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MESOSCALE MOTIONS IN OCEANIC STRATUS AS REVEALED BY SATELLITE DAT A 1 
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ABSTRACT 

Over maritime areas, meteorological satellite data generally have been used only in the study of synoptic scale 
systems. However, TIROS 7 pictures of summertime stratus over the northern Pacific, when rectified and combined 
with mesoscale radiation analyses, give valuable clues regarding the mesoscalc dynamics of the lower atmosphere. 
Radiation data distinguish stratus from middle level cloud layers. Stratus bands, averaging 15 km. wide and oriented 
16° to the left of the geostrophic wind, arc thought to be related to horizontal roll vortices. Reflectance cross sections 
across these bands indicate sharp variations in the thickness of the stratus. 

Precisely gridded photographs show the relation of marked clear areas in the stratus to the topography of the 
Aleutian Islands. Only when exceeding a critical size do isolated mountainous islands produce clear wakes. One island 
appears to be shedding a possible vortex street. A derived model for the flow of the stable air over long mountain 
ridges in the Aleutians includes such phenomena as upstream blocking, windward slope bolster eddies, and extreme 
turbulent mixing on the lee slopes causing clear areas to extend over 100 km. downstream. Radiosonde data indicate 
that the mixed layer downstream is approximately the depth of the obstructing ridge. 

1. INTRODUCTION 

Studies of fog and stratus over the open ocean have 
been rare, so it is not surprising that most meteorologists 
tend to dismiss them as featureless and uninteresting, at 
least from a dynamical point of view. Yet, there is no 
reason to suppose that, as with any other cloud form, 
there are not processes operating to produce patterns and 
inhomogenieties. In the past 6 yr. meteorological satellite 
photographs have detected numerous mesoscale stratus 
and stratocumulus nephsystems over the oceans. Some 
resemble patterns in laboratory fluid dynamics experi
ments, such as Benard cells (Krueger and Fritz [12)) , 
and the closely related stellar and actinoform patterns 
discussed by Hubert [9]. Bowley et al. [1], Hubert and 
Krueger [10], and Chopra and Hubert [2] have investi
gated various patterns in low clouds beneath strong in
versions to the lee of islands. From such studies evidence 
is accumulating which indicates that atmospheric motions 
may have their peak in the mesoscale, an understanding 
of which, in all its elusive complexity, is necessary to 
begin an approach to the solution of the local forecast 
problem. 

The development of precise analysis schemes for satel
lite photographic and radiometric data now allows more 
quantitative research not only on synoptic scale systems, 
but also on mesoscale phenomena over the open ocean. 
In addition, it is now possible to explore in detail the 
relationships between cloud patterns and island topog
raphy. This paper illustrates how even a single set of 
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precisely rectified photographs combined with carefully 
analyzed radiation data and conventional reports can 
produce significant insights on mesoscale motions like 
those mentioned below over regions of the globe where 
they otherwise could not be studied. 

The TIROS 7 photographs that will be discussed here 
picture a vast area of stratus covering the North Pacific 
in which exists several noticeable patterns, the most 
striking of which are parallel bandings in the clouds 
which extend for several hundred kilometers. In this case, 
the 1000-km. Aleutian Island chain obstructs the fl.ow of 
fog and stratus. The clear wakes produced by long moun
tain ridges oriented normal to the flow and by the numer
ous isolated mountainous islands of different sizes can be 
used to study how such obstacles disturb the marine 
atmosphere. One of the islands, moreover, appears to be 
generating a vortex street. 

2. DAT A RECTIFICATION FOR MESOSCALE USE 

Figures lA and lB show TIROS 7 photographs (frames 
6 and 8, pass 735, Aug. 8, 1963) over the northern Pacific 
Ocean in the vicinity of the Aleutian Islands, with 1° lat. 
and long. lines superimposed. The details of the method 
of retification used here, which has an accuracy of better 
than 0.1° of lat. near the satellite subpoint (SP) and is 
sufficient to be useful for research on the mesoscale, have 
heen presented by Fujito. [5]. To facilitate the visualiza
tion and comparison of the cloud and topographic features, 
a ~ketch (fig. 2) including an outline of the Aleutian 
Islands was ma.de. The numbers are the maximum eleva
tions above sea level (in meters) of each of the islands 
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FIGURE 1.-(A) Precisely gridded satellite photograph showing clear wakes in stratus lee of t he Aleutians, and, to the south, banded stratus 

(TIROS 7, pass 735, frame 6T, 0320.5 GMT, Aug. 8, 1963). Photogrammetric data: satellite height, 628 km.; exposure subpoint (SP), 

51.8°N., 175.1°E .; exposure principal point (PP), 51.7°N., 174.0°W.; tilt, 33.3°; exposurc .antisolar point (AS), 51.4°N., 175.0°W. 

(B) The leading edge of an extensive area of altocumulus casting shadows on the stratus below along 172- 173°E. (TI ROS 7, pass 735 , 

frame 8T, 0319.0 GMT, Aug. 8, 1963). Photogrammetric data: satellite height, 628 km.; exposure subpoint, 49.8°N., 170.5°E.; exposure 

principal point, 49.7°N., 175.4°E.; tilt, 30.1° ; exposure antisolar point, 53.1°N., 173.9°E. 

and will be used for identification. Other information in 
figure 2 pertains to the various cloud features to be 
discussed. 

Even though t.he exact positions of the cloud elements 
have been fixed , the difficulty of determining their type 
and al titude remains. Recourse to the few scattered sur
face reports \vould be insufficient to establish the struc
ture of a multilayered cloud system. The channel 
2(8-12µ) "water vapor window" medium resolution radi
ometer of TIROS 7 is capable of estimating the altitude 
of the tops of cloud layers of the horizontal scale of 
several tens of kilometers by inference from their eff ec
tive blackbody temperatures. Fujita [7] has developed n. 

"scanning-printer" which uses the original analog telem
etry recording and produces an analysis for any of the 
five radiometer channels having continuous gradients of 
radiation values and a rectification accuracy comparable 
to the photographs. Figure 3 shows the equivalent black
body temperatures of the viewed surface (cloud top or 
sea surf ace) over our area as derived from channel 2. 
A representative radiometer scan line and scan spot 
(isopleths of returned power) are included. While no 
correction for water vapor attenuation was applied, the 
extreme dryness of the atmosphere in this case (motor
boating was observed from 940 mb. up) indicates that 
the temperatures shown are probably within 1 or 2°0. of 
the actual. Note the correspondence of an observed sea 

surface temperature with that measured by the satellite. 
The sharp radiative temperature gradients clearly deline
ate two distinct cloud layers, the warm regions associated 
with a very low level cloud (stratus) and the areas colder 
than about -4°0. (heavy stipple) representing altocumulus. 
Distinguishing low from middle clouds is important, 
since it suggests that the clear breaks in the stra
tus lee of the islands are the result of motions much 
shallower than lee waves, which of ten extend through 
the entire depth of the troposphere. Note that undis
turbed altocumulus actually obscured portions of the 
clear wakes from Attu (640 m.) and Agattu (633 m.). 

A surface sectional map interpolated to 0300 GMT with 
three aviation weather reports available from the islands 
is shown in figure 4. A large High (1031 mb.) was centered 
at 175°W. , 48°N., with a ridge extending from southern 
Alaska southwestward to 35°N. Ship reports and time 
sections of surface data from the islands (not shown) 
indicate that dense fog and low .stratus (base about 30 
m.) beneath a strong, low level inversion (7.5°0./150 m.) 
in the southwesterly flo\\' covered a huge area of the 
nor thern Pacific. Rain began falling at Attu (640 m.) 
at 0700 GMT as the line of altocumulus at 173°E ., which 
was running ahead of a weak surf ace cold front along 
the 165°E. meridian, passed overhead. It might be noted 
that the pronounced shadows cast by the altocumulus 
line onto the bright stratus tops provide an additional 
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FrnuRE 2.- Cloud sketch made from figures lA and lB. Numbers indicate the maximum heights (m.) of the islands in the Aleutian chain. 
Letters a through r mark some of t he more pronounced bands and "a" through "e" label several block-like patterns in the stratus. 
The reflectance calculations of figure 5 were made for cut ABCD. Arrows point to t he probable vortex street shed by Kiska. (1216 m.). 

way to distinguish cloud layers. One can verify that the 
dark markings are indeed shadows and not holes in the 
stratus since the vectors connecting the clouds and their 
assumed shadows all point towards the antisolar point 
(AS) . (where the shadow of the satellite would be visible 
if large enough) (Fujita [6]) as shown in figure lB. 

3. THE STRATUS PHYSIOGNOMY 
OVER OPEN OCEAN 

As figures 1 and 2 show, the stratus hardly appears 
amorphous. Several features can be discerned, particularly 
a family of parallel cloud bands (500 km. in length and 
lettered a through ~) south of the islands. Widger, Sherr, 
and Rogers (21] speculate that such streaking in oceanic 
stratus arises from di:ff erential advection of cloud and clear 
air by parallel wind bands of differing velocities. A more 
likely explanation is stationary (or slowly moving) paral
lel, horizontal roll vortices of sufficient vertical extent to 

cause cloud banding. These "large eddies,'' i.e., larger 
than those of the normal turbulent spectra in the fric-
tional layer, within a turbulent, adiabatic boundary layer 
appear to require an inflection point (I) in the boundary 
layer wind profile as implied by the profile in figure 11 
(Faller [3]). To estimate the variations in cloud thickness 
in these bands figure 5 was prepared. The fine structure 
of stratus brightness along cut ABCD in figure 2, based 
on an arbitrary gray scale from 1 to 10, is shown. These 
values are in turn converted into units of reflected solar 
radiation (W) by comparison of the gray scale with the 
readings in the channel 5 (0.55-0.75µ.) analysis (not shown) 
in areas where the radiometer scan spot viewed a rela
tively uniform cloud or water surface. From the solar 
zenith angle of 49°, the satellite zenith angle of 20°, the 
effective solar constant for the channel 5 filter of 117 .13 
watts/m.2

, and a mean effective atmospheric transmission 
coefficient of 0.80, the average reflected radiation (W*) 
reaching the satellite from a cloud top acting as a perfect 

.; 

I 
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FIGURE 3.-2°C. isotherms of cloud top or sea surface effective 
blackbody temperature from the channel 2 (8-12µ) medium 
resolution radiometer measurements simultaneous with the pho
tographs in figures IA and lB. The altocumulus (Ac) layer 
(heavy stipple) is roughly delineated from the stratus (light 
stipple) by the -4°C. isotherm. A typical scan line and scan 
spots (isopleths of percentage of power return) are shown. 
Shemya's (83 m.) sea surface temperature (box) compares well 
with the value of the radiometer in the cloud free area northeast 
of the island. 

17$W 

FIGURE 4.-Surface synoptic chart interpolated to 0300 GMT, Aug. 8, 
1963, with full wind barbs equal to 5 m./sec. and cloud bases 
given in meters. Cloud band orientations are indicated by the 
deflection angle E which they make with the surface isobars. 

diffuse reflector is calculated to be 56.6 watts/m.2 There
fore, the cloud reflectance (W/W*) along cut ABCD can 
be computed and in turn approximately related to the 
stratus thickness by using the total albedo measurements 
of Neiberger [16) (right hand side of figure 5). The undu
lations in the stratus thickness are calculated to be as 
great as 170 m. (between bands {3 and -y) which is the 
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FIGURE 5.-Cloud brightness based upon gray scale of 1 to 10 
along cut ABCD in figure 2. These values are converted, on the 
three abscissas on the right, into reflected solar radiation (W) 
from the channel 5 (0.55- 0.75:i) analysis, cloud reflectance (W/ 
lV*), and estimated cloud thickness, which is seen to vary by 
as much as 170 m., averaging about 50 m. 

depth of the stratus e3timated from the 0000 GMT Shemya 
(83 m.) sounding, and which also fits the fact that the 
ocean surface appears visible in this region of descending 
motion. 

Faller [3] states that in the atmosphere the band spacing 
L=0.2U/sin <I>, where L is in kilometers, U is the wind 
speed above the boundary layer in meters per second, and 
<I> is the latitude. If we take U=15 m./sec., the calculated 
Lis 3.8 km. The average value of L from figure 5 is 14 
km. Faller, however, refers to a quasi-adiabatic boundary 
layer. While the effects of thermal stratification (see fig. 
11) still remain unknown, the great thermal stability here 
may have forced these eddies to become oblate resulting 
in the observed four-fold , increase in L over the expected 
value. Also, by analogy with Faller's rotating tank experi
ments, it is indicated that the bands (in the Northern 
Hemisphere) should be oriented to the left of the geo
strophic wind by an angle E, which ranges between 10° 
and 17° and averages 14°. In figure 4, the more pronounced 
bands are indicated by dashed lines, and observed values 
of E are measured to range from 12° to 21°, with an average 
of 16°, an acceptable comparison. Also, the most promi
nent of the stratus bands shows its own internal striations 
(a and {3) and narrower, less intense bands are present to 
the right (y through ,\). Faller's laboratory experiments 
also showed strikingly similar structures in which a broad 
striated band, of ten with a sharp edge, was paralleled by 
weaker, less pronounced streaks. · 

Ogata and Tamura [17) presented a summary of observa
tions taken at ship Extra (39°N ., 153°E.), which notes 
that fog of ten drifts in masses or blocks of between 15-
and 90-km. diameter. The shallow stratus and fog in 
figure 2 seems to have a similar block-like structure 
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FIGURE 6.-(A) Wakes lee of cone-shaped, isolated mountainous 
islands. Island cross sections are made both parallel and normal 
to the cloud top (200 m.) wind vector (vertical line) passing 
through the highest elevation of the island, which is indicated 
beneath the sections. Calculated Reynolds numbers for each 
island are shown in boxes. q, is the angle of deviation of the clear 
wake axis to the left of the 200-m. wind. The 100-m. (dashed) 
and 200-m. (solid) contours are shown, and elevations greater 
than 600 m. are painted black. (B) Wakes lee of small islands 
·with elipsoidal profiles. (C) Islands producing no visible wakes. 

(labeled "a" through "e") with an average dimension 
parallel to the winds of about 90 km. However, again by 
analogy to Faller's laboratory results, stratus bands 
should move normal to the wind at 0.1 U. Therefore, 
for a U of 15 m./sec. it would take 1.8 hr. for 10-km.-wide 
cloud bands to pass a stationary observer who, assuming 
that the stratus was moving with the wind, could interpret 
them as roughly 100-km.-long "blocks" of stratus and 
fog. 

4. WAKES TO THE LEE OF ISOLATED ISLANDS 

For this study, extreme care was taken to maximize 
the rectification accuracy of pictures in the vicinity of 
the islands in order to detail the relationships between 
the topography of an island and its wake. Twenty isolated 
islands were divided into four categories: those almost 
conical in shape (fig. 6A), those more resembling ellipsoids 
yet sufficiently small to allow flow around them (fig. 6B) , 
those producing no wakes (fig. 6C), and Kiska (fig. 9B), 
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FiouRE 7.- The length of the 100-m. elevation contour normal to 
the wind (du)()) plotted versus the clear wake area for 20 isolated 
islands. The right hand ordin!!-te gives the computed Reynolds 
number for each island. The critical d100 for clear wake formation 
in this case appears to be slightly greater than 1.0 km., equiva
lent to a Reynolds number of about 7. 

treated separ ately below. Cross sections of topography 
both normal and parallel to the wind at stratus top 
level (200 m.) and the depth of the stratus and fog layer 
are shown for the islands with wakes. Clear wakes can 
result from one of. three basic mechanisms : 1) horizontal 
flow of stratus and fog about the obstacle, 2) vertical 
mixing of moist and dry layers on the downwind slope 
by intense turbulence induced by the island, and 3) evap
oration of liquid water as a result of heating of the air 
by contact with the surface of the island. The last would 
seem to be of minor importance here due to the overcast 
and rather low sun elevation (41°). The fact that on all 
islands, notably Amchitka (386 m.) and Rat (344 m.), 
wakes only occur downstream of the segments rising 
above 100-m. level points toward a dynamic origin. 
Choosing between the first and second mechanism is not 
so easy, and undoubtedly both occur simultaneously on 
all the islands in proportions varying with the size of the 
island, particularly its cross wind diameter. 

A plot of the length of the 100-m. contour normal to 
the flow (d100) versus the area of the clear wake for the 
20 isolated islands is shown in figure 7 and reveals an 
apparent critical obstacle dimension below which a clear 
wake will not form. Above this size, wake areas are 
directly proportional to the width of the island beneath 
the stratus top. The islands with wakes penetrate well 
above the inversion level and present shapes to the low 
level saturated flow not at all unlike extended circular 
or elliptic cylinders. Indeed, the wake patterns bear a 
noticeable similarity to those seen in laboratory experi
ments with two dimensional cylinders, where wakes 
develop downstream of bluff bodies only above a certain 
critica,l value of the Reynolds number (R.) defined as 

R.=Uod/11 (1) 
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FIGURE 8.-The visible wake oriented by an angle q, to the left of 
the cloud top wind direction as a result of wind direction shear 
in the strat us layer. This is illustrated by the. superposition of 
the assumed wake flow streamlines at the cloud top (200 m.) 
and at the cloud base (30 m.), based on the 22° veering of t he 
wind in the 0000 GMT, Aug. 8, 1963, Shemya sounding. 

where Uo is the stream velocity, d a characteristic cross 
stream dimension of the object, and J1 is the kinematic, 
or for an atmospheric case, eddy viscosity. Using a value 
for J1 of 1.9X 107 cm.2/sec. (computed below) and a Uo 
of 10 m./sec. (the wind speed at the 100-mb. level), 
Reynolds numbers are computed for each island using 
d100 as the cross stream dimension of the obstacle. The 
computed values of R. are shown in boxes in figures 
6 and 9 and appear to be within an order of magnitude 
of those giving similar streamline patterns in laboratory 
experiments. The critical R. for clear wake formation 
appears to be slightly greater than 5, con,sidering that 
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FIGURE 9.- (A) Hypot hesized streak lines of the Karman vortex 
street originating on Kiska that would cause the observed p er
turbations in the stratus and fog bank upst ream. Characteristic 
dimensions a and h are shown. (B) The detail of t he wake from 
Kiska. Stratus flares outward along the 100- 150-m. contour a nd 
only crosses the island where there is a break in t he ridge. 

Khvostof (267 m.) has a d 100 of 1.0 km. (R.=5), yet no 
clear wake, while Davidof (R.= 13) does. For islands 
smaller than this, horizontal air motions probably approxi
mate potential flow. 

The tendency of some of the wakes to deviate by an 
angle q, as much as 25° to the left of the 200-m. wind is 
the resul t primarily of directional shear within the stratus 
layer. The 0000 GMT sounding at Shemya (83 m.) showed 
a 50° veer in the lowest 500 m. As shown in figure 8, the 
22° direction change within the cloud layer results in a 
visible wake having its apparent axis deviated 15° to 20° 
to the left of the banding. This is obtained by super
imposing assumed flow patterns about a conical island 
at the 30-m. (stratus base) and the 200-m. (stratus top) 
levels. Variations in q, can also result from local variations 
in stratus thickness. 

Although the motion about these small islands is 
essentially horizontal, our assumption that the heat input 
into the air stream from the surface of the island is rather 
small leads us to conclude that there must be some down
ward transport of drier air from above the inversion into 
the clear wake in order to evaporate the liquid water. 
This may be explainable by the observation of Scorer [19] 
that air flowing about a conical hill can separate from the 
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boundary layer of the hill, curve upwards a small distance, 
and then proceed. down the lee slope. This motion would 
probably allow enough dry air to be incorporated into 
the wake to make it clear. 

5. A VORTEX STREET 

The wake of Kiska (1216 m.), the island with the largest 
Re(l 70), is the most pronounced from any of the islands 
and extends 125 km. downstream. The wind impinged 
upon the upwind slopes and appeared to fl.are outwards 
to both sides along the 100- 150-m. contours, with a small 
patch of stratus extruded across the island through a pass 
where the elevation drops to about 125 m. (fig. 9B). 
North of the wake, extending an additional 350 km. 
upstream, the edge of the stratus and fog bank had a 
noticeably scalloped appearance as indicated by the 
arrows in figure 2. When visible farther west on pass 721, 
24 hr. earlier, the same cloud bank appeared quite smooth, 
and it seems likely that these perturbations may be 
dynamically significant. Chopra and Hubert [2] studied 
mesoscale eddies in stratocumulus in the wake of Madeira 
Island beneath a strong inversion and concluded that an 
atmospheric analog to the laboratory Karman vortex 
street exists. In figure 9A, streak lines are drawn for the 
Karman vortex street which would have produced the 
observed perturbations in the formerly straightedged 
cloud bank. 

Without going into detail, we will use essentially the 
approach of Chopra and Hubert to calculate several 
characteristic parameters for the Kiska case in order to 
compare them with those obtained for Madeira. In a vortex 
street, the ratio of the average lateral spacing of the 
vortices (h) to the average longitudinal spacing (a) should 
fall within the range 0.28 ::; (h/a) ::;o.52, the lower values 
pertaining to idealized conditions and circular cylinders. 
The nondimensional drag coefficient OD can be approxi
mated by the ratio (h/d), and for irregularly shaped 
bodies is probably somewhere between 1.5 and 2.0, or 
slightly larger. Lin [13] has established a dimensionless 
parameter {3 which is an inherent property of a stable 
vortex street. Laboratory estimates of f3 in the presence 
of vortex streets for flow about circular cylinders range 
from 1.0X I0- 3 to 2.5Xl0-3• The Reynolds number can 
be calculated using 

R.=dN/f3Uo, (2) 

where N is defined as the rate of shedding of vortex pairs. 
The reciprocal of N, the time interval T between the 
shedding of vortices of the same sign, can be found by 

T=l/N=4a/3Uo (3) 

if one assumes that the eddies travel downstream at 0.75 
of the mean current Uo. T, •• is defined as the age of the 
farthest visible eddy at a distance l downstream. 

A most useful by-product of the above approach is 
that the eddy viscosity can be computed by combining 

TABLE 1.-0bserved or estimated input values 

·Island a h d100 Uo l fJ ---
Madeira ________ 190 km. 83km. 43km. 10 m./see. MO km. l.75Xl<>-3 Klska ____ ______ 85km. 2Skm. 18km. 10 m./sec. 475km. l.75Xl<>-3 

TABLE 2.-Characteristic parameter 

Island "h1U. Co R, . T T, •• 
--

Madeira ________ 0.43 1.95 98 4.2Xl0' cm.•/sec. 7.0 hr. 20.0 hr. Klska __ __ ______ 0.30 1.42 100 1.9XlO' cm.'/sec. 2.6 hr. 14.7 hr . . 

equations (1), (2), and (3) to obtain the relations 

v=f3f.Po/N=4/3Uoa/3, 

which assumes that the vertical momentum transfer is 
negligible. We will assume that true vortex streets existed 
for both cases and take a mean value of f3 of 1.75X10-3• 

Table 1 compares the observed or estimated values 
used in the computation of six characteristic parameters 
for the two islands and their vortex streets as shown in 
table 2. Since the two sets of values compare quite closely 
it does not seem r ash to speculate that Kiska is shedding 
a Karman vortex street. Vortices may perhaps have been 
produced by some smaller islands, but these would have 
been embedded within the stratus overcast and the 
TIROS camera most likely could not have r esolved the 
pattern. 

The eddy viscosity is perhaps one of the most difficult 
physical variables_ of the atmosphere to evaluate. Chopra 
and Hubert assign no more than an order of magnitude 
reliability to their estimate of about 4.2X107 cm.2/sec. 
and quote Heffter's [8] computations of JI based on all 
available data, which indicated a range in values from 
105 up to 109 cm.2/sec. Our estimate of 1.9 X 107 cm.2/sec. 
for the Kiska case is surprisingly close. A pertinent 
reference may be Voskresensky and Matveev [22] who 
concluded from 78 aircraft turbulence measurements in 
summertime stratus at the 100-m. level over the ice-free 
Arctic Ocean that JI rarely reached above 106 cm.2/sec. 
and most frequently was 5X 105 cm.2/sec. The discrepancy 
of two orders of magnitude between the above values of 
v may represent real variations, the effect of eddy aniso
tropy, or indicate that equating values of {3 from the 
laboratory to the atmosphere is not entirely justified. 
Also, the eddy visible farthest downstream was at least 
14 hr. old, supporting Chopra and Hubert's reconsidera
tion of Hubert and Krueger's [10] statement that me
chanical eddies can not persist for more than 8 hr. due 
to frictional loss of eddy momentum to the sea surface. 

6. WAKES TO THE LEE OF LONG RIDGES 

The Aleutians east of 180°, as indicated by their cross 
sections (fig. l OA), present an extended horizontal barrier 

I 
! 

l 



May 1968 Walter A. Lyons and Tetsuya Fujita 311 

FIGURE 10.-(A) Clear zone produced by the continuous chain of islands east of 180°. The 0300 GMT Adak surface observation is entered. 

Patches of stratocumulus (heavy stipple) rest on top of the shallower portions of t he mixed layer. (B) Inset shows Attu (640 m.), large 

enough to be considered an extended ridge, with its downstream clear zone partially covered by altocumulus and scattered strato

cumulus on top the mixed layer. North-northwest winds and the absence of fog and stratus a.long the south shore of the island illus

trate the effect of the windward slope bolster eddy. 

to the low level winds. The air beneath the inversion must 
be forced up and over the long ridges since substantial 
horizontal flow about the islands becomes difficult for 
large cross current widths. The model of air motions in 
the vicinity of these ridges presented in figure 11 will be 
used to explain the various features seen in the satellite 
photographs. 

The clear zone extending as much as 120 km. from the 
island chain does not contain the wave-like corrugations 
with spacings of from 5 to 25 km. normally expected from 
the "classical" atmospheric lee wave. T hese wakes, on 
the contrary, appear to be the result of strong turbulent 
mixing of the shallow moist layer with dry air from above. 
Long (15] points out that linearization of the differential 
equations eliminates the simulation of jumps and other 
shock phenomena from theoretical studies of lee effects. 
His experiments with stratified fluids (Long (14]) indi
cated that at moderate Froude numbers (a wind speed of 
about 20 m./sec.) hydraulic jumps may occur lee of 
mountains. Unless the tropospheric inversion is quite 
high and the barrier low (a 300-m. relief is sufficient for 
lee waves), we should expect the presence of surges, 
jumps or bores, not low amplitude, sinusoidal waves. 
Long concluded that this should be particularly true for 
very strong atmospheric inversions. 

His experiments using a fluid with a sharp density 
gradient often showed a turbulent jump with rotor-like 
vortices in the lee of the obstacle. Furthermore, while the 
existence of a statically stable layer lying near the crest 
of a mountain range oriented within 30° of the normal to 
a rather strong wind is a necessary condition for lee waves, 

Scorer's [18] theory would indicate this is not sufficient. 
I t seems important that the wind show little directional 
change but increasing speed with height through a deep 
layer, which was clearly not the case here. Also, since 
the mere oscillation of the stable layer about an equilib
rium level in a simple lee wave is not per se accompanied 
by great turbulence, observational evidence is needed of a 
far more turbulent type of lee. motion able to destroy a 
moist layer lying close to the surface. Forchtgott [4] dis
covered that when stable air moves roughly perpendicular 
to a ridge the lee effect depends primarily upon the low 
level wind profile. When strong winds are confined to a 
layer approximately the depth of the hill as in Shemya's 
wind profile, there occurred "rotor-streaming," i.e., a 
rapid downrushing current on the lee slopes accompanied 
by extreme turbulence and one or two large, quasi
stationary horizontal vortices about the length of the 
obstacle downstream. Such a motion is suspected in this 
case. 

Both surface and upper air data support the above 
conclusion. At 0500 GMT, the surface winds at Adak 
shifted to strong and directly downslope, due apparently 
to either an intensification or a change in location of the 
downrushing current on the lee side. The wind shift was 
accompanied by a 0.5-mb. pressure drop in less than 1 
hr., explainable as a dynamic low pressure which would 
help induce any surface return fl.ow present beneath the 
rotors. Most significant, however, is that the surf ace 
dewpoint fell abruptly from 6.5 to 1.5°0., lower than 
anyplace in the entire northern Pacific Ocean, and re
mained such for the duration of the downslope winds. 
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FIGURE 11.-Model of flow of a stable airstream with a pronounced low level wind maximum over an extended mountain ridge. The 0000 
GMT, Aug. 8, 1963, Shemya and Adak soundings represent initial and disturbed conditions respectively. Tops of the mixed layer for 
several values of M are shown. I marks the inflection point in the boundary layer wind profile. Upstream, the stratus depth is at first 
increased by the blocking effect of t he island, but, closer to t he coast, is destroyed by the bolster eddy circulation. The extreme tur
bulence in the rotor-streaming region on the lee slope produces a cloud-free mixed layer downstream approximately the height of 
the obstacle. 

This was the result of dry air from about the 300-m. 
level managing to penetrate all the way to the surface 
during this period. 

The only two upper air stations in the Aleutians are 
fortuitously positioned to give further credance to our 
model. Shemya (83 m.) is a low, exposed island giving 
readings representative of the free and undisturbed 
conditions over the entire area of study due to the marked 
horizontal homogeneity of the air mass. A shallow (50 m.) 
adiabatic layer is present at the surface beneath the in
version over the open ocean. Adak (2126 m.) is located in 
the clear wake of the island 8 km. downstream of its 
400-m.-high mountain ridge. As shown in figure 11, the 
depth of the adiabatic layer has jumped to 500 m. on 
Adak's downwind slope, which, along with the more 
evenly distributed moisture, indicates extensive mixing. 
To obtain a rough estimate of the magnitude of the 
"vertical entrainment" necessary to produce the observed 
changes, the following procedure was adopted. A moist 
layer 200 m. deep was considered to have a mean po
tential temperature ;', a mean saturation mixing ratio 
r', and a mean liquid water content l', or mean liquid 
water mixing ratio x'· Liquid water content of the stratus 
was estimated as 0.30 gm./m.3 and of the fog as 0.10 
gm./m.3 Complete adiabatic mixing of the dry and moist 
layers was assumed, with the effects of cooling and 
addition of water vapor to the air from the evaporation 
of cloud droplets taken into account. If M is defined as 
the percentage of air in the final mixed layer which 
originated from above the stratus top, then the final 
potential temperature O*(M), uniform mixing ratio 
r*(M), and relative humidity R*(M,z) in the mixed 
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FIGURE 12.- Family of a diabats (dashed lines) and constant mixing 
ratio (double-dashed lines) for values of M from 0.0 to 0.7. Pro
ceeding down an adiabat, the height of the mixed layer is found 
by its intersection with the heavy, curved line and the relative 
humidity in the mixed layer by its intersection with the dotted 
line. The 0000 GMT Adak sounding indicated M = 0.52. The 
observed top of the adiabatic layer was about 100 m. deeper 
than the calculated. 

layer are calculated by 

o*(M) =MB(M) + (1-M) (O' + l' L/cp) 
r*(M) = Mr(M)+(l-M) <r.'+x') 

R*(M,z) =r*(M)/r, *(M,z) 

where L is the latent heat of evaporation, Cp the specific 
heat of moist air at constant pressure, z the height above 
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the ocean, and B(M ) and r(M) the mean values of the 
potential temperature and mixing ratio of the dry air 
involved in the mixing. All initial values are from the 
0000 GMT Shemya sounding. M was varied from 0.0 to 
0.7, and the resulting family of adiabats and constant 
mixing ratio (dashed and double-dashed lines) and the 
relative humidities in the mixed layer (dotted lines) ar e 
combined with the 0000 GMT Adak sounding (heavy 
dotted lines) in figure 12. As one proceeds down the 
adiabat for a given value of M , the relative humidities can 
be picked off as a function of altitude. The 100 percent 
relative humidity line (heavy straight) indicates the base 
of the saturated layer for various values of M whereas the 
heavy curved line denotes the top of the mixed layer as a 
function of M. Their intersection indicates that an M of 
0.35 was needed to evaporate all the liquid water . The 
potential temperature of the Adak sounding indicated 
that mixing continued up to about M=0.52. This means 
that the warm dry air from 200 to 400 m. was substantially 
mixed with the stratus and fog below, agreeing with the 
proposed streamline pattern for flow over the ridge. 
While the mixing ratio of the sounding was not constant 
with altitude since 100 percent mixing is improbable, the 
mean value corresponds very closely to that for an M of 
0.50. The relative humidity at the top of the mixed layer 
fqr M=0.50 was calculated to be 87 percent. The fact 
that there were scattered patches of stratocumulus at 
500 m. north of the lee slopes (Adak aviation reports) 
means that the degree of mixing varied along the island 
chain and was occasionally small enou-gh to allow a thin 
cloud layer to remain at the top of the mixed layer. 

Several upstream phenomena also seemed to be present. 
Long's [15] experiments and the calculations of Kao [11] 
have demonstrated that a quasi-stagnant layer approxi
mately the height of the obstacle can exist for a consider
able distance upstream in a stably stratified fluid. In the 
original photographs, crescent-shaped regions can be seen 
extending a few kilometers upstream of several of the 
islands. There the stratus appeared brighter than t hat 
surrounding it, indicating a partial blocking was occurring. 
As the air "piled up" in the quasi-stagnant zone, the 
inversion surface was lifted somewhat and the deeper 
stratus layer was manifested by its higher reflectance. 
However, it should be noted that a portion of the incident 
airstream must descend down the windward slopes of 
many of the islands. On Attu (640 m.) north-northwest 
winds of 7 m./sec. were recorded at the base of the 400-m. 
ridge which runs northeast through southwest of the 
station (see fig. 101;3). As indicated by the r emarks on the 
0000 GMT Attu aviation report, the downward incursion 
of dry, potentially warmer air was actually destroying 
the stratus upwind of most of the islands. In the satellite 
photographs, this was most noticeable along the continuous 
chain of islands and at Amatignak (570 m.), where clearing 
began 3 km. upstream of the steep windward cliffs of the 
islands (fig. 6A). This feature, called a "bolster eddy" 
by Scorer [201, is incorporated into the model in figure 11. 

7. CONCLUSIONS AND DISCUSSION 

Precisely analyzed TIROS 7 data have shown the 
usefulness of the meteorological satellite in exploring the 
mesoscale dynamics of the marine boundary layer, both 
over the open ocean and as it is disturbed by island 
obstacles. It seems probable that longitudinal roll vortices 
existed in the lowest 1 km., though the relationship between 
their rather large horizontal spacing and the very high 
stability of the layer must be further investigated. 

There seems, indeed, to be some justification in com
paring flow around isolated mountainous islands with that 
about two dimensional cylinders in the laboratory. 
However, other phenomena beside simple wake formation 
may be possible and which will be best studied by pictures 
of the quality obtained on manned orbit al missions. 
Islands at high latitudes, like the Aleutians, cause meso
scale perturbations in the low level airflow during both 
the warm (stable) and cold (unstable) seasons. R egular 
lee wave patterns, vortex streets, and blocking and 
dissipation effects, like those discussed here, can and 
should be studied under the vast range of thermal stabili
ties which are not found in the vicinity of islands in 
middle and low latitudes. Here, the phenomenon of 
rotor-streaming, which occurs when very stable air with a 
pronounced low level wind maximum is forced over a 
mountain ridge, produced a mixed layer about the height 
of the obstacle which was visible as a clear zone for over 
100 km. downstream. 

Moreover, the ability of islands to block, divert, and 
dissipate low cloud cover should not be ignored from 
the st andpoint of practical applications. It is enough to 
note that during World War II, when airfields were 
established on both sides of Okmok Volcano on Umnak 
Island in the Aleutians, the field on the downwind side 
of the Island would consistently remain open under 
conditions of general low ceilings and visibility. 
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