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Mountain Weather and Climate

» long tradition
— orographic precipitation
— gravity waves, ~ breaking
— blocking '
— Fohn, Bora & co
— dynamic features

» Alpex, Pyrex, MAP

/ NN ‘
Y. 5://www.metofﬂce.gov.uN/Iearning/leairn-aggeél{-
the-weather/how- er-works/hi
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Mountain Weather and Climate

» common interest
— impact of mountains on state of the atmosphere
— e.g., how does ‘a mountain’ change the production of rain?
— how does ‘a mountain’ modify the flow?
etc., etc. ...

» mountain — atmosphere perspective
» from a global perspective:

— ‘mountain’ is part
of the surface
— character of the surface
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Exchange

» character of the surface
— determines the exchange between the atmosphere
and the earth
— coupling of the atmosphere with the surface

» mountain <= atmosphere perspective

» traditionally: this is the role of the boundary layer
— exchange of heat, mass and momentum at the surface
— transport to the ground / away from the ground

» example: CO, budget

M universitat
iInnsbruck



Fate of Anthropogenic CO, Emissions

9.3%0.5 PgC y" 45+0.1 PgC y"

1970 1980 1990

2.6+0.5PgC y-

Global Carbon Project 2010; Updated from Le Quéré et al. 2016 — budget: 2006-2015 Average of 5 models
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CO, (GtCyr)

Land surface carbon uptake

Overall:
— about equal shares go to oceans / land surface
— uncertainty of land uptake the largest
— |land uptake modeled depends on method
(2.3 vs. 2.7/3.8/3.8 PgC y ! for 2006-2015)
— modeled: does not take into account terrain

NH (>30° N) land CO, uptake

Dynamic veg models

atmospheric
inversions

North

1960 1970 1980 1990 2000 2010 2020 (Le Quere et al. 2016)
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Hypothesis

The discrepancy of modeled land surface uptake of C and that
‘required’ (i.e. the residual) might at least partially disappear if ‘the
models’ were taking topography properly into account
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Modeled land surface uptake

model approaches:
» atmospheric inverse modeling

VS:

» dynamic global vegetation models,
including

— ecosystem modeling

— inventories
— upscaling from ‘flux towers’

all rely on measurements: [CO,] or W'CO;
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Modeled land surface uptake

model approaches:
» atmospheric inverse modeling

VS:
» dynamic global vegetation models,

including

— ecosystem modeling

— inventories

— upscaling from ‘flux towers’ J

layer exchange’

> — rely on ‘boundary
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Exchange over topography
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Recent developments (since MAP)

» better model resolution
— e.g., COSMO-1 for NWP
— EURO-CORDEX: 12.5 km grid spacing for regional climate
— 2.2 km grid spacing: decade-long climate simulations
(Ban et al. 2014)

» more realistic terrain
— need to treat steep(er) slopes
— parameterizations are not devised for non-flat terrain

» climate change
— requires impact modeling
— need: the right temperature at mtn. surface (not only the mtn.
sfc temperature that yields the ‘best precipitation’)
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A Change in the Perspective

» atmospheric models (weather and climate)
— goal: use output as input for Earth System Services / Climate

services
— hydrological / agricultural / health / air pollution / ....
applications

I exchange @ sfc
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A Change in the Perspective

atmospheric flow:

— if related to traditional (prognostic) variables:
downscaling (diagnosing)
— for example: heat wave (temperature ...), wind power

— if application model needs more: such as turbulence, PBL
height ?

— for example: air pollution modeling (friction velocity, TKE,
PBL height, ...)
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A new international initiative

Transport and Exchange processes in the
Atmosphere over Mountainous terrain

ALPEX — MAP — TEAMXx

» discussion started: after ICAM-2015
» meetings aside conferences

» Coordination and Implementation Group established (9/2017)
» White Paper in preparation
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Exchange of energy, momentum & mass

Scale interactions

* cyclogenesis, instability
. PV
* blocking

* impact of synoptic flow
- stability/ strength/
direction

* interaction between
different valleys

* CO, uptake

* moisture export

* interaction orog.
precip. - valley drainage

* ridge-area turbulence

+ impact of background
flow on exchange

* chemistry-dynamics

* interaction slope flow -
turbulent exchange

» radiation — turbulence

* turbulence-chemistry

0, u, H,0, CO,,...

0 —osaw

(after Rotach etY 2015),

g —osauw

A —osaw

001U

Processes @ scale

* How does MT influence

- Mountain drag (u)

- Heat (energy) budget
()

- Mass exchange (CO,;
H,0)

+ Orographic precipi-

tation
- specific questions

* Definition of mountain
boundary layer

* Alpine venting

* convective initiation (CI)

« valley geometry,

orientation

* surface type(s)
« valley turbulence (TKE)
* convective initiation (Cl)

* turbulent exchange on

slope

* data post-processing
* scaling
« surface character (soil

moisture, ...)

topics:

BLs in complex terrain
thermally driven flows
dynamic transport
(waves, breaking, ...)
convection & orography
stable BLs

pollutant transport and
dispersion

— and their interactions
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Exchange of energy, momentum & mass

Scale interactions

* cyclogenesis, instability
. PV
* blocking

* impact of synoptic flow
- stability/ strength/
direction

* interaction between
different valleys

* CO, uptake

* moisture export

* interaction orog.
precip. - valley drainage

* ridge-area turbulence

+ impact of background
flow on exchange

* chemistry-dynamics

* interaction slope flow -
turbulent exchange

» radiation — turbulence

* turbulence-chemistry

0, u, H,0, CO,,...

0 —osaw

(after Rotach etY 2015),

g —osauw

A —osaw

001U

Processes @ scale

* How does MT influence

- Mountain drag (u)

- Heat (energy) budget
(6)

- Mass exchange (CO,;
H,0)

+ Orographic precipi-

tation
- specific questions

* Definition of mountain
boundary layer

* Alpine venting

* convective initiation (CI)

« valley geometry,

orientation

* surface type(s)
« valley turbulence (TKE)
* convective initiation (Cl)

* turbulent exchange on

slope

* data post-processing
* scaling
« surface character (soil

moisture, ...)

methods:

- numerical modeling
— NWP (km scale)
— regional climate
— processes and

parameterizations

- observations
— turbulent exchange
— Lidar, scintillometer
— obs strategies

goal:

— coordinated experiment
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TEAMX

Research questions

— how does mountainous terrain impact exchange to the free
atmosphere of energy, mass and momentum? (which processes,
interaction, abundance, ...)

— do we understand the relevant processes quantitatively?

— are current models (regional climate, NWP) able to adequately
reproduce these processes?

— do we need a sgs-parameterization (as gravity wave drag) for
O(10 km) grid spacing models?

— how does mountainous terrain affect air quality?
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TEAMX

partners (so far...):
[+/- represented in CIG]

- University of Innsbruck

- University of Leeds (NCAS)

- Karlsruhe Institute of Technology (KIT)
- University of Trento

- University of Virginia

- Mc Gill University

- ZAMG
- MeteoSwiss

- Meteo France
- NCAR
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Part |l

ACINN activities (wrt TEAMXx):

> i-Box
— cluster of various projects
— observational network plus numerical modeling
— recent BAMS paper (Rotach et al. 2017, DOI:10.1175/BAMS-D-15-00246.1)

> idealized-terrain simulations
— Project QUEMONT (Alexander Gohm)

M universitat
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i-Box in a Nutshell

/

NUMERICAL EXPERIMENTS

/SCIENTIFIC QUESTIONS

> SURFACE EXCHANG
> EXCHANGE

DATA POOL » —> ROLE OF S€ JARY CIRCULATIONS

—> ENERGY BA y

—> TURBULENCE SPECTRA

D e

FREE ATMOSPHERE

\ PARAMETERIZATIONS

-

/

Rotach et al. (2017)

23
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i-Box in a Nutshell
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How important are 3D effects for
the simulation of TKE structure

in a major Alpine valley?

Brigitta Goger’
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Motivation & Goals ACINN

Common Turbulence

Mountain boundary layer
Parameterizations

e Developed for hnhf terrain

e 1D turbulence
parameterizations

NWP model (Ax = 1km) e Only vertical exchange

/s

Rotach and Zardi (2007)

e TKE underestimation

How do 3D effects influence the simulation of TKE in
complex terrain?

B universitat 26
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Turbulence Parameterization Evaluation ACINN

NWP Model COSMO
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e Similar to operational setup of
MeteoSwiss (MCH)

e [nitial & boundary conditions
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e 80 vertical levels
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i-Box Observations

I B [ g | -

3000

2500 E

12000 &
&
1500 ©

47.3°N

h

eig

1000

h

;l Y' _j‘ | .l

: : 1 1 = % _ . |
11.6°E 11.7°E 11.8°E

11.5°E

500

AN acE

e 5 flux towers
e TKE observations

e TKE budget terms:
Buoyancy production
Shear production
Dissipation

Turbulent Transport



- - ‘a . v
1D Turbulence Parameterization ACINN

e 1.5-order turbulence closure (Mellor-Yamada)
e Prognostic equation for auxiliary variable g?=2TKE

o [ q? k.9 oL OUN® [OV\?
at(z) gp,  HHu (oz> (02)
N’ N J
tendency productti)gr?/)::%rr:%mption vertical shes? production
19 0 (q°
—— OANGg— | — — 1
+ 50z [atkep 195 ( 5 )] (1)
\—z_/

vertical turbulent transport
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Hybrid Turbulence Parameterization
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Methods ACINN

e Case studies:
Daytime up-valley wind
Nighttime down-slope flows

e TKE budget evaluation of both turbulence parameterizations
e Grid point ensemble

T Mean

=== Median
o=® Observations
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Valley Floor Station | Daytime ACINN

July 01, 2015 init 00 UTC

Before noon: convective boundary layer
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Valley Floor Station | Daytime ACINN
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Valley Floor Station | Daytime ACINN

July 01, 2015 init 00 UTC

Afternoon: strong up-valley wind

47.3°N -~
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Wind field at 15 UTC
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Daytime TKE | 1D Turbulence ACINN
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Daytime TKE | 1D Turbulence ACINN
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Shear /

v
Daytime TKE | 1D Turbulence ACINN
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Daytime TKE | Hybrid Turbulence ACINN
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v
Steep Slope Station | Nighttime ACINN

July 01, 2015 init 12 UTC

Nighttime: stable boundary layer
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Steep Slope Station | Nighttime
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Nighttime TKE | 1D Turbulence
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Nighttime TKE | Hybrid Turbulence
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Nighttime TKE | Vertical Profiles 24 UTC ACINN
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Summary & Conclusions ACINN

1D Turbulence Parameterization
e Buoyancy (before noon): 1D turbulence sufficient
e \/ertical shear (afternoon): TKE underestimation
e Turbulent Transport (night): no realistic TKE simulation

Hybrid Turbulence Parameterization
e 3D shear (afternoon): Crucial for correct simulation of TKE

e Turbulent Transport (night): Model is able to simulate TKE
accordingly

° . plays minor role

Goger et al.: The Impact of 3D Effects on the Simulation of Turbulence
Kinetic Energy Structure in a Major Alpine Valley, in press BLM
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ACINN activities (wrt TEAMXx):

> i-Box
— cluster of various projects
— observational network plus numerical modeling
— recent BAMS paper (Rotach et al. 2017, DOI:10.1175/BAMS-D-15-00246.1)

> idealized-terrain simulations
— Project QUEMONT (Alexander Gohm)

M universitat
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ITication at d terraln geometry on the d w—\ neat
- export from and idealized valley. |

auf, Alexander Gohm and Mathias W. Rotach

te for Atmospheric and Cryospheric Scien
University of Innsbruck
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Formulation of the Problem

e Global models: too coarse
grid for complex terrain

e Unrealistic PBL structure

e |Local circulations are not
resolved

e Important exchange
mechanisms are missing

Alexander Gohm

Quantifying Exchange Processes After Rotach and Zardi 2007
in Mountainous Terrain
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Breakup of a valley inversion

After Whiteman and McKee (1982): Breakup is reached as the
valley atmosphere becomes neutral
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Impact of the breakup

w (m/s) and pot. Temp (K), 09 LT 30

1H2.4

288.0

2.5

0.0

50
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Impact of the breakup
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Required, provided and exported energy

At sunrise:

he
Qureq = Ly G /0 p(2)[OF — ©(2)]W(2)dz
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Required, provided and exported energy

At sunrise:

hc
Queq = LyC, / 0(2)[OF — O(2)]|W(z)dz

During daytime:

ts
mevz/ /Hs(t,x,y)dxdydt
tr JA

surf. sens. Heat flux H.

B universitat
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Required, provided and exported energy

At sunrise:

he
Qrea = Lycp [ p(2)[O€ — () W(2)dz

During daytime:

ts
Qprov :/ / Hs(t,x,y)dx d_y dt
tr JA

B universitat
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The Breakup Parameter

. C'?req

B =
Qprov

Approximately:

B > 1: Breakup is never reached

B = B. = 1: Breakup barely reached
B < 1: Breakup is reached

Due to heat export:
Breakup reached for B, < 1. (B, ~ 0.65)

Expectation: Vertical export depends strongly on B

B universitat
innsbruck
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A virtual lab: WRF model

e LES: small meshsize (Ax = 200 m)
e no PBL parametrization
e no soil model

e MO-theory for u* and
momentum fluxes

e u=v=0m/s

Varia bles 280 22;2 21134 2é6 2!;8

8 (K)
e N = 0.006-0.018 s~1
o App = 62.5-375 W m—2

e Residual Layers

6 8 10 12 14 16
time (LT)
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Residual Layers

High Residual Layer = Deep Residual Layer = Low Residual Layer

z Z
2.5 km
______ o 1.5 km
1.5 km (h¢)
1.0 km
© ©
B universitat 57
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Topography
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Export of heat — Reference
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Export of heat — Impact of Residual Layers

20 | e LSNAT — Fit (IStd)
® L-RLH-N*-A* —— Fit(RLH) |
High Residual Layer
1 z
2.5 km
] 1.5 km (h.)
.- ©
0.0 05 1.0 15 20 25 3.0 35 40
B
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Export of heat — Impact of Residual Layers

| I | | I | I
® L-Std-N*-A* Fit (Std)
® L-RLH-N*-A* —— Fit (RLH) |
+ L-RLD-N10,18-A* —— Fit (RLD)
1 z
. =
|
3.0 3.5 4.0

Deep Residual Layer

1.0 km
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Export of heat — Impact of Residual Layers

| |
L-Std-N*-A* Fit (Std)

o (
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chp/Qprov (°/°)

Impact of other parameters

» terrain geometry H / W, terrain form
» 2d - 3d
» elevated plateau’s

cosine shape (,C’), elev. plateau
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Impact of other parameters

» terrain geometry H / W, terrain form
» 2d - 3d
» elevated plateau’s
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High Residual Layer
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Deep Residual Layer

5
<
—

L

| |

|

i
:
f
|

i
I

_

,

|

0

N

N
TR
__ —::: &a — \
E:. . .a__a {4
W “§§
AW
N o
i) ,,.‘:33.
! : zr\\\\s‘:
.N’ 4s§§: 4
« v \hemssed]...

-9

< .

7

6

|

x (km)

x (km)

40 60 80 100

20

-80 -60 —40 -20

-100

Vertical heat flux (W m~2)

66

B universitat

iInnsbruck



Low Residual Layer

Vertical heat flux (W m~2)
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Conclusions

e Breakup parameter determines how fast the valley BL evolves
e Total export of heat decreases exponentially with increasing B
e Residual Layers impact the vertical distribution of heat

e |Lead to an increase or decrease export of heat

— Leukauf et al. (2017), JAMC
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Summary

» exchange of energy, mass and momentum
— impact of mountainous terrain
— right for the right reason (climate & NWP services)

» TEAMX

— coordinated international effort
— partners welcome

» COSMO TKE parameterization (1d vs. ‘hybrid’)
— is hybrid good enough? (LES needed?)
— seek more general formulation

» idealized valley simulations
— breakup parameter: towards a sgs-parameterization?
— initial stratification most relevant
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Title

Impact of 3D effects on TKE in a valley

27

TKE forcing Location bias [1D] bias [hybrid] rmse [1D] rmse |[hybrid]
(m2 S—2) (m2 S—2) (m2 S—2) (m2 S—2)
Buoyancy Valley floor -0.32 -0.30 0.36 0.34
Slopes 0.03 0.04 0.16 0.15
Shear Valley floor -0.44 0.08 0.48 0.33
Slopes -0.45 -0.22 0.51 0.34
Transport Valley floor -0.22 -0.12 0.25 0.16
Slopes -0.35 -0.32 0.38 0.36

Table 2 Bias and rmse for TKE for simulations with both turb_1D and turb_hybrid. The
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Title

OCTOBER 2017 LEUKAUF ET AL. 2723
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| el © o 1
GOE 40 |- e to 1
< +-.
<l 20} 1 |
S e - Fit
g40'_+ o0 "H- | e H*Std-N10-A*
Q e 101 10° | + W*Std-N10-A*
s | & o S , ® L-Std-N10-A1
Qo | 4 | decreasing width/height; increasing Ansx |
201 ¥ .
[ "_EP increasing width/height; decreasing Ap¢y
ol na_ y - ® o ® i

00 05 10 15 20 25 30 35 40
B

FIG. 7. As in Fig. 2, but for the simulation sets H*-Std-N10-A* and W*-Std-N10-A*. The simulation
L-Std-N10-A1 is identical to H1.5-Std-N10-A1 and to W2-Std-N10-A1.

— no impact of valley width / valley depth
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Title

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 56
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Y
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FIG. 8. As in Fig. 2, but for the simulation sets C-Std-N*-A* CP1.3-Std-N*-A* CP1.0-Std-N*-A*,
CP0.75-Std-N*-A* and C3D-Std-N10,18-A*. The vertical heat flux over the three-dimensional valley has
been averaged over the innermost 10 km (inner), the 10km nearest to the valley entrance (outer), and
over the whole valley (whole).

— impact of valley form (cosine instead of linear), 3d (instead of 2d)
and ‘elevated plateaus’
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GAPS in knowledge

— project @ UIBK will start soon ...
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,Near-surface’ exchange

heat, momentum
* mass
|
| Planetary Boundary Layer
| -> turbulent flow —
| O(1000m) -> turbulent exchange
| S /\ ‘<~ )
/\
' CNT ST L~ DE))
A’\
| . ) T /\} (L £ Y,
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,Near-surface’ exchange

heat, momentum
mass

Theory behind
-> flat, horizontally homogeneous surfaces
©(1000m) -> scaling regimes
—> coarse-scale models: total exchange
modeled as turbulent exchange @ sfc

A
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Exchange over topography

» Boundary layer is inhomogeneous by
construction

» thermally induced circulations
— slope / valley flows
— mountain venting

» dynamic modification (gravity wave drag,
etc) R

yﬂ' !

and Miller

Lott

» geometrical effects (e.g., narrowing /

widening) for mass
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Rotach and Zardi (2007)

I

—> high spatial resolution required Q(100m)

— climate modeling: O(100km) ....

3\
N

Coarse models

79
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Momentum exchange

no gravity
wave drag
mean Jan NH SLP (84-86)
— total exchange: subgrid-
scale contribution para-
meterized
M universitat 80

iInnsbruck



Subgrid parameterization

\/ Momentum

— orographic drag (e.g. Palmer et al. 1986)

Heat
— Noppel and Fiedler (2002) | >idealized modeling

>systematic
>no parameterization
yet

H E R EEN

— Schmidli and Rotunno (2012
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Heat exchange

0-3""'I"""""I""' |
= -=  Shf
shf+rad
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>4 trb
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S o1
=
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©
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£
©
Q
< 0.1
Ax=1km, ARPS —0.25 P R R — P 1s
time [LT]
- perfectly ideal
— influence of surrounding topography
— influence of geometry Schmidli and Rotunno 2010
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Heat exchange - geometry

\Voliime V

\ 4

Volume 1V
HGT = 0.5 km

Heating rate (x10™* K s™")

Heating rate (x10™* K s7')

<00 /ot>
: valley .
4H =——TND | | | SHF
SHF :
Al e R USRS SRS /
w— RES+SGS :
2+ : : -
0 - . . L . . . L :. . . e
1k : -
2 : -
“32 2f5 113 3f5 fli 45 5
Tima (h)
I < 80 / at >valley I? | SHF
SHF
3r ADV N
m— RES+SGS
2 L — N N N -
1F S TND
0F i
=1 p— d : -
_2.- \ : -4
_32 2%5 113 315 «]t 4?5 5
Time (h)

Johannes Wagner, IMGI

B universitat
innsbruck

83



Subgrid parameterization

\/ Momentum

— orographic drag (e.g. Palmer et al. 1986)

(V" Heat
— Noppel and Fiedler (2002) | >idealized modeling

>systematic
>no parameterization
yet

H E R EEN

— Schmidli and Rotunno (2012

Mass
— Weigel et al. (2007)
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Numerical Modeling

» MAP Riviera example
» three days with weak synoptic forcing
» ARPS, LES, high resolution, several nests

— (very) good correspondence to observations

— different (all) variables simultaneously in
correspondence
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Profile Potential Temperature

altitude above sea level [m]
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Heat flux (K m/s)

kinematic heat flux

eee Observation

e simulation - reference

ooo land use and soil moisture
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Moisture exchange

» MAP Riviera example
» three days with weak synoptic forcing

» ARPS, LES, high resolution, several nests

22. August 1999

.......
.......

Flow divergence

Thermal circulation

25. August 1999
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Turbulent exchange at lid
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Exchange of CO,

» different source/sink characteristics than moisture
» ‘active’ during the night as well
» importance of SBLs/drainage flows

Some pioneering studies:

» carbon budgeting methods yield inconsistent results
—> Niwot Ridge AmeriFlux site (Desai et al. 2011)

» mountain induced circulation with significant impact on
regional carbon budget

— Airborne Carbon in the Mountains Experiment (Sun and
De Wekker 2011)

» meso-scale circulations contribute to total exchange
— Regional carbon budget models (e.g., Perez-Landa et al. 2007;
Pillai et al. 2011 )
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CO, exchange
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Summary

» Boundary layer structure in complex terrain
— Impact on overall exchange to FT
— turbulent exchange pl/us meso-scale circulations
plus terrain effects

» parameterizations exist for momentum
— not for heat
— nor for mass

» need to understand relative importance of
processes
— comprehensive data sets: more than a few
episodes / spatial coverage
— high-resolution numerical modeling
— combined observations/modeling testbed
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Atmospheric point informtion

O - @ -
. lxlkm’ ]xlkm’ TKE1x1km 1x1km’
15t model level @ Q@ ®) Q@

— turbulence at hub height?
— soil moisture / evaporarion

H L )

— boundary layer structure
— bundary layer scaling
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Boundary Layer challenges
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