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Introduction &  Motivations
Anabatic flow 

Buoyantly-driven
up slopes and valleys

adapted from Keller (2016)

morning noon afternoon
Hydrology & Meteorology

Evapotranspiration & 
water balances

Transport
Pollutants, smoke,

heat, moisture, etc.
àDeposition: lakes, snow

https://www.p3mountains.org/single-post/2018/07/18/More-firsts

Convergence
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ŵ
<latexit sha1_base64="be85qvF1+I0oIWErQ5Dq9xAa6yU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmu2mXbjZhd6KU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz249cGxGrB5wk3I/oUIlQMIpWavdGFLOnab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5uVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1OBkJzhnJiCWVa2FsJG1FNGdqESjYEb/nlVdKqVb2Lau3+slK/yeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+tnY/E</latexit>

zp
<latexit sha1_base64="/MZjOuv7fY37d+Fdxxn524vu4PY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFE8FLx4r2g9oQ9lsN+3SzSbsToQa+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91iPXRsTqAccJ9yM6UCIUjKKV7p96Sa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZqRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvHXFyWeO4A+czx9tHo3d</latexit>

Daytime
Surface 
Heating

Convection: 
clouds & precipitation

https://www.p3mountains.org/single-post/2018/07/18/More-firsts


Modeling Challenges:                  
{a priori}
• Steep terrain & grid 

anisotropy (e.g., Lundquist 
et al., 2009)

• Heterogeneous land cover
• Heterogeneous 

topography: local slope & 
aspect

Overarching Question
• Why do numerical models 

perform poorly for 
mountainous terrain? 

Introduction &  Motivations

Objectives: 
• Show turbulence 

observations of daytime, 
anabatic flows

• Implications/Challenges to:
• Common numerical  

modeling techniques
• Flux-gradient 

parameterizations (wall 
models and closures)



Field Experiment Setup
Swiss Alps

• 5 Sonic anemometers 
slope-parallel

• 20 Hz sampling

10-minute block 
averaging
Multi-Resolution 
Decomposition
(Vickers and Mahrt 
2003;2006)

--Nadeau et al. (2011)

Summer 2011
Slope angle = 35.5o

10 m Flux Tower



Slope Site: Insolation

West-facing 
slope site

Key Times (local hour):

• ~11:00 à Direct 
insolation. One of the 
last locations in the 
valley.

• ~14:00 à Opposite 
slope starts to get 
shaded.

• ~18:00 à Shadow front 
triggers evening 
transition.

Courtesy of Sebastien Hoch, Univ. of Utah Nadeau et al. (2012; 2018)



Slope Site: Convective Characteristics

Solid: Net Shortwave
Dashed: Net Longwave

8 ‘clear-sky’ days 
with weak synoptic 

forcing

Convective Regime:

12:00 to 18:00

Cross-slope (~ up valley)

Up-slope

Down-slope

Foehn?

Same site:   Transitions: Nadeau et al. (2012; 2018); Katabatic: Oldroyd et al. (2014;2016b)



Slope Site: Convective Characteristics

Convective Regime:
12:00 to 18:00

Tendency for afternoon 
cloud development
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Local Time

adapted from Keller (2016)

morning noon afternoon
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Local Time

Typical Trends

Strong gradients near the 
surface

Increasing  until late 
afternoon

(approximately follows 
radiation)

Responds rapidly to patchy 
clouds

Convective Characteristics
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Local Time

Typical Trends

Building speeds & 
wind shear

Until about 15:00

Then slow decay & 
weakening wind shear

drop-off at the 
evening transition

~ Correlates with temperature

Convective Characteristics



Convective Characteristics
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Local Time

Typical Trends

Increasing flux and divergence
Until about 15:00

Then weakening  until
drop-off at the 

evening transition

~ Correlates with temperature



Flow Structure

Shallow slope-flow layer

Z 
[m

]

Virtual Potential Temperature [k]

Z 
[m

]

Wind Direction [deg from N]

Valley flow influence increases with 
distance from the surface

Directional shear



Flow Structure
Z 

[m
]

Streamwise Velocity [m/s]

Do we have a Jet Profile?

Z 
[m

]

Momentum Flux [m2/s2]

Momentum flux divergence & sign change

No constant-flux surface layer à
Monin-Obukhov Similarity Breaks Down!

Anabatic  Jet:
Peak Approx. 2-3 m



Flow Structure
Z 

[m
]

Streamwise Velocity [m/s]

Superposition of two flows Z 
[m

]
Slope-Parallel Velocity [m/s]

Z 
[m

]

Cross-Slope Velocity [m/s]

'Valley’ flow

Slope flow

(negative = up 
the slope)Probably not that simple:

Modeling Challenge: What is local vs non-local?



Flow Structure

Z 
[m

]

Slope-Parallel Velocity [m/s]

Z 
[m

]

Cross-Slope Velocity [m/s]

Z 
[m

]

Slope-Parallel Momentum Flux [m2/s2]

Z 
[m

]

Cross-Slope Momentum Flux [m2/s2]

'Valley’ flow

Slope flow

Slope Parallel 
momentum flux:

Significant flux 
divergence

Sign change

Cross-Slope 
momentum flux:

Two 
‘constant’-flux

layers:
above & below 

jet peak
Surface 

decoupling near 
jet peak?



Flow Structure: Buoyancy Fluxes
TKE budget

In slope 
coordinate system Net (vertical) buoyancy flux = vector sum

@e
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Oldroyd et al., BLM 2016 a & b

Z 
[m

]

Slope-Parallel Buoyancy Flux [m2/s2]

~g

x, u

Z 
[m

]

Slope-Normal Buoyancy Flux [m2/s2]

Slope-Normal 
Buoyancy Flux

Along-Slope 
Buoyancy Flux

z, w

~g

Significant flux divergence

Positive (convective)

Z 
[m

]

Vertical Buoyancy Flux [m2/s2]

~g

ẑ, ŵ

Significant flux divergence

Changes sign near jet peak

Significant flux divergence

Mostly positiveà produces TKE



Z 
[m

]

Vertical Buoyancy Flux [m2/s2]
Vertical Buoyancy Flux [m2/s3]

Modeling Challenges

• No constant-flux surface layer à
Monin-Obukhov Similarity Theory       
Breaks Down!

• What drives the along-slope buoyancy 
flux?  
• How can we parameterize it?

• How best to define stability parameters 
over slopes? 

Flow Structure: Buoyancy Fluxes



Summary
Modeling Challenges {a priori}
• Steep terrain & grid anisotropy (e.g., Lundquist et al., 2009)
• Heterogeneous land cover
• Heterogeneous topography: local slope & aspect

Flow Observations 
Anabatic jet velocity profile 
• Peak height ≈2-3 m
• Upslope-Upvalley wind direction
Modeling Challenges
• Shallow slope-flow layer
• Multiscale-forcing (local & valley-scale)

↵
<latexit sha1_base64="xhbvynZRyriHeb9F86uFx8M3yvI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pku2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWD2aSMD/CoeQhp2is1OqhSEbYL1fcqjsHWSVeTiqQo9Evf/UGMU0jJg0VqHXXcxPjZ6gMp4JNS71UswTpGIesa6nEiGk/m187JWdWGZAwVrakIXP190SGkdaTKLCdEZqRXvZm4n9eNzXhtZ9xmaSGSbpYFKaCmJjMXicDrhg1YmIJUsXtrYSOUCE1NqCSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoPAIz/AKb07svDjvzseiteDkM8fwB87nD4pnjxQ=</latexit>

z
<latexit sha1_base64="tFgTaNRapgsT3naA3D48AqBgMBo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrxJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+gnjPo=</latexit>

~g
<latexit sha1_base64="bZMDE/f1S0CNHzAVKGghfYRCZdo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pmO2mXbjZhd1MooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38/99gSV5rF8MtME/YgOJQ85o8ZK7d4EWTac9csVt+ouQNaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOBs1Iv1ZhQNqZD7FoqaYTazxbnzsiFVQYkjJUtachC/T2R0UjraRTYzoiakV715uJ/Xjc14a2fcZmkBiVbLgpTQUxM5r+TAVfIjJhaQpni9lbCRlRRZmxCJRuCt/ryOmnVqt5VtfZ4Xanf5XEU4QzO4RI8uIE6PEADmsBgDM/wCm9O4rw4787HsrXg5DOn8AfO5w+W9I+1</latexit>

w
<latexit sha1_base64="JzbsuzcqFwYasnrK8Cj1pQFLW8k=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjOrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+ObjPc=</latexit>

x
<latexit sha1_base64="5N5vXGU2TJ3AeihCnWvyr/37MPg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQfEU8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+UfjPg=</latexit> u

<latexit sha1_base64="Nq15thiJAsT8/dWSu47mWbip/3c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AOCTjPU=</latexit>

↵
<latexit sha1_base64="xhbvynZRyriHeb9F86uFx8M3yvI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoHgqePFYwX5AG8pku2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWD2aSMD/CoeQhp2is1OqhSEbYL1fcqjsHWSVeTiqQo9Evf/UGMU0jJg0VqHXXcxPjZ6gMp4JNS71UswTpGIesa6nEiGk/m187JWdWGZAwVrakIXP190SGkdaTKLCdEZqRXvZm4n9eNzXhtZ9xmaSGSbpYFKaCmJjMXicDrhg1YmIJUsXtrYSOUCE1NqCSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoPAIz/AKb07svDjvzseiteDkM8fwB87nD4pnjxQ=</latexit>

✓v
<latexit sha1_base64="ezJC/xsUITtnLvBfz22bHvVhAM8=">AAACInicbVDLSsNAFJ34tr6qLt0MFsFVSVTwgQvBjUsFawtNDZPprR2cTMLMTaWEfIsbf8WNC0VdCX6M0zbgox4YOJxzD3fuCRMpDLruhzMxOTU9Mzs3X1pYXFpeKa+uXZk41RxqPJaxboTMgBQKaihQQiPRwKJQQj28PR349R5oI2J1if0EWhG7UaIjOEMrBeVDP7b2IJ352AVkedDb+tbSIDP5tZ9oEQG9C1RBc3rsBuWKW3WHoOPEK0iFFDgPym9+O+ZpBAq5ZMY0PTfBVsY0Ci4hL/mpgYTxW3YDTUsVi8C0suGJOd2ySpt2Ym2fQjpUfyYyFhnTj0I7GTHsmr/eQPzPa6bYOWhlQiUpguKjRZ1UUozpoC/aFho4yr4ljGth/0p5l2nG0bZasiV4f08eJ1c7VW+3unOxVzk5KuqYIxtkk2wTj+yTE3JGzkmNcHJPHskzeXEenCfn1XkfjU44RWad/ILz+QXN7KWa</latexit>

u
<latexit sha1_base64="hVFUbnnHAvxBb1n17cL3X00AFLI=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZkqKK4KblxWsA/oDCWTpm1oJhnyEMrQ33DjQhG3/ow7/8ZMOwttPRA4nHMP9+bEKWfa+P63t7a+sbm1Xdop7+7tHxxWjo7bWlpFaItILlU3xppyJmjLMMNpN1UUJzGnnXhyl/udJ6o0k+LRTFMaJXgk2JARbJwUhtKZeTazs36l6tf8OdAqCQpShQLNfuUrHEhiEyoM4VjrXuCnJsqwMoxwOiuHVtMUkwke0Z6jAidUR9n85hk6d8oADaVyTxg0V38nMpxoPU1iN5lgM9bLXi7+5/WsGd5EGROpNVSQxaKh5chIlBeABkxRYvjUEUwUc7ciMsYKE+NqKrsSguUvr5J2vRZc1uoPV9XGbVFHCU7hDC4ggGtowD00oQUEUniGV3jzrPfivXsfi9E1r8icwB94nz+50ZIb</latexit>
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Z 
[m

]

Momentum Flux [m2/s2]

• Turbulence flux divergence:  No constant-flux 
surface layer à Monin-Obukhov Similarity Theory 
Breaks Down! Need new parameterizations.

Z 
[m

]

Vertical Buoyancy Flux [m2/s2]
Vertical Buoyancy Flux [m2/s3]

• Along-slope buoyancy flux reduces TKE production 
near the surface.  How can we parameterize it?

• How best to define stability parameters over slopes? 
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