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Outline

Å WMO Reform and Research Priorities

Å Part 1: Seamless ESP and CCMM
i. Seamless prediction of the Earth system (ESP) approach;

ii. Online coupling of atmospheric dynamics and chemistry models (CCMM); 

iii. Multi-scale (time and space) prediction ;

iv. Multi-platform observations and data assimilation;

v. Data fusion, machine learning methods and bias correction techniques;

vi. Ensemble approach; Fit for purpose approach and Impact based forecast.

Å Part 2: Urban cross-cutting focus and IUS
i. Why the urban focus? 

ii. Urban meteorology and air pollution modelling and prediction;

iii. Urbanization of NWP, climate and AQ models; 

iv. From urban NWP & UAQIFS to MHEWS; 

v. Integrated Urban Hydrometeorology, Climate & Environment Systems;

vi. Integrated Urban Services (IUS) for sustainable cities.

Å From Research to Services
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WMO for the 21st Century meeting the UN SDGs
WMO Reform and Proposed structureapproved by 

the 18th World Meteorological Congress, on 3-14 June 2019

https://public.wmo.int/en/bulletin/observing-climate%E2%80%94challenges-21st-century


WMO ςROLE AND MANDATE

Enhancing 
preparedness 
for, and reducing
losses of life and 
property from
hydrometeorolo
gical extremes

Enhancing 
socioeconomic 
value of weather,
climate, 
hydrological and 
related
environmental 
services

Supporting 
climate-smart 
decision-making 
to build 
resilience and 
adaptation to 
climate risk

Accountability 
for Results 
and 
Transparency

Inclusiveness 
and Diversity

Collaboration 
and Partnership

By 2030, a world 
where all 
nations, 
especially the 
most vulnerable, 
are more 
resilient to the 
socioeconomic 
impactof 
extreme 
weather, 
climate, water 
and 
other 
environmental 
events, and 
empoweredto 
boost their 
sustainable 
development
through the best 
possible services,  
whether over 
land, at sea or in 
the air

VISION 2030
OVERARCHING 
PRIORITIES CORE 

VALUES
Better serve societal needs
Delivering authoritative, 
accessible, user-oriented and fit-
for-purpose information and 
services

Enhance Earth system 
observations and predictions
Strengthening the technical 
foundation for the future

Advance targeted research
Leveraging leadership in science to 
improve understanding of the 
Earth system for enhanced 
services 

Close the capacity gap
Enhancing service delivery 
capacity of developing countries to 
ensure availability of essential 
information and services

Strategic realignment of WMO 
structure and programmes
Effective policy- and decision-
making and implementation

LONG-TERM GOALS

ÁStrengthen national multi-hazard early warning/alert systems and extend reach to better enable effective 
response to the associated risks

ÁBroaden the provision of policy- and decision-supporting climate information and services

ÁFurther develop services in support of sustainable water management

ÁEnhance the value and innovate the provision of decision-supporting weather information and services

ÁOptimize the acquisition of observation data through the WMO Integrated Global Observing System

ÁImprove and increase access to, exchange and management of current and past Earth system observation 
data and derived products through the WMO Information System

ÁEnable access and use of numerical analysis and prediction products at all temporal and spatial scales from 
the WMO seamless Global Data Processing and Forecast System

ÁAdvance scientific knowledge of the Earth system

ÁEnhance the science-for-service value chain ensuring scientific and technological advances improve 
predictive capabilities

ÁAdvance policy-relevant science

ÁAddress the needs of developing countries to enable them to provide and utilize essential weather, climate, 
hydrological and related environmental services

ÁDevelop and sustain core competencies and expertise

ÁScale-up effective partnerships for investment  in sustainable and cost-efficient infrastructure and service 
delivery

ÁOptimize WMO constituent body structure for more effective decision-making

ÁStreamline WMO programmes

ÁAdvance equal, effective and inclusive participationin governance, scientific cooperation and decision-
making

STRATEGIC OBJECTIVES    2020-2030 FOCUS



WMO chief scientist & SID director J. Luterbacher



Part 1: Seamless ESP and CCMM

i. Seamless prediction of the Earth system (ESP) approach;
ii. Online coupling of atmospheric dynamics and chemistry 

models (CCMM); 
iii. Multi-scale (time and space) prediction ;
iv. Multi-platform observations and data assimilation;
v. Data fusion, machine learning methods and bias 

correction techniques;
vi. Ensemble approach; Fit for purpose approach and Impact 

based forecast.

Rutiet al. 2019, BAMS



(i) Seamless prediction of the Earth system approach

Å Time scales: from seconds and nowcasting
to decadal and centennial (climate) time-
scale;

Å Spatial scales: from street-level to global 
scale (downscaling and upscaling); 

Å Processes:physical, chemical, biological, 
social;

Å Earth system components/environments: 
atmosphere, hydrosphere, lithosphere, 
pedosphere, ecosystems/biosphere: PBL;

Å Different types of observations and 
modelling as tools: observations-model 
fusion, data processing and assimilation, 
validation and verification; 

Å Links with health and social consequences, 
impact-based prediction & assessment, 

Å and services and end-users.

(Baklanov & Zhang (2020); WWOSC (2015);                  Baklanov, Mahura etal. (2017)

Several dimensions of the seamless coupling/integration, including:



Interactions between aerosols, gases 
and components of the Earth system

Baklanov et al., ACP, 2014

#



Modified after Baklanov et al. ACP, 2014

Example: Conceptual model of PBL impacts from temperature 
on concentrations and vice versa
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(ii) Online coupling & integration of atmospheric 
dynamics and chemistry models

ÅPhysical and Chemical Weather: dependence of meteorological processes (incl. 
precipitation, thunderstorms, radiation, clouds, fog, visibility and PBL structure) on 
atmospheric concentrations of chemical components (especially aerosols).

ÅMeteorological data assimilation (in particular assimilation of radiative properties) also 
depends on chemical composition.

ÅAir quality forecasts loose accuracy when CTMs are run offline.

ÅClimate modeling: large uncertainty of SLCFs, water vapor feedbacks, etc.

=> Need for a new generation of seamless integrated meteorology and chemistry modelling 
systems for predicting atmospheric composition, meteorology and climate evolution !

Baklanov et al., ACP, 2014



(ii) Online coupling of atmospheric dynamics 
and chemistry models

Å The CTM and meteorological models are run at the 
same time, and exchange information at every 
time step; they consider chemistry feedbacks to 
meteorology to various degrees

Å Types of Framework

ï Online access models:  couples a meteorology 
model with an air quality model in which the two 
systems operate separately but exchange 
information every time step through an interface

ï Online integrated models: integrates an air quality 
model into a meteorology model as a unified 
model system in which meteorology and air quality 
variables are simulated together in one time step 
without an interface between the two models

ÅRepresentative online models
ï In USSR: Novosibirsk school of G.I. Marchuk in 80th
ï In USA: NCAR/NOAA WRF/Chem, US EPA Two-way 

coupled WRF-CMAQ, etc.
ï In Europe: see overview in Baklanov et al. ACP, 

2014

WRF vs.  WRF/Chem
Downward SW Radiative Flux, 2006

(Yahyaet al., 2016)

Compared to meteorological model WRF, 
online WRF/Chemmodel can improve 
meteorological forecast



Online coupled meteo-chemistry modeling history

Å Online modelingsystems have been developed and used by the research community 
since the 1990ôs. 

Å Richardson was first (in 1922) who started online coupled approach: in his NWP 
model formulation one of the variables (equations) was óatmospheric dustô (however, 
it was not realisedé)

Å The Novosibirsk school of atmospheric modeling(Marchuk, 1982) has been started 
using the online coupling approach for atmospheric environment modelingin 1980th 
(Penenkoand Aloyan, 1985; Baklanov, 1988), e.g. for modeling of active 
artificial/anthropogenic impacts on atmospheric processes. 

Å The earliest online approach for the simulation of climate, air quality and chemical 
composition may have been a model developed by Jacobson (1994, 1996). 

Å The earliest recognition of the importance of online chemistry for NWP models was 
given by the European Centerfor Medium Range Weather Forecasting (ECMWF, 
Hollingsworth et al. 2008). 

Å Climate modelingcentershave gone to an Earth system modelingsystem modeling
approach that includes atmospheric chemistry and oceans (and bases on NWP 
models). 

Å Operational NWP centers, as well as CWF centers, are only now beginning to discuss 
whether an online approach is important enough (IFS, 2009; Grell and Baklanov, 
2011). 

Å Great progress in Europe during last 15 years: > 20 online modelling systems; in 2007 
ïone model with aerosol indirect feedbacks (Enviro-HIRLAM!), now ïabout 15. 

Å Scientific perspective of CCMM would argue for an eventual migration from off-line 
to on-line modeling.



Examples of Important Met-AQ Feedbacks

ÅEffects of Meteorology and Climate on Gases and Aerosols
ï Meteorology is responsible for atmospheric transport and diffusion of pollutants

ï Changes in temperature, humidity, and precipitation directly affect species conc.

ï The cooling of the stratosphere due to the accumulation of GHGs affects lifetimes

ï Changes in tropospheric vertical temperature structure affect transport of species

ï Changes in vegetation alter dry deposition and emission rates of biogenic species

ï Climate changes alter biological sources and sinks of radiatively active species

ÅEffects of Gases and Aerosols on Meteorology and Climate

ï Decrease net downward solar/thermal-IR radiation and photolysis (direct effect)

ï Affect PBL meteorology (decrease near-surface air temperature, wind speed, and 

cloud cover and increase RH and atmospheric stability) (semi-indirect effect)

ï Aerosols serve as CCN, reduce drop size and increase drop number, reflectivity, 

and optical depth of low level clouds (LLC) (the Twomey or first indirect effect)

ï Aerosols increase liquid water content, fractional cloudiness, and lifetime of LLC 

but suppress precipitation (the second indirect effect)



Effects of Meteorology on Chemistry
Baklanov et al., ACP, 2014



Effects of Chemistry on Meteorology

Baklanov et al., ACP, 2014



Atmosphere Interactions: 
Gases, Aerosols, Chemistry, Transport, Radiation, Climate 

NOx

VOCs
SOx

Cloud Condensation
Nuclei

DMS 
ISOP

core

Atmospheric Photo-
Chemical  Cycle

Trace Gases Reservoir Sulfate Haze Clouds

solution
NOx, VOCs, Cl

NH3, SOx, NOy, VOCs

Scattering and Absorption
of Solar Radition

Scattering & Absorption
of Terrestrial Radiation

Deposition

Dry & wet
Deposition

Greenhouse Gas Forcing:  3.01  w m-2

Aerosol Direct Forcing:    -0.5    w m-2

Aerosol Indirect Forcing: -0.7    w m-2

SeaUrban center

PM

Biogenic 

VOCs

SOA

IPCC (2007, 2014, 2022)

Motivation: A new concept for Seamless Meteorology and Chemistry Modelling

Temperature Ÿ chemistry Ÿ concentrations Ÿ radiative processes Ÿ temperature 

Aerosol Ÿ radiation Ÿ photolysis Ÿ chemistry

Temperature gradients Ÿ turbulence Ÿ surface concentrations, boundary layer outflow/inflow

Aerosol Ÿ cloud optical depth through influence of droplet number on mean droplet size Ÿ initiation of precipitation

Aerosol absorption of sunlight Ÿ cloud liquid water Ÿ cloud optical depth

After  Y. Zhang, Copenhagen, 2007



Integrated chemistry-meteorology models 

Advantages as compared to offline models
Ámeteorological fields accessible at every time step
Ásingle executable, single simulation, single parallelization strategy
Áconsistent treatment of processes acting on chemical  and
meteorological variables, computed only once in one code
Ápossibility to consider interactions between chemistry and meteorology
Ádata assimilation affects at same time chemical and meteorological variables
Áno meteopreprocessing, no need for reading meteofrom disk

Challenges
Áchemistry to be solved at same (high) resolution as meteorology
Ámeteorologychangeswhenfeedbacksareactivated
Ásignificant investment to ensure consistent treatment of processes
(e.g. radiation, transport)
Ádevelopment of chemistry and meteorology parts not separated;
therefore strong co-ordination needed

After Grell and Baklanov, AE, 2011



Collaboration with COST Action ES1004 EuMetChem: European Framework for 
Online Integrated Air Quality and Meteorology Modelling 

Base map: © 2004-2009 schulbilder.org

Chair: A. Baklanov,

Co-chairs: S. Joffre, H. Schluenzen

23 COST countries

4 COST neighbour countries

3+2 COST partner countries

3 EU institutions

18 online models analysed => 
Baklanov et al., ACP SI EuMetChem, 2016



Overview of fully online CCM models (not online-access)

(See more in Zhang & Baklanov, 2020)



Integration of chemistry & aerosol modules 
in ECMWFΩs integrated forecast system (IFS)

Dynamics & Physics

Chemistry

ctm

Dynamics & Physics

Transport & 

Chemistry

oasis4

oasis4

oasis4

IFS IFS CTM

Feedback Flow

Coupled System

Feedback:   slow

Flexibility:    high

Integrated System

 Feedback:    fast 

 Flexibility:     low

Coupled System
IFS - MOZART 3 / TM 5

C- IFS
On-line Integration of 
Chemistry in IFS

Developed in GEMS
Used in MACC

Developed
in MACC

10 x more 
efficient 
than 
Coupled 
System

Flemming et al. 2009



Enviro-

HIRLAM 

(Environment ï

HIgh Resolution 

Limited Area 

Model)

(Baklanovet al., GMD, 2017)

üSeamless / online 
coupled integrated 
meteorologyπchemistryπ 
aerosols downscaling 
modelling system for 
predicting weather and 
atmospheric 
composition



Enviro-HIRLAM: aerosolςcloud interactions

Frequency distribution in [mm/ 3 hour] of stratiform
precipitation (top) and convective precipitation (down). 
Comparison of 1-moment (Reference HIRLAM) and 2-
moment (Enviro-HIRLAM with aerosolςcloud interactions) 
cloud microphysics STRACO schemes.

Nuterman et al, 2014

Precipitation amount (12 hrsaccumulated) of reference 
HIRLAM (top) and Enviro-HIRLAM with aerosolςcloud 
interactions (down) vs. surface synoptic observations at 
WMO station 6670 at Zurich, Switzerland during July 2010. 



WRF-Chem Sensitivity Runs on 2010 Russian Wild Fires Case Study: 
Chains of aerosol direct & indirect effects on meteorology

Kong et al, AE, 2015

Å Significant aerosol direct effects on 
meteorology (and loop back on 
chemistry).

Å Reduced downward short wave 
radiation and surface temperature, 
and also reduced PBL height. It in 
turn reduced photolysis rate for O3

Å The normalized mean biases are 
significantly reduced by 10-20% for 
PM10 when including aerosol direct 
effects.

Å Indirect effects are less pronounced 
for this case and more uncertain.



PBL Height [m]
Grid-average Feedback-Basecase(WRF-Chem, EU)

direct & indirect effects direct effects

DIRECT&INDIRECT: 
ÅFeedbacks increase PBL in winter, in summer feedbacksmay both increase and 
decrease PBL height. Range[-60 : 40]
DIRECT: 
ÅFeedbacks decrease PBL, range  [-80 : 0], highest decrease  in August.

Zabkar, Curci et al., 2014



ÅWMO WGNE study of 
aerosol impacts on NWP in an 
extreme dust event
17/4/2012   

ÅAODs are larger when taking 
into account the direct effect

ÅBecause 10m wind speed is 
larger when taking into 
account the direct effect

ÅA small increase in 10m wind 
speed brings a large increase 
in dust aerosol production 
through saltation (power 3 
dependency to 10m wind 
speed)

Courtesy of  Samuel Rémy, 
Angela Benedetti, Miha
Razinger, Luke Jones and 
Thomas Haiden

Dust storm: Comparison of the aerosol sources

No direct effect

direct effect



Freitas et al., 2015Freitas et al., 2015

Welcome to join the 2nd phase of 
WGNE Aerosol impact study



WMO EUMetChemCCMM, 2016; Baklanov et al., BAMS, 2017

https://doi.org/10.1175/BAMS-D-15-00166.1


CCMM key scientific questions:

ÅWhat are the advantages of integrating meteorological and 
chemical/aerosol processes in coupled models?

Å How important are the two-way feedbacks and chains of feedbacks for 
meteorology, climate, and air quality simulations?

ÅWhat are the effects of climate/meteorology on the abundance and 
properties (chemical, microphysical, and radiative) of aerosols on 
urban/regional/global scales?

ÅWhat is our current understanding of cloud-aerosol interactions and how 
well are radiative feedbacks represented in NWP/climate models? 

ÅWhat is the relative importance of the direct and indirect aerosol effects 
as well as of gas-aerosol interactions for different applications (e.g., for 
NWP, air quality, climate)?

ÅWhat are the key uncertainties associated with model predictions of 
feedback effects?

Å How to realize chemical data assimilation in integrated models for 
improving NWP and air quality simulations?

Å How the simulated feedbacks can be verified with available 
observations/datasets? What are the requirements for observations from 
the three modelling communities?

https://library.wmo.int/doc_num.php?explnum_id=7938and Baklanov et al., BAMS, 2017

https://library.wmo.int/doc_num.php?explnum_id=7938
https://doi.org/10.1175/BAMS-D-15-00166.1


(iii) Multi -scale prediction approach

Å Monitoring, analysis and forecasting systems should operate at different spatial scales 
from the global scale to the regional, national, urban and sub-urban scales

Å Zooming or special nesting grid techniques (e.g. WRF-Chem, COSMO-Art, EnvHIRLAM)

Å One-way nesting (sometimes referred to as downscaling), when values of the 
modelled variables at a coarse resolution are used as boundary conditions for finer 
(subscale) resolution runs. 

Å Two-way nesting, when information from the higher resolution scale is in addition 
transmitted across the boundaries to the coarser resolution

Å Street level AQ the downscaling with microscale models (e.g., obstacle-resolved 
computational fluid dynamics (CFD) type or parameterized).

Å Seamless unified modelling system on a single platform across-scales is a substantial 
advancement in both the science and efficiency(e.g. MPAS-A, MUSICA)

Å Major challenges include globalization/ downscaling with consistent model physics 
and two-way nesting with mass conservation and consistency. 

Å Unified global-to-urban scale modelling provides a new scientific capability for 
studying problems that require a consideration of multi-scale feedbacks.



Weather-climate: seamless framework

Adapted from NOAA 2011
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(iv) Multi-platform observations and data 
assimilation (DA)

ÁMeteorological and Chemical Concentration Observations 
ÁSurface networks
ÁUpper air measurements (e.g., sounding)
ÁAircraft measurements
ÁSatellite-Based Observations

ÁData Assimilation Methods
ÁMeteorological data assimilation 
ÁChemical data assimilation
ÁInverse modeling usingdata assimilation
ÁMultiscale DA, challenges with urban DA
ÁCombined chemical DA and ensemble forecasting

Overviewby Bocquet et al., ACP, 2015



Å Tremendously growing number and different types of observations 
became available now, require and give a strong impulse for development 
of new methods for measurement-model fusionto improve AQF 

ÅOther than DA types of data fusion algorithms, such as the statistical 
methods, optimal interpolation, objective analysis, bias correction, as 
well as relatively new artificial intelligence, neural network, machine 
learningand hybrid methods, are actively developing

Å Statistical methods are simple, but require a large amount of historical 
data and highly depend on them. Artificial intelligence, neural network 
and machine learning methods have better performance, but can be 
unstable and also depend on data. 

Å Hybrid or combined methods have a better quality. Such methods can 
also improve AQF utilising additional observational data.

Å More advanced bias correction methods, e.g. the Kalman Filter (KF) and 
Kolmogorov-Zurbenko (KZ) filter technique.  

(v) Data fusion, machine learning methods and 
bias correction techniques

(Baklanov and Zhang, 2020)



(vi) Fit for purpose approach & Impact based forecast 

Å There are also several user communities (e.g., NWP, climate) and 
specialized applications of such system developments for long-term 
prediction and specific episodes of atmospheric harmful contamination, 
affecting not only health but many other sectors of economics.

Å Example of impact-based forecast and assessment systems for the 
WMO Sand and Dust Storm Warning Advisory and Assessment System 
(SDS-WAS) (after Nickovicet al., 2015).

Å Help stakeholders and responsible agencies to improve AQ and public 
health, mitigate occurrence of acute harmful AP episodes.



Part 2: Urban cross-cutting focus and IUS
i. Why the urban focus? 
ii. Urban meteorology and air pollution modelling and prediction;
iii. Urbanization of NWP, climate and AQ models; 
iv. From urban NWP & UAQIFS to MHEWS; 
v. Integrated Urban Hydrometeorology, Climate & Environment 

Systems;
vi. Integrated Urban Services (IUS) for sustainable cities.

CAMS/MACC regional domain       Denmark-scale domain         City-scale domain        Street-scale selected domain (Jagtvej)    
(resolution - 20km) (3km) (1km) (5m) 



Statement of the Problem

Å 90% of disasters for urban areas are of 
hydro-meteorological nature 

ï increased with climate change 

Å 70% of GHG emissions generated by 
cities 

Å Strong feedback

ï Two phases should not be considered 
separately 

Å Critical need to consider the problem 
in a complex manner with interactions 
of climate change and multi-hazard 
disaster risk reduction for urban areas

ÅMitigations, adaptation, early warning

Å Impact based prediction and solutions



Urban features in focus for UC, NWP and AQ models:
Å Urban pollutants emission, 

transformation and transport,

Å Land-use drastic changedue to 
urbanisation,

Å Anthropogenic heat fluxes, urban heat 
island,

Å Local-scale inhomogeneties, sharp 
changes of roughness and heat fluxes,

Å Wind velocity reduce effect due to 
buildings,

Å Redistribution of eddies due to 
buildings, large => small,

Å Trapping of radiation in street canyons,

Å Effect of urban soil structure, 
diffusivities heat and water vapour,

Å Internal urban boundary layers (IBL), 
urban Mixing Height,

Å Effects of pollutants (aerosols) on 
urban meteorology and climate,

Å Urban effects on clouds, precipitation 
and thunderstorms.

WMO, GURME

Why do cities have a different climate ?

éand air quality ?

ACCENT, 2009



UrbanAtmosphericProcesses

Cleughand Grimmond, 2012



EU 5FP Project(2002-2005)

Å Goal: Improvements of 
meteorological forecasts (NWP) 
in urban areas, interfaces and 
integration with UAP and 
population exposure models 
following the off-line or on-line 
integration

Å Urban AQ information and 
Forecasting systems (UAQIFS) 
are implemented in 6 European 
cities for operational 
forecasting: 
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Population Exposure models 
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WP5:  Interface to Urban Air Pollution models 

WP4:  Meteorological models for urban areas 

WP7:
  

FUMAPEX: Integrated Systems for Forecasting Urban 

Meteorology, Air Pollution and Population Exposure

#1 ïOslo, Norway

#2 ïTurin, Italy

#3 ïHelsinki, Finland

#4 ïValencia/Castellon, Spain

#5 ïBologna, Italy

#6 ïCopenhagen, Denmark

Different ways of the UAQIFS implementation:

(i) urban air quality forecasting mode, 

(ii) urban management and planning mode, 

(iii) public health assessment and exposure prediction 
mode,

(iv) urban emergency preparedness system.

Baklanovet al., 2007

 

Module of 

feedback 

mechamisms: 
 

- Direct gas & 
aerosol forcing 

- Cloud condensa-

tion nuclei model 

- Other semidirect 

& indirect effects 

 

FUMAPEX UAQIFS : 

http://fumapex.dmi.dk/


Testing with Different Urbanizations: 

ÅSimple modificationof land surfaceschemes(AHF+R+A)

ÅMedium-Range ForecastUrban Scheme(MRF-Urban)

ÅBuilding EffectParameterization(BEP)

ÅTown Energy Budget (TEB) scheme

ÅSoil Model for Sub-MesoscalesUrbanisedversion (SM2-U)

ÅUM Surface Exchange Scheme(MOSES)

ÅUrbanizedLarge-Eddy Simulation Model (PALM)

ÅCFD type Micro-scale model for urban environment (M2UE)

ÅSingle-layer and 

slab/bulk-type UC 

schemes,

ÅMultilayer UC schemes, 

ÅObstacle-resolved 

microscale models

Strategy to urbanize different models
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Hierarchy of Urbanization Approaches 
Urban canopy schemes for different type & scale models:

Scales

Urban Modules

Local

Street     District

SM2-U

BEP

MRF-Urban
MOSES

PALM

AHF+R+A

Urban

City/ Megacity

Regional

Megacity/ Large Metropolitan Area

Global

Climate-Meso-LES-

Ò0.1km 10-15km 25-50km

Resolutions

3-5km1-3km0.1-1km

Computational time (1 urban grid cell)

TEB

M2UE (Mahuraand Baklanov, 2011)




