the Grover 555 

Beach eddy as was a surface wind monitoring site run by the SLOAPCD.  These 556 

instruments showed nearly 180 degree reversals coincident with the passage of the cloud-557 

free eye of the Grover Beach eddy, demonstrating that this eddy was not just an 558 

inversion-level cloud feature, but penetrated the MABL to the surface. 559 

Data from the Diablo Canyon meteorological tower are consistent with the eddy 560 

formation mechanism suggested by SR1989 of baroclinic vorticity generation from 561 
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sloped isentropes resulting in a “backward” rolling motion that then gets tilted into the 562 

vertical by the differential downward flow in the lee of the finite-width high terrain.  563 

Their suggestion of a warm core eddy is confirmed with temperature rises of up to 2C
o
 at 564 

all three tower levels, and the descent of the inversion to the surface with the passage of 565 

the eddy.  This temperature rise represents an apparent injection of warmer and drier 566 

inversion-layer air, and cross-inversion mixing downward into the MABL, resulting in 567 

the cloud-free eye seen in the images. 568 

The eddy appears to have been initiated in the inversion layer flow, but then 569 

becomes embedded within the well-mixed MABL flow.  At the beginning of its life-570 

cycle, the Grover Beach eddy appeared to be moving with the inversion-layer 571 

northeasterly flow evident at the Davis Peak site.  Subsequent to the eddy formation and 572 

the presumed injection of warm, dry air into the MABL, the eddy turned and moved 573 

along with the boundary layer flow rounding Pt. San Luis and over Grover Beach. 574 

The wind reversals at the meteorological tower appeared to slightly lag the 575 

satellite feature.  Some of this lag may be accounted for by the delay of the GOES Imager 576 

instrument between the nominal image time and when the scanner reaches the latitude of 577 

the eddy (1-4 minutes) in combination with the 15 minute resolution of the PG&E data.  578 

Errors in satellite navigation may also have contributed. However, data from the 76 meter 579 

tower also suggest that the eddy was leaning forward, which could also account for some 580 

of the apparent lag.  Wind reversals associated with the eddy passage at 76 m preceded 581 

those at 10 m by 15 minutes, and temperature rises and falls more than at the lower 582 

levels. 583 
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It has become clear from examination of visible satellite imagery of the Grover 584 

Beach area in the time since the eddy photographs first came to light that the high terrain 585 

of the San Luis Mountains generates similar eddies in the marine stratocumulus 586 

frequently.  In fact, on the day of the Santa Cruz Island eddy photograph, at least three 587 

eddies also were generated near the San Luis Range, two of which can be seen in satellite 588 

imagery to rotate around each other in the San Luis Bay (not shown).  A more complete 589 

understanding of eddy formation mechanisms in this area along with cross-inversion 590 

mixing processes and air transport mechanisms in and around the eddies will require very 591 

high resolution model simulations or a detailed field experiment. 592 
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Table 1.  Froude Number calculations from Equations (1) and (2) where the inversion 704 

layer wind from Davis Peak is U. The value in the table represents the average Fr from a 705 

mountain-top layer of both the Oakland (KOAK) and San Diego (KNKX) soundings. 706 

Time  U (Davis Peak) Froude Number 

 (Avg. KOAK & 

KVBG) 

1100 5.1 0.35 

1115 4.7 0.32 

1130 4.9 0.34 

1145 5.1 0.35 

1200 5.2 0.35 

1215 5.1 0.35 

1230 4.8 0.33 

1245 4.8 0.33 

1300 5.5 0.38 

1315 5.1 0.36 

1330 5.0 0.34 

1345 4.9 0.33 

1400 5.8 0.40 

1415 6.2 0.43 
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1430 6.5 0.45 

1445 6.0 0.41 

1500 6.0 0.41 
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Figure 1. Aerial photograph of stratocumulus cloud vortex just north of Santa Cruz 707 

Island on July 16, 2006 at 11:26 PDT (18:26 UTC), viewing toward the southwest.  708 

(Photo by “KB” courtesy of Capt. Peter Weiss of SkyWest Airlines). 709 
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Figure 2.  Aerial photograph of stratocumulus cloud vortex just offshore from Grover 710 

Beach, California, on September 12, 2006 at 11:28 PDT (18:28 UTC).  (Photo by “KB” 711 

courtesy of Capt. Peter Weiss of SkyWest Airlines). 712 
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Figure 3.  Aerial photograph of stratocumulus cloud vortex in the Santa Barbara Channel 713 

on September 2, 1993.  (Photo by Trudy Wood courtesy of Bill Brick). 714 
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Figure 4.  San Diego rawinsonde sounding from 12 UTC on July 16 2006 showing the 715 

strong low-level inversion with the temperature of the marine atmospheric boundary 716 

layer rising from 20.6
o
C at 293 m MSL to 30.4

o
C at 795 m MSL.  The peak elevation of 717 

Santa Cruz Island is roughly 550 m.     718 
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Figure 5.  GOES-West visible satellite images from 17:00 UTC to 18:30 UTC on July 719 

16, 2006.  In this sequence, dry, cloud-free air in the lee of Santa Cruz Island can be seen 720 

moving laterally into the circulation followed by a tongue of clouds wrapping around and 721 

closing off the “eye.” The satellite image from 18:30 UTC shows the same cloud as 722 
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figure 1.  Analysis of this cloud indicates the width to be 9-10 km, a length of 25 km, and 723 

a cloud-free eye of 3 km. 724 
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Figure 6.  GOES-west images from 14:45 to 19:11 UTC on Sept. 12, 2006 showing the 725 

Grover Beach eddy.  The satellite image at 1830 UTC shows the same cloud as figure 2.  726 

Analysis of the image shows shows a length of  17 km, width of 9 km, and cloud-free eye 727 

of 2.5-3 km.  Half barbs represent wind speeds of  approximately 2.5 ms
-1

.  Whole barbs 728 

represent wind speeds of approximately 5 ms
-1

, and a shaft with no barb represents wind 729 

speeds of less than approximately 1.3 ms
-1

 but greater than 0.26 ms
-1

.  Circles depict wind 730 

speeds of less than approximately 0.26 ms
-1

.   731 
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Figure 7. Terrain that produced the Grover Beach eddy, with the locations of relevant 732 

monitoring stations superimposed and numbered as follows: 1) Pt. Buchon  2) Diablo 733 

Canyon Nuclear Power Plant meteorological tower  3) Davis Peak  4) Cal Poly pier  734 

5) SLOAPCD Grover Beach site.  Just to the north northwest of San Luis Bay is the San 735 

Luis Range (also known locally as the Irish Hills) which has ridges extending to between 736 

450 to 550 m (1500-1800 feet) MSL.  (Base map courtesy of San Luis Obispo County 737 

Planning Department, Geographic Technology and Design Section). 738 
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Figure 8.  Diablo Canyon nuclear power plant with the San Luis Range, the terrain that 739 

produced the Grover Beach eddy.  Note the meteorology instrument tower in the top 740 

panel in front of the plant. (Photos courtesy of John Lindsey, PG&E).  741 
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Figure 9.  Temperature (
o
C) time series (curves) from three levels, and wind time series 742 

(barbs) from two levels collected by the instrumented tower at the Diablo Canyon nuclear 743 

power plant, as the eddy passed over.  The dotted curve is from 76 m, dashed curve is 744 

from 46 m, and the solid curve is from 10 m above ground level (AGL).  The top row of 745 

winds is from 76 m and the bottom row is from 10 m AGL. Half barbs indicate 746 

approximately 2.5 ms
-1

 and whole barbs approximately 5 ms
-1

.  Time is in UTC.  Note 747 

that the fastest winds during the period occur in the southeasterly flow of the eddy’s rear 748 

flank.  749 
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Figure 10.  (from Rotunno and Smolarkiewicz 1995 Figure 3 d).  Negative horizontal 750 

vorticity (i.e., rotation around a horizontal axis) generated baroclinically by flow along 751 

sloping isentropic surfaces, which results in a “backward” (with respect to the mean flow) 752 

rolling or overturning motion as the fast moving surface flow undercuts the slower flow 753 

above it.  754 
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Figure 11.  Schematic depiction of  the “backwards” rolling horizontal vortex tube being 755 

tilted downward into a vertical orientation by the differential vertical velocities between 756 

the weak or nonexistent downward motion on the periphery of the high terrain and the 757 

maximum downward motion at the terrain centerline (see Figure 3c in Rotunno and 758 

Smolarkiewicz 1991) . Viewing upwind against the flow as in this figure, this produces a 759 

cyclonically rotating vortex to the left of the centerline. 760 


