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Global distribution of mountains
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Source: USGS Global Mountain Explorer, https://rmgsc.cr.usgs.gov/gme/



Exchange processes over mountains
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Atmospheric flow decelerates over mountains, due to orographic 
blocking and gravity wave breaking. Orographic drag parameterizations 
alleviate systematic biases in general circulation models.

Momentum

At daytime, mountains heat the atmosphere at high altitudes above sea 
level, generating breeze systems that favor horizontal and vertical 
transport and mixing. At night, orography favors cold-air pooling.

Heat

Flow over mountains enhances stratiform and convective precipitation, 
ŘǊȅƛƴƎ ǳǇ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΦ aƻǳƴǘŀƛƴǎ ŀǊŜ άǿŀǘŜǊ ǘƻǿŜǊǎέ ŦƻǊ ǘƘŜ 
surrounding plains.

Mass: water

CO2 uptake by the land surface is the most uncertain term of the global 
budget, and is often estimated as the residual from other terms. 
Systematic deviations between modelled uptake and estimated residual 
reveal inadequacies in CO2 flux modelling over land. Poorly represented 
exchange over orography may be one reason.

Mass: CO2



Relevance of mountain weather and climate

ÅGoes beyond local weather forecasting.

ÅHas broad implications on:
1. Hydrological processes, flooding

2. Hemispheric circulation

3. Atmospheric composition

4. Global carbon budget
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1. Hydrological ensemble forecasts

ÅSmall catchment in southern Switzerland: Valle 

Verzasca (186 km2)

ÅAtmospheric EPS: COSMO-E (Klasa et al. 2018); 

нΦн ƪƳ ҟȄΣ нм ƳŜƳōŜǊǎΦ

ÅHydrological model: PREVAH (Viviroli et al 2009); 

semi-distributed, 25 different combinations of 

physical parameters.

Å21x25=525 simulations per initiation time.

ÅEnsemble approach shows the dominant 

contribution to uncertainty (meteo vs hydro 

model uncertainty).
5
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Uncertainty from meteorological ensemble Uncertainty from hydrological ensemble 

1. Hydrological ensemble forecasts

Example: October 26-31, 2018

Giordani (2019), MSc Thesis at Univ Innsbruck, in collaboration with Massimiliano Zappa, WSL



2. Hemispheric circulation

ÅThe accuracy of global NWP 
simulations is heavily affected by 
orographic drag parameterization.

ÅScientific uncertainties in mountain 
wave dynamics remain, e.g.:

- Role in transport of water vapour 
and constituents

- Tropospheric response to 
stratospheric gravity wave 
breaking, e.g. downslope 
wind/Föhn predictability
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3. Atmospheric composition

ÅImpacts at different scales:
ÅAtmospheric boundary-layer 

pollution in mountainous terrain, 
e.g. cold pooling, boundary-layer 
venting

ÅEnhancement of troposphere-
stratosphere exchange due to 
orographically induced motions 
(e.g., convection, waves).
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4. Global carbon budget
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9.3± 0.5 PgC y-1

+1.0± 0.5 PgC y-1

3.1± 0.9 PgC y-1

30%
Calculated as the residual

of all other flux components

26%
2.6± 0.5 PgC y-1

Average of 5 modelsGlobal Carbon Project 2010; Updated from Le Quéré et al. 2016 ð budget:  2006-2015
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4. Global carbon budget

ÅLand uptake is the most uncertain of all budget components.

ÅModelled uptake depends on method (2.3 vs. 2.7/3.8/3.8 PgC y-1 for 2006-2015)

ÅModelling approaches are based on PBL concepts that do not take into account the terrain
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(Le Quere et al. 2016)

Dynamic veg models

NH (> 30° N) land CO2 uptake

atmospheric 
inversions



Major experiments in mountain meteorology

11



Technological drivers

ÅHuge technological advances in observational and computational 
technology since previous large-scale campaigns.

ÅObservational advances:
ÅRemote sensing: ground based (radar, lidar, boundary-layer profiling, 

tomographic) and satellite-based (resolution, parameters retrieved).

ÅAirborne sampling and remote sensing.

ÅModel advances:
ÅSteadily increasing resolution.

ÅHigh resolution implies challenges in model initialisation, parameterization of 
sub-grid-scale physical processes, model evalution.
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TEAMx
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ÅExchange processes induced by 
mountains: Transfer of heat, 
momentum and mass (water, 
CO2, aerosols) between the 
ground, the PBL and the free 
atmosphere.

ÅHigh-resolution observation 
and modelling possible, but 
non-trivial. Model spatial 
resolutions outpacing 
observations.

ÅSpecial challenges over 
mountains: Spatial 
heterogeneity, wide range of 
relevant scales of motion.



Aims

ÅJoint experimental effortsto collect 
observations of exchange processes in 
complex-terrain areas. Use them for:

ÅModel evaluation.

ÅParameterization 
improvement/development (SL, PBL, 
orographic drag, convection).

ÅProcess understanding.

ÅField phase tentatively in 2023-2024.
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MoU signed by 9 institutions.
U. Innsbruck / MeteoSwiss /
Meteo France / U. Virginia /
McGill U. / U. Trento / C2SM /
NCAS / KIT
Open to new partners.

Atmosphere special issue on 
άAtmospheric Processes over 
Complex Terrainέ όŜŘƛǘƻǊǎ aΦ 
Rotach and D. Zardi).
8 papers published, 1 in 
preparation.

First TEAMx 
Workshop
28-30 August 2019 
Rovereto (Italy).
92 participants.

White Paper
currently in 
preparation; 
finalized after 
workshop.



Coordination and Implementation Group

ÅMathias Rotach, University of Innsbruck (Chair)

ÅMarco Arpagaus, MeteoSwiss

ÅJoan Cuxart, University of the Balearic Islands

ÅStephan De Wekker, University of Virginia

ÅVanda DǊǳōƛǑƛŏ, National Center for Atmospheric Research

ÅNorbert Kalthoff, Karlsruhe Institute of Technology

ÅDaniel Kirshbaum, McGill University

ÅManuela Lehner, University of Innsbruck

ÅStephen Mobbs, National Centre for Atmospheric Science

ÅAlexandre Paci, Meteo France

ÅElisa Palazzi, National Research Council of Italy

ÅStefano Serafin ē Coordinator

ÅDino Zardi, University of Trento
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Programme Coordinator Office at the University of Innsbruck

Sponsored by Karlsruhe Institute of Technology KIT,Météo France,MeteoSwiss, 
National Center for Atmospheric Science (NCAS), University of Innsbruck, 
University of Trento,ZAMG



Review articles
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Memorandum of Understanding
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Partnership
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First TEAMx Workshop
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28-30 August 2019
Rovereto

Italy

92 participants
11 countries



White paper
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Science Plan
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Objective Primary Focus Target

Process understanding

Micro- and meso-scale processes within and 

above the mountain boundary layer (MoBL); 
Interaction between scales.

Quantitative understanding of momentum, 

energy and mass exchange over 
mountainous terrain

TEAMx Joint Experiment(s)

Collaborative use of multi-platform 

instrumentation to sample the spatial 
heterogeneity of turbulence and mesoscale 

circulations over and near mountains

Quality-controlled observational data pool, 

available for process investigation, high-
resolution model verification, 

parameterization development

Improving Weather and Climate 

Models

Models right for the right reason, i.e., 
identification and reduction of model biases 

and uncertainties over complex terrain

Weather forecasts and climate simulations 

over mountains as good as over flat terrain, 
and less reliant on model output post-

processing

Support to Weather and Climate 

Service Providers

Air pollution, hydrology, climate change 

scenarios (e.g., elevation-dependent climate 
change).

Smaller uncertainty of impact models, due 

to reduced errors in weather and climate 
information.
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Multi-scale Transport and
 Exchange Processes in the
 Atmosphere over 
 Mountains
Programme and e xperiment
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Processes at various  
spatial scales Χ

Χand their interactions
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ÅInfluence of mountain 
terrain on
- mountain drag
- heat (energy) budget  
- mass exchange (CO2; 
   H2O, Χ)
Åorographic precipitation

- drying ratio
- local evaporation
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ÅDefinition of mountain   
boundary layer (MoBL)
Å Alpine venting
Å convection initiation 

(CI)
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Åimpact of valley 
geometry, orientation, 
surface type(s), Χ ƻƴ 
local exchange
Åvalley turbulence (TKE)
Åconvection  initiation 

(CI)
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Åturbulent exchange on 
slope
Ådata post-processing
Åscaling
Åsurface character (e.g., 

soil moisture)
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Åcyclogenesis, 
instability
ÅPV generation
Åblocking
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Åimpact of synoptic 
flow
- stability/ strength/ 
  direction
Åinteraction between 

flows in different 
valleys
ÅCO2 uptake 
Åmoisture export



32

Åinteraction orog. 
precip. - valley 
drainage
Åridge-area turbulence
Åimpact of 

background flow on 
exchange
Åchemistry-dynamics
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Åinteraction slope 
flow - turbulent 
exchange

Åradiation ς 
turbulence

Åturbulence-
chemistry



When?
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ΧTowards an intensive field campaign in 2023Χ 

* TEAMxJoint Experiment

2023202220212020

A
P

TJE*

A
P

A
P

A
P

e.g., test experiment

Applyfor / securefunding

e.g., Preparatorysimulation

e.g., climatologies

Applyfor / securefunding



Where?

ÅEuropean Alps
ÅMidlatitude region with 

abundant moisture supply.

ÅHigh spatial heterogeneity in 
small area.

ÅDense measuerement 
network.

ÅExisting semi-permanent 
micrometeorological 
observatories, numerous 
high-altitude observatories.

35



Funding

ÅTEAMx is bottom-up financed.

ÅWhile applying for funding, project PIs may request TEAMx 
άŜƴŘƻǊǎŜƳŜƴǘέΦ 9ƴŘƻǊǎŜƳŜƴǘ ƛƳǇƭƛŜǎ ŎƻƴǘǊƛōǳǘƛƴƎ ŀƴŘ ŀŎŎŜǎǎƛƴƎ ǘƻ 
common data pool. Data policy in preparation.

ÅProjects can be stand-alone, bi- or multi-lateral.

ÅCIG/PCO supports coordination and initiation of new collaborative 
projects.

ÅTwo TEAMx projects already running...
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ASTER(courtesy of Manuela Lehner)

Atmospheric boundary-layer modeling over complex terrain

Evaluating surface forcing processes (turbulence parameterizations, land-surface models, and soil and 
land-use characteristics)for boundary-layer modeling over complex terrain

37

Idealized simulations:

Quantify the sensitivity of 
modelled soil, surface, and 
near-surface parameters to 
these surface forcing 
processes. 

Real-case simulations:
North and South Tyrol

Identify and quantify 
deficiencies in current 
representations of these 
surface forcing processes

Collaborators:
Å University of Innsbruck 

(PI Manuela Lehner)
Å University of Trento 

(PI Lorenzo Giovannini)
Å University of Bolzano 

(PI Massimo Tagliavini)

Project start:
Å July 2019

WRF model simulations

Identify those parameters and processes that have a large 
impact and whose current representation in models is deficient.



ÅCross-valley flow in the Inn Valley investigated 
by dual-Doppler LiDAR measurements

ÅMotivation: lack of knowledge of valley-induced 
circulations and their impacts on exchange of 
momentum, heat and mass

ÅObjective: sample the valley atmosphere in a 
single cross-valley transect with high 
spatiotemporal resolution

ÅInnsbruck, Austria ς Aug-Oct 2019

Å3 x Doppler LiDAR (Leosphere Windcube), 
microwave radiometer (HATPRO), i-Box flux 
towers, DLR Cessna

CROSSINN(courtesy of Bianca Adler and Nevio Babic)



Possible GEWEX connections

ÅGEWEX Process Evaluation Studies, PROES (shared approach: 
defining observation-based metrics to understand physical processes 
and improve models at the fundamental process level).

ÅGHP Cross-cutting project INARCH (The International Network of 
Alpine Research Catchment Hydrology), due to focus on mountain 
hydrology and snow. 

ÅGASS, due to ongoing activities on surface drag (esp. orographic drag) 
and momentum transport, in particular the COORDE intercomparison 
project.

ÅGABLS (GEWEX Atmospheric Boundary Layer Study).
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TEAMx and GABLS

ÅCommon approach: Intercomparison between observations, large-eddy 
simulations and simplified versions of NWP codes.

ÅGABLS:
Åconsidered flat/homogenous terrain;

Ådealt primarily with stable boundary layer processes.

ÅTEAMx:
ÅWill have greater focus on daytime, convectively driven exchange.

ÅCannot use single-column model approach due to focus on terrain heterogeneity.

ÅWill need to address separately orographic and land-cover complexity.

ÅWill need to include models with different grid types (terrain following grids, 
immersed and embedded boundary methods).

40



Conclusions

ÅTEAMx has started: MoU, review papers, workshop.

ÅScientific focus on mountain-induced exchange processes. Broad scope including related 
disciplines such as air chemistry, climate science.

ÅCombination of field and modelling experiments.

ÅPlans for field campaign in 2023-2024 in the European Alps.

ÅImplementation details currently being defined.

ÅFunding: bottom-up approach, partners fund themselves.

ÅFirst two funded projects:

ÅCROSSINN (PI Bianca Adler, KIT)

ÅASTER (PI Manuela Lehner, UIBK)
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Thank you!
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1. Shortcomings of parameterization schemes over mountains

2. Multi-scale interactions over mountains
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Parameterizing exchange processes

ÅThree examples of gaps between the state-of-the art in 
parameterizations and the state of knowledge about exchange 
processes over mountains:

1. Scaling laws in the surface layer

2. Planetary boundary layer

3. Orographic drag

45



Example 1: MOST scaling laws

How parameterizations work

ÅSL parameterizations assume 
that the first model level lies 
within the constant-flux layer.

ÅUnder this assumption, 
surfacefluxes are estimated 
from model-level variables 
using bulk transfer 
relationships.

ÅBulk transfer coefficients 
include adiabatic corrections, 
based on MOST (ʌ, y =z/L).
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Example 1: MOST scaling laws

What we know

ÅOver slopes, turbulent fluxes 
may change considerably 
with height above ground.

ÅEven using localscaling, flux-
profile relationships are often 
reported to match observed 
fluxes and gradients very 
poorly over complex terrain.

ÅThe example refers to a steep 
mountain slope.

47

Nadeau et al (2013)



Example 1: MOST scaling laws

TEAMx plan

ÅObservation of the components of the 
surface energy budget for extended 
periods in distributed observatories (e.g., 
i-Box).

ÅFundamental investigations on turbulence 
properties in the atmosphere over 
complex terrain (e.g., anisotropy, 
generalization of scaling laws).

ÅSystematic evaluation of SL 
parameterization over complex terrain.

482011 ςongoing



Example 1: MOST scaling laws

TEAMx plan

ÅObservation of the components of the 
surface energy budget for extended 
periods in distributed observatories (e.g., 
i-Box).

ÅFundamental investigations on turbulence 
properties in the atmosphere over 
complex terrain (e.g., anisotropy, 
generalization of scaling laws).

ÅSystematic evaluation of SL 
parameterization over complex terrain.

492011 ςongoing



Example 2: PBL structure

How parameterizations work

ÅRegardless of the closure 
type (K-profile or TKE-based), 
the BL height (zi) is a key 
parameter in determining the 
eddy transfer coefficients.

Åzi is determined in a variety of 
ways (e.g., gradient or Rib
methods).

ÅPBL closures are often 1D 
(they only model vertical 
exchange).

50

Troen and Mahrt (1986)



Example 2: PBL structure

What we know

ÅThe vertical structure of the 
MBL is more complex than 
that of the CBL (evidence 
from both observationsand 
numerical modelling).

ÅDifferent ways to estimate zi

perform very differently over 
complex terrain.

ÅHorizontal exchange is 
important over complex 
terrain.

51

Markl et al (2017)

Free Atmosphere

Transition Zone

StableValley Atm

Mixed Layer
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Example 2: PBL structure

What we know

ÅThe vertical structure of the 
MBL is more complex than 
that of the CBL (evidence 
from both observations and 
numerical modelling).

ÅDifferent ways to estimate zi

perform very differently over 
complex terrain.

ÅHorizontal exchange is 
important over complex 
terrain.

52

Wagner et al (2015)



Example 2: PBL structure

What we know

ÅThe vertical structure of the 
MBL is more complex than 
that of the CBL (evidence 
from both observations and 
numerical modelling).

ÅDifferentways to estimate zi

perform very differently over 
complex terrain.

ÅHorizontal exchange is 
important over complex 
terrain.

53

Rotach and Zardi (2007)



Example 2: PBL structure

TEAMx plan

ÅComprehensive measurements of  the MoBL: 
ground-based remote sensing to map 3D 
kinematic and thermodynamic structure and 
fluxes within PBL over valleys/mountains (flux 
towers+remote sensors; e.g. Doppler wind 
and Raman lidars, wind profilers). Possible 
use of light aircraft or UAVs for gap-filling 
measurements over wide areas.

ÅSystematic evaluation of PBL 
parameterization over complex terrain.

ÅTesting recent advances in numerics (e.g. 
immersed- and embedded-boundary 
methods to represent orography).
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Radiosonde

Micro Pulse
DIAL30 m 

Flux Tower

Wind Profiler    Wind LIDAR
10 m 

Flux Tower x 16

Lower Troposphere Observing System
(LOTOS)

NCAR


