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ABSTRACT—Intense daytime heating in an interior valley
and cold upwelled water offshore combine to produce a
strong horizontal temperature gradient and the develop-
ment of a baroclinic field. This leads to an onshore com-
ponent of the wind in the lower layers with the main
features guided by the local topography. Penetration rates

of 5 m/s were found. A layer of winds with an easterly
component was also found between the low-level westerlies
and an upper level westerly current. This easterly current
showed signs of being a return flow and was found to have
higher small-particle concentrations over the shore than
either layer above or below it.

1. INTRODUCTION

Western Oregon is considered to be the region west of
the crest of the Cascade Range. The crest of this range is
about 150 km from the coast and parallel to it with an
average elevation of about 2000 m and peaks to 4000 m.
There is a lower range of mountains, the Coast Range,
about 30-50 km east of the coast. This range, which also
parallels the coast, has an average height of about 500 m
and peaks to 1300 m. Between these ranges lies the
Willamette Valley, where the majority of the population
of Oregon lives. In summer, the weather is dominated by
surface high pressure, which produces generally fair skies
and north to northwesterly winds near the surface. An
inversion aloft is present more than 75 percent of the time
with a base between 1 and 2 km above the surface. Most
of the industrial activity of the state takes place in the
Willamette Valley, and in summer there is a great deal of
agricultural burning. Holzworth (1972) has pointed to the
region as having one of the highest potentials for urban
air pollution in the nation. He based this assessment on
low mixing heights coupled with high frequencies of light
winds within the mixing layer. More complete discussions
of the summer climate in Western Oregon can be found
in Lowry (1963) and Schroeder et al. (1967).

The northerly winds off the coast produce intense
oceanic upwelling, particularly in July and August, and
this cold water surface, coupled with intense daytime
heating of the valley, produces a strong east—west tempera-
ture gradient. A west—east pressure gradient develops
across the Coast Range in response to the temperature
gradient. This local pressure gradient, in combination
with a differential frictional effect and the prevailing
north-northwest winds, produces an onshore flow com-

1 Now at the Bwedish Institute of Meteorology and Hydrology, Stockholm, Sweden
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ponent that causes marine air to penetrate into the Willam-
ette Valley through several passes and corridors through
the Coast Range. This penetration of marine air into the
valley is a significant feature of the local climate since it
contributes to the ventilation of the valley and the disper-
sion of air pollutants. This marine air penetration is the
subject of the study reported here.

This marine air penetration is generally spoken of as a
sea breeze, but the circulation that produces it is a com-
plex interaction of sea-breeze-type circulations and
mountain-valley circulations. It is complicated by the
presence of the marine inversion and the inversions aloft
associated with the general synoptic patterns in the
summer and early fall.

Several investigators (e.g., Lowry 1962, Schroeder
et al. 1967, Fosberg and Schroeder 1966) have reported
on sea-breeze observations along the west coast in con-
nection with the effects of the marine air on fire-weather
conditions. Schroeder et al. (1967) have described the
west coast ‘‘monsoon,”’ and Cramer and Lynott (1970)
have analyzed the life cycle of a heat wave in western
Oregon. Edinger (1959) and Viezee and Oblanas (1969)
have reported on studies of the marine air inversion in
California. ‘

2. OBSERVATIONAL PROGRAM

During the summers of 1969 and 1970, several special
observations were made of winds, temperatures, and
aerosol concentrations aloft over western Oregon. These
observations were supplemented by surface observations
of winds, temperatures, and pressures. On two days, July 9
and 23, 1970, extensive measurements were made of the
marine air penetration into the Willamette Valley through
the Sheridan corridor west of Salem. This corridor is a
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Frcure 1.—Northwest Oregon.

deep pass, approximately 10 km wide; between 1000 m
high peaks in the Coastal Range. The pass, with a summit
at about 200 m, opens into the Willamette Valley approxi-
mately 50 km inland. Pilot balloon measurements of the
winds aloft were made along a line perpendicular to the
coast through the pass at stations equipped with hygro-
thermographs and barographs. Air trajectories within the
valley region were also studied with constant-level balloons
(tetroons), which were tracked with light aircraft and a
ground-based radio receiver system. Horizontal tempera-
ture profiles through the corridor and within the Willam-
ette Valley were obtained with a thermometer mounted
on an automobile. The location of the area studied and
the observing sities are shown in figure 1.

Temperatures and small-particle counts aloft were
measured from an aircraft. The temperature measure-
ments were made with a recording portable EG&G system
using a shielded sensor, Model 702.2 The resulting tem-
perature profiles were compared with the profiles from
simultaneous radiosondes over Salem, and it was found
that, although the absolute temperature might differ by
as much as 2°C, primarily due to dynamic heating, the
shapes of the profiles were approximately the same
(Olsson et al. 1971). This means that stability as deter-
mined by either sounding technique would be the same
for all practical purposes. A small-particle detector was
used for measuring particle concentrations. This instru-
ment counts all particles larger than 10~7 ¢cm and has a
range from 2 10% to 1X 107 particles per cubic centimeter.

The profiles of the winds aloft were determined from
single theodolite observations of 10- or 30-g balloons.

2 Mention of a commercial product does not constitute an endorsement.
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Fraure 2.—Surface and 500-mb charts for 1200 emT, July 23, 1970.

3. ANALYSIS AND DISCUSSION OF DATA

On July 23, 1970, extensive measurements were made.
of the marine air penetration west of Salem. On this day,
high surface pressure prevailed off the Oregon coast with
northerly gradient winds in the lowest 1500 m over the
Willamette Valley. Skies were clear during the morning
with high clouds observed during the afternoon and
evening. Smoke reduced visibilities in the valley in the
morning to about 6 mi. Light westerly winds were ob-
served aloft in the afternoon and evening, as a weak low-
pressure trough at 500 mb. moved toward the Oregon
coast. The 1200 emrT (0400 rst) surface and 500-mb
charts for this day are shown in figure 2.

At 0400 psT, the Salem rawinsonde indicated a strong
nocturnal inversion in the lowest 100 m with isothermal
conditions up to 1000 m where a strong but thin subsidence
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Ficure 3.—Temperature soundings on the morning of July 23, 1970.

inversion was based (fig. 3). The winds were light and from
the north-northeast below 2500 m and northwest above.
Temperature profiles just offshore at 0730 pst, as deter-
mined by aircraft, showed an inversion in the lowest 500 m
with isothermal conditions from 500 m to at least 2000 m.
Particle counts were low, less than 10% cm~2 below 1100 m
with a significant decrease above that level.

Our observations began at 0700 pst. Stable conditions
prevailed over the area in the early morning with the most
stable region over the coastal waters (fig. 4A). Particle
counts were still low with the exception of the extreme
Eastern portion at the base of the Cascades. (The high
concentrations here result from the return flow of pollu-
tion from the previous day brought down with the down-
slope winds of the Cascades. We observed this effect on
other occasions.) The wind flow shows a shallow layer of
north-northwest winds overlain by a layer of north-
northeast above which is another north-northwest layer
(fig. 4B).

By early afternoon (figs. 5A, 5B), the air over the valley
had become nearly adiabatic with a superadiabatic region
just east of the Coast Range. Over the water, however,
the air was still stable due to the cold, upwelled water. A
layer of stratus clouds formed with a base at about 500 m
over the beach at this time forcing the pibal observation
site 7 km inland. The top of the mixed layer is well defined
by the gradient of small-particle concentration and coin-
cides with the 300°K potential temperature surface over
most of the region. The highest particle concentration is
above the superadiabatic region, which also coincides with
the leading edge of the marine air at this time.

The associated wind field (fig. 5B) shows strong westerly
flow through the corridor but much less so over the beach
and in the main part of the valley. The westerlies extend
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F1GurRe 4.—(A) potential temperature (°K, thin solid line) and
small-particle concentration (102cm™3, dotted line) and (B) wind
observations aloft (one full barb equals 2m/s) and isotach analy-
sis of east-west component (m/s, negative values indicate easterly
component) for 0700-0900 est, July 23, 1970. Topography
through Sheridan Corridor and the Coast Range on either side of
the corridor are indicated by heavy solid lines and heavy dashed
lines, respectively.

the highest above the Coast Range; above them, there is
a layer with an easterly component also at greatest
elevation over the mountains. '

By late afternoon, the marine air had penetrated farther
inland (figs. 6A, 6B). The lapse rate over the valley was
still almost adiabatic while still stable over the coast. The
top of the mixed layer is still well defined by the particle
concentration, but there is a slight increase in particle
concentration over the coastal area. We believe these
particles were carried over the mountains in the layer
with an easterly component sometime earlier in the day.
There is a general decrease in particle concentration
through the corridor as the cleaner air from the sea ad-
vances. The zone of maximum westerly flow has moved
farther east and increased in magnitude. The layers of
westerly and easterly flows are still highest over the
mountains.

The general flow over the valley was northerly for most
of the day. A tetroon released at McMinnville airport at
0930 pst and tracked for 4 hr by aircraft followed a
generally southward course with excursions toward both
the west and east. After noon, when the tetroon was well
south of the study area, it experienced strong vertical
currents in excess of 200 cm/s at elevations below 900 m,
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F16Uure 5.—Same as figure 4 for 1200-1400 psT.

indicating strong convective activity below the inversion
base. The path of this tetroon is shown in figure 7.

A second tetroon was released from the McMinnville
airport at 1620 psT and moved south-southwest at an
average speed of 6.5 m/s at elevations bet,\}een 1100 and
1220 m. This tetroon was lost at 1700 ‘psT tear Perrydale,
about 15 km south-southwest of the launch site, as its
trajectory became unstable. Vertical updrafts in excess of
50 cm/s were experienced by the tetroon before it was
lost. The turbulence associated with the vertical currents
affecting the tetroon was also noted by the tracking air-
craft crew. A further discussion of these tetroon flights
(and their trajectories) can be found in Olsson et al. (1971).

By examining the wind component perpendicular to
the leading edge of the penetrating marine air, we were
able to estimate convergence and associated vertical veloc-
ities. The component along the boundary was ignored.
This crude method gave convergence values in excess of
20X 107%s~! with associated vertical updrafts in excess of
" 40 cm/s. These values are in good agreement with those
measured by the tetroon and are of the same order as
those found in a lake-breeze regime by Lyons and Olsson
(1972).

During the afternoon, an automobile with a temper-
ature sensor mounted on its outside was driven from
McMinnville to the coast and back between 1325 and
1553 psT. On the return trip from the coast, the wind
direction was noted in a very quslitative manner. The

3
310 —————//
2
305
2 300
T 7T
Q
w
T
3
|-
2
>
X
= 1
I
]
ul
I

30 [Sle}

G
DISTANCE FROM SHORE , KM

F1aure 6.—Same as figure 4 for 1600-1800 psT.

overall temperature gradient was about 13°C over
approximately 80 km. (The trip takes about 1 hr and
20 min.) This temperature gradient was not uniform,
however; there were preferred regions of relatively sharp
change in temperature not always related to cbvious
wind changes. The temperature increased 5°C in the
first 6 km inland then increased about 2° in 3 km centered
about 20 km inland. At about 40 km from the coast, the
temperature began to increase again although he wind
remained westerly. The wind remained wes'erly for
about 19 km while the temperature increase another
3° to almost 29°C, an overall increase of 13°C from the
coast. At this point, the car came to a 2 -mi wide calm
zone. It was virtually impossible to detect any wind even
by throwing grass in the air. Beyond this, dcfinite light
northeast winds were found, and they increase. to the
McMinnville airport, some 8 km farther northe: st. We
were thus able to locate a zone of converging surface
winds about 3 km wide with a fair degree of accuracy,
but at this time there was little temperature contrast
across this zone.

Two hours later, using the same: techniques, we found
the convergence zone in essentially the same place (by
auto odometer). There was still no temperature contrast
across the calm zone, but, immediately to the west in
the west wind regime, there was now a 4°C decrease in
8 km (fig. 8). ' '

After further exploration with the automobile we found
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Figure 7.—Tetroon trajectory for release at 0930 psr.

this zone intersecting another highway about 8 km south-
east of the intersection described above and approximately
half way between McMinnville and Perrydale. In this
region, the wind shifted from northeasterly to westerly
and a temperature contrast of 3°C over 0.5 km was found
across the convergence zone. Neither part of the con-
vergence zone had any obvious cloud patterns associated
with it despite the fact that simple continuity considera-
tions would indicate a vertical speed of the order of 100
cm/s. This convergence zone has also been observed on
other occasions and is indeed suggested in the mean after-
noon wind rose from McMinnville for July—September.
~ The schematic diagram (fig. 9) shows a reconstruction of
this situation (with other observations added). The marine
air does not spread out equally upon emerging from the
Sheridan corridor but rather turns to the south, and an
apparent front lies in the northwest—southeast direction,
turning perhaps more north-south in the main valley.
A vertical cross section through the leading edge of the
penetrating marine air is presented in figure 10.
Temperatures recorded at Grand Ronde, Perrydale, and
Salem and times of marked wind direction shifts at the
surface are presented in figure 11. The surface winds at
Grand Ronde were actually calm during the morning
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Figure 9.—Temperatures (°C) and surface air flow through
Sheridan Corridor in the late afternoon on July 23, 1970.

HEIGHT | KM

|€—— 20 kM ———>|

Fieure 10.—Cross section of potential temperature (°K, solid
line), particle concentration (10%cm—3, dotted line) and winds
between Perrydale (P) and McMinnville (M) at about 1700
PST. ’

with a surge of west winds and an associated marked
leveling of the temperature between 1100 and 1200 psT.
The wind shift and associated leveling of the temperature
at Perrydale occurred shortly after 1300 pst, suggesting
that the leading edge of marine air penetrated at a rate of
approximately 5 m/s. This high rate of penetration is
about twice that observed for a lake breeze by Lyons and
Olsson (1972) and could possibly be due to the channeling
effect through the Sheridan corridor. The windshift at
Salem and McMinnville and associated temperature
changes were less pronounced as they occurred late in the
afternoon in air that had a relatively long trajectory over
land allowing for considerable modification in its
characteristics.

Pressures recorded during the day show that, while a
significant difference (10 mb) developed between the Coast
Range and the valley, the gradient within the valley is
almost negligible. The maximum pressure gradient was
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Ficure 11.—Temperature vs. time at Salem (solid line), Perrydale
(dashed line), and Grand Ronde (dotted line). Vertical bars
indicate time of surface wind shift at each station.

found at about 1000 psT. Using the objective method for
estimating the likelihood of a sea breeze developed by
Lowry (1962) and pressure and maximum temperature
differences across the Coast Range of 10 mb and 14°C,
respectively, we obtained an empirical probability of 1.0,
for a sea breeze on July 23, 1970.

4. SUMMARY

Marine air penetration into the interior valleys along
the west coast of the United States is of major importance
in determining the climate in those areas. This penetra-
tion is caused by a complex interaction between the sea
breeze, various topographic winds, and the prevailing
north-northwest gradient wind in the summer and early
fall. Synoptic conditions conducive to the development of
these mesoscale circulations prevail on more than 75 per-
cent of the days during this period (Mathews 1971). The
observed coastal air circulations seem to have character-
istics that are quite different from those observed over
other coastal regions (Liyons and Olsson 1972, Hsu 1970).
Based on special observations of winds, temperatures, and
particle counts and on studies of climatological data, the
following characteristics of the coastal air circulation are
suggested.

The intense daytime surface heating, primarily of the
interior valley floor, coupled with cold water upwelling
offshore produces a strong temperature gradient across
the Coast Range. This gradient may frequently exceed
15°C/100 km and results in the development of a baro-
clinic field as a perturbation on the prevailing stable
synoptic pressure pattern. The resulting surface pressure
differential across the Coast Range frequently reaches 10

-mb by midmorning. This strong pressure gradient,

coupled with differential surface friction between land
and water, gives rise to an onshore component in the
prevailing alongshore gradient wind. The topographic
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features of the Coast Range are of major importance in
determining the trajectories of the air because of an
inversion aloft associated with subsidence in the prevail-
ing high-pressure synoptic regime and reinforced by the
stable marine air penetrating onshore. The marine air
tends to be channeled through the gaps in the Coast
Range and may, by late afternoon, interact with the
upslope wind on the western slope of the Cascade Range,
causing marine air penetration of more than 100 km.

As a result of this channeling, the rate of penetration
of the leading edge of the marine air, as well as the wind
speed, is higher (about 5 m/s higher) than in a classical
sea-breeze circulation. The zone of maximum westerly
winds seems to penetrate inland as the afternoon pro-
gresses. Pronounced convergence, in excess of 20X 107*s™!
resulting in calculated vertical velocities exceeding
40 cm/s, occurs along the leading edge. Cold front
characteristics are most pronounced to the northeast as
the marine air is confronted by warm valley air. Due to
the prevailing northerly gradient wind in the valley and
longer overland trajectories resulting in air mass modifi-
cation, these frontal characteristics do not exist to the
south of the gap in the valley. .

As the day progresses, a layer.of winds with an easterly
component, develops above the layer of westerly winds.
From noon on, these layers have their greatest vertical
extent at the same longitude as the mountains, even
though the measurements were made above the gap in
the mountains. The effect of the mountain barrier is felt
even above the gaps. The easterly flow is usually found
near the base of the inversion but is sometimes evident
above the base. It is not clear at present whether this
flow i1s a return flow in a sea-breeze-type circulation or
part of some larger scale circulation pattern resembling a
helical motion in the northerly winds.
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