Observed vertical structure of snow storms in Steamboat Springs, CO:
Orographic enhancement in a high altitude environment
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I. Introduction
Purpose
To provide an observational context and
information on storm structure variability that
complements associated modeling studies
examining the role of pollution aerosols in
modulating snowfall intensity and spatial
distribution in the Parks Range, Co.
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Methodology
Ground-based radar profiles and in situ
observations were collected as part of the
Snowfall by Pollution Aerosol (ISPA 2010) study
centered at the Desert Research Institute’s
Storm Peak Laboratory (SPL) during January
and February of 2010. Observations were
taken using two vertically pointing Metek
Microwave-Rain Radars (MMRs), one
microwave profiling radiometer, and surface
meteorology sensors. The NCSU MRR was
deployed atop Mt. Werner at SPL (Peak), and
the UC MRR was deployed in the valley near
the town of Steamboat Springs (Valley).
The case studies presented herein
demonstrate the variability of snowfall
structure and evolution observed at SPL during
ISPA 2010.
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•“Echo Cases” defined from MRR data as echo above 7dBZ with a lull in
precipitation not exceeding 6 successive hours. “Echo Cases” were
further separated into their prevailing surface wind direction (See above
for case definitions).
•“No Echo” instances were defined as periods with clouds but without
precipitation echoes.
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B. Synoptic Environment

E. Contour Frequency by Altitude Diagrams (Reflectivity)

MSLP

•Forcing mechanisms aloft ranged
from subtle shortwaves
embedded within fast northerly
flow (WF) to intense troughs and
cutoff upper lows (AB).

•At the surface, in all cases
examined there was at least a
weak surface low pressure
reflection in the lee of the Rockies.
Stalled surface boundaries (AB)
extending through the study
domain may also aid in triggering
snowfall over the Parks Range.

•Local diabatic cooling effects over the
valley are an important control on the
stability of the air mass impinging
upon the study domain, as
sublimation of snowfall over the valley
decreases the stability of the
environment.

II. Environment
•Conditions at mountain peak
were often nearly saturated, or
saturated

•In the CBS and AB cases, precipitation
reaching the surface over the valley is
limited during the period of blocking

•Cross-Barrier westerly to
northwesterly flow predominated
at SPL during January and
February 2010.

•In the CBU case, surface cooling is
observed at the onset of snowfall
over the valley. This initial diabatic
cooling acts to temporarily make the
environment more stable. Cooling
aloft associated with baroclinic
trough passage steepens lapse rates
and provides synoptic trigger for
snowfall.

•In contrast to the Sierra Nevada
or Cascades, unstable conditions
were most common during the
wintertime months of 2010.
•Highest wind speeds coincided
with “along-barrier” case.

•Dry air intrusions aloft are observed
in the CBS and AB cases. These
intrusions are known mechanisms for
creating potential instability (Houze
1993).

•Little discernible difference in IWV
as a function of wind direction.

•Periods of echo characterized by
more unstable conditions

III. Case Studies (Continued)
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Cross-Barrier Stable (CBS)
1700 UTC 26 January 2010 – 0800 UTC 27 January 2010

Cross-Barrier Unstable (CBU)
0100 UTC 25 February 2010 – 1700 UTC 25 February 2010

AB

Along-Barrier (AB)
1400 UTC 28 February – 0000 UTC 01 March 2010
NOTE: Red dotted line represents the approximate elevation of the Peak MRR

CBS

•Growth occurs in shallow surface
layer (< 1.5 km) above the
mountain peak in the CBS and
CBU cases. Suggests potential for
enhanced riming at lowest levels
when coupled with upward
velocities

•Echo tops are higher over the
mountain peak as compared to
the valley. This is a signal of
orographic enhancement and is
observed in all cases independent
of flow direction.
NOTE: Red line represents the approximate elevation of the Peak MRR

IV. Conclusions
•

Orographic enhancement is observed in all presented cases, manifested by:
•
•
•

CBU

•
•
AB

•Dry air intrusions are commonly
associated with synoptic trough
passages. Hence, the synoptic pattern
has some control on precipitation
structure
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•

•

Reaffirm findings of Shultz and Trapp (2003), Steenburgh (2003); Colle et al. (2005)
over the Wasatch Mountains

Dry air intrusions are closely related to changes in stability and precipitation structure
•

•

Consistent with conceptual models of cloud riming (e.g. Wetzel et al. 2004)

Diabatic effects limit precipitation accumulation and increase stability (blocking) over the valley
•

•

Widening of the reflectivity distribution to include higher values near the surface
Higher echo tops over the mountain peak as compared to the valley
Decreasing velocity towards the surface at mountain peak

Hydrometeor growth occurs in a relatively shallow layer (< 1.5 km) above the mountain peak in
several cases
•
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NOTE: Squared Moist Brunt Vaisala Frequency (Nm2 ) calculated based on Durran and Klemp (1982) and Reinecke and Durran (2008).

•WF case over the valley displays
weaker hydrometeor growth
towards the surface than other
cases. This is further evidence that
the synoptic environment may be
important factor in determining
snowfall intensity.

CBS

•Observed dry air intrusions roughly
coincide with a transition from more
stratiform to more cellular structures
within the radar echo (Steenburgh 2003).
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•Precipitation begins reaching surface
over the valley after the inversion and
dry-tongues are eroded.

Weak Forcing (WF)

Signals of Orographic Enhancement
•Reflectivity distribution widens to
include higher values near the
surface at mountain peak. This
suggests hydrometeor growth via
orographic enhancement over the
mountain peak (observed in all
cases).

WF

•Decreasing velocity towards the surface
at mountain peak evidence of uplift
since fall speed usually increases as
hydrometeors grow

CBS

Peak

CBU

•In contrast to the valley, precipitation
over the peak is relatively unaffected by
diabatic cooling since relative humidity at
the peak is saturated or near-saturated
for the duration of each case.

A. Case Definitions and Stability Profiles
1800 UTC 25 January 2010 - 0000 UTC 26 January 2010

•While even weak synoptic forcing
may result in snowfall at SPL, the
synoptic environment appears to
be related to snowfall duration
and intensity. The importance of
the synoptic environment for
snowfall is in opposition with
previous studies at SPL (Borys et
al. 2000; Borys et al. 2003).

D. MRR Time Series

Scatterplot compiled using surface met sensor atop SPL for cross-barrier and along-barrier (blue) and
no echo (red).

III. Case Studies

Valley

C. Radiometer Time Series

NOTE: Various cases exhibited wind directions which did not fit within a single criterion. In this instance, the
cases were classified by their prevailing wind direction and the mode of the entire case.

Histogram of observed surface data, recorded at SPL and shown for January and
February 2010

III. Case Studies (Continued)

Stable/Neutral conditions and stratiform precipitation before or in the absence of an
intrusion
Unstable conditions and convective precipitation with and post-intrusion

Invalidate the findings of Borys et al. (2000) who concluded there was no apparent relationship
between cloud microphysical properties and synoptic conditions. We assert that precipitation
structure (stratiform vs. convective), stability (blocked vs. unblocked), and synoptics conditions
(e.g. dry air intrusions associated with baroclinic trough passages) impact cloud microphysical
properties.
Invalidate the findings of Borys et al. (2003) who asserted that snow riming is primarily due to
CCN concentrations. We conclude that precipitation and changes in stability must be controlled
in order to isolate aerosol effects.

V. Remaining Questions
•
•
•

•

Are all dry air intrusions associated with a shift to convective snow structures?
Do convective snow structures exist in the absence of dry air intrusions?
What is the origin of these upper level dry air filaments (intrusions) and how do they evolve on
temporal and spatial scales?
What are the most important synoptic ingredients controlling snowfall accumulation over the
Parks Range?
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