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Learning Objectives

 After this class you should

— Recognize the key factors and physical
mechanisms that influence the distribution and
intensity of precipitation in complex terrain

— Be able to critically evaluate scientific literature
pertaining to orographic precipitation

Useful Papers

OROGRAPHIC EFFECTS ON PRECIPTATING

4 Mirophysical Proceses Wik Winter
of Orographic Prciphation Orographic Clod and Preiptation Sysems

Pre-class reading

Houze (2012), Colle et al. (2013), Stoelinga et al. (2013)

Key Factors

Key Factors

* Synoptic setting

* Size and shape of the topography

* Microphysical processes and time scales

* Dynamics of the terrain-induced flow

* Thermodynamics of orographically lifted air

Houze (2012)




“Large-scale synoptic factors determine the characteristics of the
airmass which crosses the hills [and mountains], its wind speed
and direction, its stability, and humidity”

— Sawyer (1956)

Images adapted from Browning et al. (1974)
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Size and Shape of the Topography

SO

How high? How wide? How long?

Discussion: Why do each of these matter?

Microphysical Process and Time Scales
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Hydrometeor growth, transport, and fallout

Hobbs et al. (1973); Houze (2012)

Dynamics of the Terrain-Induced Flow

Flow over or around (i.e. blocked) barrier?

A = NH/U

Nondimensional Mountain Height / \ Barrier-normal wind speed

(inverse Froude number)

Brunt-Vasala Frequency Mountain Height

Am = NmH/U

Moist Brunt-Vasalad Frequency

Dynamics of the Terrain-Induced Flow
A=NH/U

Blocking (H > 1) favored by
High stability
Large mountain
Weak cross-barrier flow

Flow over (H < 1) favored by

Low stability
Small mountain

Strong cross-barrier flow
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Dynamics of the Terrain-Induced Flow

Critical Mountain Height (H,)

* H.=U/N

) H>H,

Parcel blocked

Parcel surmounts barrier

* H>H. Flow is blocked

* H<H,. Flow
surmounts barrier

Thermodynamics of Orographically
Lifted Air

* Vertical profiles of temperature and humidity
* Depth of moisture

* Presence of stable layers, CAPE, potential
instability, etc

* Best diagnosed with upstream time-height
sections and soundings
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Dynamics of the Terrain-Induced Flow

Gravity Wave Structure
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Flow response dependent on incident wind speed, wind shear, and static stability
as well as width, height, and shape of mountain

Important for both windward and leeward effects, as well as multiridge effects,
including role of trapped waves

Houze (2012), Durran (1986)

Thermodynamics of Orographically
Lifted Air
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Dynamics of the Terrain-Induced Flow

Implications of flow over vs. flow around
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Importance of Terrain-Induced Flow

* Determines location and
intensity of orographically
induced ascent/descent

* Influences precipitation
dynamics/microphysics

* Can strongly influence
transport of moisture

Flow Over vs. Flow Around

* Flow over (“unblocked”)
— Favored with weak static stability
— Orographic ascent near barrier
— Potential instability release (not always)
— Possibility of Seeder Feeder
— Can enhance contrasts in sub-cloud evaporation

*  Flow Around (“blocked”)
— Favored with high static stability
— May produce “blocking front”
— Shifts orographic ascent upwind of barrier
— Lowland or foothills precip can exceed high elevation precip
- zltlg\s result in terrain-induced convergence (windward, leeward, concavity,

* Both can operate simultaneously
— Blocked valley flow, but unblocked flow at mid-mountain and crest level
— Blocked unsaturated flow in one region, unblocked saturated flow in another

Flow Over vs. Flow Around
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Medina and Houze (2003), Rotunno and Houze (2007)

Flow Over vs. Flow Around
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Blocking: Wasatch Range

) P2 Tail Radar Cros Section (1817-1835 UTC)

Cox etal. (2005)

Cox et al. (2005)




Blocking: Wasatch Range
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Cox etal. (2005)

Northwesterly Flow Impinging on Alps
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Discussion

Diagnose the possible flow patterns and influence on precipitation
for the following idealized flows if low-level blocking occurs
upstream of the Alps, but not over surrounding mountain ranges

Southwesterly Flow Impinging on Alps
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Hybrid: 1994 Piedmont Flood

saturated
flow over

“In the 1994 Piedmont case, there was a strong horizontal gradient of rfl&isturé; thus the
western moist part of the airstream flows over, while the eastern drier part is deflected
westward around the obstacle, and so a convergence is produced between the airstreams”

Rotunno and Ferreti (2001) — Rotunno and Ferretti (2001)
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Other Flow Around Effects

McDonnal and Colman (2003)

Additional Physical Mechanisms

* Seeder-Feeder

* Sub-cloud evaporation
contrasts

* Moist orographic
convection

| -

©ay Shafer

Seeder Feeder

* Hydrometeors (snow or rain) generated in “seeder” clouds aloft fall
through low-level orographic “feeder” clouds

* Feeder cloud might not precipitate otherwise

* Precipitation enhanced in feeder cloud primarily by
— Collision-coalescence
— Accretion

Sub-Cloud Effects

* Orographic ascent doesn’t produce feeder cloud, but it
does increase RH over Mountains

* Results in less loss from evaporation and sublimation




Sub-Cloud Effects

» Decreasing precipitation with distance below cloud base

* Vertical distribution of moisture strongly influences the
strength of this effect

— The drier the low-levels, the larger decrease below cloud base
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Sub-Cloud Effects
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“Precipitation amounts decreased with distance below cloud base, consistent with sublimation
and evaporation in the dry subcloud air” — Schultz and Trapp (2003)

Schultz and Trapp (2003)

Moist Orographic Convection

“Develops when and where moist instability coincides with sufficient
terrain-induced ascent to locally overcome convective inhibition”
—Kirshbaum et al. (2018)

Kirshbaum et al. (2018)

Key Ingredients

* Instability
— Diagnosed from parcel theory

— Air parcels, when displaced vertically, become saturated
and accelerate away from their initial position

* Moisture

— Must be sufficient to produce saturation and ultimately
precipitation

o Lift
— Must get parcels to their level of free convection (LFC)

Parcel Theory

Lift an isolated parcel (e.g., surface)
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Potential Instability

Lift a layer, which becomes saturated in lower portion and absolutely unstable in a parcel sense

Potentially unstable Lifting

Absolutely unstable
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Moist Orographic Convection

* Orographic lift or ascent initiates/triggers
convection

* Ascent can be

— Mechanical: Due to airflow over or around
obstacle

— Thermal: Due to differential heating over sloping
terrain)

Kirshbaum et al. (2018)
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Mechanical Trigger Mechanisms

Streamlines must be displaced to LFC
or
Potentially unstable air brought to saturation
Convection initiates where flow reaches LFC

Can be low on slope if H>> LFC

Kirshbaum et al. (2018)

Thermal Trigger Mechanisms

Nocturnal katabatic flow with
convection near base

Thermally forced anabatic ascent with
convection near crest

Kirshbaum et al. (2018)

Hybrids and Feedbacks

— Lee-side upslope with gravity-wave ascent aloft

T — Secondary initiation associated with
. convective cold pool

Kirshbaum et al. (2018)

Mechanically Forced

B

>
Orographic/Convections s

Steenburgh (2014)

Thermally Forced

Brian Blaylock, University of Utah




* Can be effective over small hills or large barriers depending on
synoptic setting
— e.g., low hills of British Isles in warm sector within 300 km of cold front
* Strong enhancement can occur even if convection is shallow

Adapted from Browning et al. (1974)
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Impacts on Precipitation

Discussion

What synoptic patterns and physical mechanisms would yield:

a. Large orographic enhancement

b. Small orographic enhancement (or more lowland than mountain
precipitation)

OR =

Orographic Ratio

Lowland

Mountain Precipitation (Water Equivalent)

Lowland Precipitation (Water Equivalent)

Neiman et al. (2002)

Orographic Ratio
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Unblocked Precip Rates
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Unblocked Precip Rates
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Importance of Synoptic Forcing
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Importance of Synoptic Forcing

Steenburgh (2003, 2004)

Wide vs. Narrow Barriers

* Asymmetrical
precipitation distribution
with broad windward-to-
near crest max across
wide barriers (e.g., Coast
Range, Sierra

* Symmetrical distribution
with near-crest max over
narrow barriers (e.g.,
Ruby, Wasatch)
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Hum Ruby  Wasatch
OSU/PRISM Climate Group, USGS

Sub-Regional Terrain Effects

On sub-regional scale, adjusting for mean precipitation-altitude
relationship reveals areas that are locally wet or dry for their elevation

OSU/PRISM Climate Group, USGS, Shafer et al. (2006)
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Wide and Sub-Regional Effects in Alps Terrain Shape
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Frei and Schar (1998); Hydrologic Atlas of Switzerland Watson and Lane (2012)

Discussion

The orographic ratio varies depending on
climate, terrain characteristics, geography, and

Diagnose and compare the seasonality in OR
between northern Utah and three Austrian
sites in the next four slides

What are the similarities and differences and
‘why do they exist?

Seasonality
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