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ABSTRACT

Eastern Idaho's Snake River Plain and that portion of the Continental Divide bordering
it to the north comprise a topographic feature that provides an interesting local wind phenomenon. A sloping discontinuity surface is produced in a zone of conflict between slope ** and
valley winds. The incursions of the front at the National Reactor Testing Station have become the subject of investigation because of their effect on the dispersion of stack effluents*
Photographs are presented showing the effect of the frontal shear on a stack plume, smoke
released at the ground, and a debris cloud from an experimental explosion. These photographs give an indication of the circulation pattern in the vicinity of the front. In addition,
data from a network of recording stations, instruments on a 250-ft tower, and low-level wind
and temperature soundings have been used to establish the circulation model.
Information is presented to show seasonal and diurnal effects, and also the influence of major
pressure systems on the front phenomenon.
INTRODUCTION

OUTHEAST Idaho in general, and the
region of the National Reactor Testing Station (NRTS) in particular, received little
attention from meteorologists prior to 1949, when
interest was aroused by the U. S. Atomic Energy
Commission's program of reactor construction.
A network of recording weather stations has been
in use at the NRTS since 1950, and low-level
temperature and wind soundings were made for
two years between 1950 and 1952.
A relief map of this region is shown in F I G U R E
1, and topographic cross sections along the lines
X X ' and Y Y ' in F I G U R E 1 are shown in F I G U R E 2 .
The expanse of the valley floor is so great compared with the height of the mountains on either
side that cross-valley winds are not prominent
over the middle of the valley. Due to channeling
of the westerlies and air drainage there is an
almost continuous flow of air out of the smaller
valleys opening into the Plain from the northwest.
This flow does not reach far out, but rapidly
turns to conform to the flow existing over the
Plain.
One would suppose that topographic effects
would be negligible in the center of the 60-mile
wide Snake River Plain, but this is not the case.

S

* Paper read at the 131st Meeting of the American
Meteorological Society, September, 1954.
** The distinction here between slope wind, which applies to the steeper slopes of the sides of mountains, and
mountain-valley wind, which applies to the gentler slopes
of valley floors, is the same as that made by Wagner [1].

The mountain and valley winds are quite pronounced—often prevailing against strongly opposing pressure gradients (as seen on synoptic
weather charts). Southwesterly (valley) winds
dominate the Plain in the daytime, and northeasterly (mountain) winds at night, as shown in
FIGURE 3.
The wind data were taken from continuous records by Aerovane at the NRTS
(weather station marked "WBO" in F I G U R E 1 ) .
Summer months were used for the illustration
because the regime is most pronounced in summer. The lag in time of direction change (past
sunrise and sunset) typical of mountain-valley
regimes is indicated in F I G U R E 3 , as is the typical
cyclic shift in wind direction in the course of a
day where upslope winds begin just prior to valley winds, and downslope winds begin just prior
to mountain winds.
The mechanism of the interaction of slope
winds with mountain-valley winds, described in
great detail by Wagner [1] and illustrated schematically by Defant [2], is verified for this locality. This is surprising in view of the great
difference between the size of the Snake River
Valley and the one investigated by Wagner.
F I G U R E 4 ( A ) is a sketch of the idealized valley
used for the circulation model illustrated by Defant [2], and its resemblance to the north portion
of the Snake River Valley can be seen in F I G U R E S
1 and 2. However, due to the presence of the
Continental Divide to the north of the Valley,
the schematic plan of the region is more like
FIGURE

4(B).
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FIG. 1. Snake River Plain of Eastern Idaho.
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Topographic cross-sections north-south and east-west across Eastern Idaho, taken along the lines XX' and
YY' of Figure 1. Dash lines show important contours within about 10 miles of the sections.

MECHANISM

FOR C O N F L I C T I N G

WINDS

. Since the steep slope at the upper end of the
Valley faces south, its diurnal range of temperature is large, and the slope winds there are frequent and pronounced. It is immediately obvious
that there must be a conflict between the valley
wind and the slope wind in the early evening
when air has begun to flow down the steeper
slope of the Divide. This should continue until
the mountain wind begins late at night. There
must be also a divergence at the north end of the
valley between slope and mountain wind in the
morning when the upslope flow begins, continuing
until the valley wind takes over in the forenoon.
The divergence mentioned above has been observed in a few cases when the southerly flow began one to two hours earlier on the north end of
the NRTS than on the south end; however, it occurs more frequently to the north of the NRTS.
It has been found that both the upslope and
downslope winds begin at Dubois, Idaho (30
miles northeast of the NRTS) about 4 hours
earlier on the average than at the NRTS.

The convergence of downslope and valley wind
is observed on the NRTS quite frequently. It
was first noticed as an excess in the frequency of
northerly winds at a station at the north end of
the NRTS as compared with those at WBO. It
was later discovered that the conflict of winds
noted at the surface is associated with a situation
where a layer of air aloft was found to move in
a direction opposite to the adjacent surface layer.
The boundary between the two layers of air slopes
upward over the colder air, and has the characteristics of a miniature front—often with temperature contrasts of 10° F or more on either
side. A temperature difference as large as 20° F
has been observed, and although a sizeable temperature contrast is not a necessary condition for
the front to exist, the front always slopes upward
over the cooler air. Directly opposing winds as
strong as 20 mph have been observed, but speeds
are usually lighter. Since the front is mostly a
nocturnal phenomenon, it is usually imbedded in
a surface temperature inversion.
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It is very likely that phenomena similar to this
occur in other places having similar terrain features. Hey wood [3], using smoke plumes, observed a shearing between a shallow downslope
and an upper upslope wind in a small valley near
Oxfordshire, England. However, the observations were confined to the steeper slope of the
valley wall, so that a front-like phenomenon, if it
existed on the valley floor, would not have been
observed.
The mechanism cited above is the one most
frequently involved in the formation of the wind
discontinuities, but other forces can combine to
give the same effect. For example, the northerly
wind can be caused by the general air mass motion, mountain wind, slope or katabatic wind
(which can occur day and night when the Divide
has a snow cover), and spill-over from the Continental Divide. Southerly winds can be due to
the general air mass motion, valley wind, and
drainage down the local slope of the NRTS, which
is downward to the northeast (see FIG. 2).

FIG. 3.

AMERICAN

METEOROLOGICAL

A N A L Y S I S OF F R O N T

SOCIETY

OCCURRENCES

Meteorological data are taken at the NRTS by
means of automatic recording instruments, and
the technique of obtaining information about the
migrations of the front across the NRTS depends on comparison of simultaneous wind and
temperature traces at two recording stations.
When the winds are found to oppose each other
(northeasterly wind at WXA, 26 miles northeast
of WBO, and southwesterly wind at WBO), the
temperatures and wind velocities during the period are compared. In this manner the fronts
can be classified according to the direction from
which they come, and whether they invade as
warm or cold fronts.
It cannot be claimed that all of the frontal cases
that occurred were detected. Also, the front may
have existed north or south of the NRTS at
times. However, checks were made to assure
that the occurrences tabulated were actually miniature fronts. Two kinds of checks are possible.
There are two recording stations between WBO
and WXA, and the front passages are checked by

Hourly frequencies of winds from four quadrants in summer,

N R T S

Idaho.
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these stations. Also, wind instruments at the
20-foot and 250-foot levels at WBO can detect the
direction of slope. For example, an advancing
warm-type front would pass the 250-foot level
before the 20-foot level. In addition to the wind
instruments, temperatures are recorded at shelter
level, 100 feet and 250 feet at WBO.
It might be supposed that cyclone fronts could
occasionally be confused with miniature fronts.
Actually, there is no likelihood of mistaking the
fronts. The distinguishing features are listed
below:
1. The frontal discontinuity is rarely detectable at the NRTS for cyclone fronts. Winds are
usually strong southwesterly -several hours before
and after front passage. Cyclone fronts lose their
identity as to wind and temperature discontinuity
in passing over the mountains.
2. Cyclone fronts are weather makers, whereas
miniature fronts are mostly fair-weather phenomena.
3. Marked pressure troughs are seen on barograms when cyclone fronts pass, but no pressure
variation is detectable in connection with miniature fronts.
4. Wind speeds associated with miniature fronts
usually are much lighter than those associated
with cyclone fronts.
About 73% of the 177 frontal situations considered in 1953 came from the north. About 80%
of these were warm-type fronts during all but
winter months. In winter they were divided
about equally between warm and cold fronts.
Miniature fronts from the south rarely occurred
in summer. They came in most often as warm
fronts in winter, and as cold fronts in spring and
fall. They were cold fronts twice as often as
warm fronts for the year as a whole.
About 40% of the fronts from the north, and
about 73% of those from the south, did not penetrate all the way past the NRTS, but eventually
retreated back to the direction from which they
came. In winter cold air was to the north of
the front most often and in summer warm air.
In spring and fall they were about half and half,
with nearly twice as many frontal occurrences in
fall as in spring.
Frequency of miniature fronts by the time of
day is shown in F I G U R E 5. Note that the greatest
frequency is near the time of maximum temperature January through March. During these
months there was a snow cover on the Divide, but
not in the Valley, so that the downslope effect was
present day and night. This downslope wind, of

FIG. 4. Schematic plan for an ideal valley, after Defant [A] and schematic plan of Snake River Valley [B],
showing how miniature front is formed out of conflict
between valley wind and katabatic wind down the slope
of the Continental Divide.

course, is more likely to be opposed by the valley
wind during the warmest part of the day. During other months the largest frequency occurred
between midnight and 0600 MST. From the
topographic model discussed earlier in Part B of
F I G U R E 4, one might suppose that the maximum
frequency would occur earlier. The conflict between slope and valley wind should occur in early
evening. Two factors contribute to the delay:
(1) The prevailing westerlies are channeled
into southwesterly flow in the valley, and this
often delays the invasion of the front. At such
times, however, the front may exist to the north
of the NRTS.
( 2 ) Apparently the conflict occasionally is one
between the northeasterly mountain wind and a
very light and shallow drainage down the local
slope of that portion of the Plain on which the
NRTS is located.
The rate of movement of the front, while slow,
is usually quite uniform as it progresses across
the NRTS. The front appears to accelerate and
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FIG. 5. Diurnal frequency of occurrence of miniature fronts on the NRTS as detected between
two recording stations.

move out very rapidly when it is present at the
time that the nocturnal inversion dissipates. This
is because the eddy exchange imparts to the shallow surface layer the direction of the thicker
stratum aloft, causing a rather sudden shift in the
direction of the surface wind.
The average duration of the front on the NRTS
is about eight hours, and the duration does not
appear to be related to season, time of day, or
type of miniature front. It has been found to
persist for as long as 30 hours, and several incursions lasting 20 hours have been affirmed. These
longer durations are further indication that more
than one pair of opposing forces can be involved
in the front phenomenon.
When the northerly current invades as a relatively shallow warm layer, it is obvious that somewhere up the frontal slope it must curve back to
the north, so that the side view would resemble a
rapidly moving cold front whose lower portion is
retarded by surface friction. The return flow
would then merge with the southerly current aloft.
It would be interesting to know whether the
northerly current rises vertically to follow along
the curved surface, or whether that part of the

front that is vertical pushes steadily southward
at the speed of the northerly wind. Certainly it is
not likely that vertical currents of considerable
magnitude exist along that portion of the front
when it is imbedded in an inversion layer. The
idea that the northeast wind invades as a "tongue"
is further suggested by successive wind-aloft
soundings made during the incursions.
I N F L U E N C E OF M A J O R P R E S S U R E

SYSTEMS

Locally induced winds are sometimes countered
and sometimes augmented by the general air mass
motion as depicted on synoptic charts. Because
of the importance of the solar regime to the
mountain-valley circulation, heavy overcast masks
the effect, as does occasionally differential cloudiness (e.g., cloudy over mountains, clear over
plain). The more intense pressure systems of
winter and spring hide the local winds for longer
periods. Also the solar effect is less pronounced
in winter.
The most important single fact established from
correlation of synoptic patterns with frontal occurrences is that intense pressure systems tend to
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stop the miniature frontal invasions entirely.
Moderate or weaker ones, where little or no
cloudiness is involved, have no systematic effect.
Also of interest is the fact that warm air often
invades from the north during periods when the
existing synoptic pressure pattern indicates opposition to the downslope wind. It would seem
that once the mountain wind circulation is established it is capable of driving air down slope, at
least locally, in opposition to buoyancy forces.
Initially the air on the slope must have been
cooler than air at the same elevation away from
the slope; otherwise, downslope motion would not
begin. Apparently the adiabatic heating during
the descent often overcomes the initial temperature deficit before the air reaches the foot of the
slope. Thus a small-scale circulation system
causes a small-scale foehn effect.
E F F E C T OF T H E F R O N T ON E F F L U E N T

DISPERSAL

The major interest of meteorologists at the National Reactor Testing Station in the miniature
front is its effect on the dispersion of stack effluents. It is not expected to be a detriment to
diffusion; however, it may cause some difficulty
for special experiments where periods of winds
from a certain direction must be forecast. The
front may serve to elevate stack effluents at times
when the zone of confluence is characterized by
rising currents. There may sometimes be descent
of air near the frontal zone, as will be discussed
later, but this does not occur on a large scale, nor
frequently, and would not bring large quantities
of stack effluent to the ground.
The best knowledge of the effect on effluent
dispersal will come from an understanding of the

FIG. 6.

circulation pattern near the front, and an attempt has been made to study this by means of
smoke plumes.
On the morning of July 2, 1953, a miniature
warm front invaded from the north. The sky was
clear and winds were light. At 0035 MST a
wind-aloft sounding was made at WBO, and the
frontal shear zone was found at about 1,000 feet.
The northerly current above the shear zone extended up another 2,000 feet. Winds above that
were westerly about 5 knots. A sounding made
at WXA at 0220 MST showed the northerly current to extend up to about 4,500 feet. The indication was that the front was moving southward.
A truck carrying two Army M-2 smoke generators was driven northward from WBO at
about 0400 MST, and frequent stops were made
in an attempt to discover the point at which the
wind shifted from southwest to northeast. At a
stop about 13 miles north of WBO the wind was
found to be northeast, indicating that the front
had been passed, and was then to the south of
the truck. At this time, about 0445 MST, one
smoke generator was started, and the truck was
driven southward, again making frequent stops,
until the smoke plume was observed to drift eastward instead of southwestward. At this point,
about 10 miles northeast of WBO, the truck was
stopped and both generators were run for 30
minutes, from 0500 to 0530 MST.
The plume drifted eastward, hugging the ground
very closely and extending upward about 25-30
feet (see FIG. 6). Approximate cross sections
through the plume (looking eastward) at dis-

Plume from Army smoke generators traveling eastward in advance of miniature front 0500 MST,
July 2, 1953.
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Cross-sections through the plume at distances of 100 feet and 500 feet from the source (July 2, 1953).

tances of 100 and 500 feet from the source are
shown in F I G U R E 7 .
Occasional puffs of smoke that rose a few feet
higher than the main body of the plume were
caught in the northerly wind and streaked off to
the south in "finger-like" projections. This can
be seen in F I G U R E 8. If there were any vertical
motions present underneath the frontal surface
they must have been very small. However, the
finger-like projections in the northeast flow tilted
upward to the south quite noticeably. As the
front progressed southward the shear gradually
spread the plume into a thin sheet, again indicating the predominance of horizontal motion over
vertical motion.
The temperature at WXA became as much as
10° F warmer than at WBO during the eight
hours that the front was between the two stations.
Two checks can be made on the slope of this
front. At midnight its surface position was near
WXA, and the shear zone was about 1,000 feet
above WBO. This would give a slope of about
1 : 120. The slope here is with respect to the

FIG. 8.

ground, not a level surface, and WXA is 160 feet
lower than WBO. At the time that it passed the
250-foot level on the tower its surface position
was about 16 miles north of WBO, as determined
by other recording stations. The ground there is
about 50 feet lower than WBO, so that the slope
was about 1 : 280. This indicates that the
frontal slope decreased with time.
For the example given here as well as for
numerous others analyzed it is noted that when
warm air is advancing, the cooler wind does not
oppose it as directly as when colder air is advancing. The opposition is usually N versus SW
or NE versus W rather than NE versus SW, for
example. Near the front the wind in the cold air
swings around in a direction parallel to the front,
even though it opposes the advancing front more
directly at a distance of several miles.
The effect of the frontal shear zone on an effluent plume from a 250-foot stack on the NRTS
is shown in F I G U R E 9. The lower part of the
plume is traveling northward and the upper part
southward. The picture was made early in the

Smoke plume at 0530 MST, July 2, 1953, showing streaks made by puffs rising into
the northeasterly flow aloft.
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Effect of frontal shear zone on a smoke plume from a 250-foot stack,

morning in April, 1952. The shearing of the
plume was observed for about 30 minutes until
the southerly flow deepened to such an extent
that it finally engulfed the entire plume. There
was no indication of turbulence of any kind in
the shear zone during the period that it was under
observation; however, the two layers of air were
moving at only about 2 - 4 mph, or at an average
of about 6 mph with respect to each other. The
miniature front entered from the south as a cold
front, passing the 20-foot level at WBO two
hours before it passed the 250-foot level. It did
not penetrate as far north as WXA, but was
later destroyed by the dissipation of the nocturnal
inversion due to heating by the morning sun.
F I G U R E 1 0 is a sequence of pictures of a debris
cloud from the explosion of an ammunition igloo
on the NRTS (which was then the Idaho Navy
Proving Ground) on August 29, 1945. Special
observations taken for the experiment show northeast winds from the ground to 900 feet, and
southwesterly winds above. A miniature front
likely was present, and from the photographs it
appears to have sloped upward to the north.
T E M P E R A T U R E AND W I N D

SOUNDINGS

THROUGH THE FRONTAL ZONE

A number of low-level temperature soundings
made by a tethered blimp in 1950-1952 penetrated the frontal zone. A typical example is
shown in F I G U R E 11. The tower temperature
traces for the 5-foot, 100-foot and 250-foot levels
and the 20-foot and 250-foot wind traces are also
shown. The discontinuity zone is indicated at
between 100 and 300 feet in the 2130 MST
sounding, and the observer making the sounding
reported that as the blimp ascended it was pointed

NRTS,

0722

MST,

April 11, 1952.

south, and swung around suddenly to point northwestward when it was about 200 feet above the
ground. Later, the tethering cord was seen to
hang in a double arc, indicating two layers of air
moving in opposite directions.
The front entered from the south, and judging
from the sequence with which it passed various
levels on the tower, it must have sloped upward
to the south. The apparent times of passage
indicated by tower temperature traces are marked
with an "x." The immediate temperature contrast across the front increased with height, varying from 4F° at the 5-foot level to 9F° at 250
feet. The abrupt cooling at the 250-foot level at
about 2130 MST coincides with the wind shift
there, and indicates the passage of a cold zone,
which possibly is the same as that observed in
the sounding. The response of the tower instruments (resistance bulbs) is much slower than the
thermistor used for blimp soundings, making it
difficult to compare the data directly. Also the
sounding was made at a distance of about a mile
from the tower.
It is suggested that the cold zone is caused by
air rising up the slope of the front. The isotherms
would then bulge upward on the "warm" side of
the front, as depicted schematically in F I G U R E 12.
This would explain why a cold zone is always
observed to pass, whether the front is a warm or
a cold one. The simultaneous cooling at all levels
at 2130 MST, the magnitude of which increased
with height, could be caused by a sudden "scooping up" of cold air near the ground, or by a dropping down of a pocket of colder air that had been
scooped up the frontal slope earlier. For air
displaced upward in an inversion layer the temperature contrast with the environment increases
with height of displacement.
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As the winds continue in opposition on either
side of the front, as they sometimes do, then the
cold zone must rise to higher levels, where in the
inversion layer it is subject to an increasingly
stronger restoring force. Periodically the cold
air must descend. Whether it subsides gradually
or drops rapidly has not yet been determined.
There is evidence that the colder air may dip
downward at intervals, giving the frontal zone a
wave-like structure. This is surmised from tower

temperature and wind traces that show periods of
large temperature fluctuations accompanied by
large oscillations of the wind vane when the fronts
pass very slowly. A fixed level passed by waves
pumping along the front would experience such
oscillations.
Most of the fronts occurring when the surface
temperature inversion is absent remain over the
north end of the NRTS, never passing the more
elaborate instrumentation at WBO, and there-

FIG. 10. Effect of frontal shear zone on a cloud of smoke from an experimental explosion,
August 29, 1945.
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Schematic plan of temperature structure about
the miniature front.

fore, the information about them is less complete.
Of course, these must be of an entirely different
nature from those occurring with inversions, since
the eddy exchange between layers would tend to
destroy the discontinuity, especially when the
layer near the ground is very shallow. The front
has- been seen to dissipate rapidly due to the breaking of the surface inversion by solar heating.
As with temperature soundings, wind aloft
soundings made in 1950-1952 at WBO were
taken according to a schedule—no attempt being
made to detect miniature fronts. Soundings were
not made routinely during the period of the miniature front study; however, the following facts
were obtained from the earlier wind soundings:
1) The mountain wind often is less than 500
feet deep, and rarely exceeds 3,000 feet in depth.
2) When the mountain wind over-runs a southwesterly wind in the lower 500 feet, which often
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is the case in the early morning, the mountain
wind usually extends up to about 1,500 or 2,000
feet.
3) The depth of the mountain wind does not
seem to vary appreciably with season, but tends
to be greatest at about the time of the minimum
temperature, or when the depth of the nocturnal
inversion is greatest.
4) About half of the soundings made when the
surface inversion was present, and about one
fourth of those made when the inversion was
absent, show wind-direction shears on the order
of those associated with the miniature fronts.
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