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Outline

e WMO Reform and Research Priorities
e 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); A
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.
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* Part 2: Urban cross-cutting focus and IUS

i Why the urban focus?
ii. Urban meteorology and air pollution modelling and prediction;
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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.

*  From Research to Services
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WMO for the 215t Century meeting the UN SDGs

WMO Reform and Proposed structure approved by
z the 18th World Meteorological Congress, on 3-14 June 2019
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https://public.wmo.int/en/bulletin/observing-climate%E2%80%94challenges-21st-century

VISION 2030

By 2030, a world
where all
nations,
especially the
most vulnerable,
are more
resilient to the
socioeconomic
impact of
extreme
weather,
climate, water
and

other
environmental
events, and
empowered to
boost their
sustainable
development
through the best
possible services,
whether over
land, at sea or in
the air

e

OVERARCHING
PRIORITIES

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

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

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

e
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WMO - ROLE AND MANDATE

CORE
VALUES

Accountability
for Results
and
Transparency

Collaboration
and Partnership

Inclusiveness
and Diversity

LONG-TERM GOALS

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

STRATEGIC OBJECTIVES 2020-2030 FOCUS

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

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

Further develop services in support of sustainable water management

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

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

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

Enable 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

Advance scientific knowledge of the Earth system

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

Advance policy-relevant science

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

Develop and sustain core competencies and expertise

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

Optimize WMO constituent body structure for more effective decision-making

* Streamline WMO progr

Advance equal, effective and inclusive participation in governance, scientific cooperation and decision-
making
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Science and Innovation
Department at WMO

* Frontier of Science

— Advances in fundamental science, in observing the earth system and in complex
simulations, combined with the exploitation of cutting-edge technologies
(satellites, supercomputers, innovative approaches)

* Earth System science-oriented structure

— A seamless approach (across time and spatial scales, across topics and
communities) to Earth system prediction, to address the interests and needs of
users

— Strengthening regional and national innovation capabilities
* Science for Services

— Bridging the gap between research, operations and increasing demands of
users/society for sophisticated, integrated services (including integrated health
science and services)

— Efficient exchange/interactions between research programmes, infrastructure and
service providers = show important role of Science in seamless value chain

regional level for leveraging their RTD capacity

{gj WMO OMM

| — Fostering regional research capabilities; strong support for members at local and

WMO chief scientist & SID director J. Luterbacher



Part 1: Seamless ESP and CCMM

V.

Vi.
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Seamless prediction of the Earth system (ESP) approach;
Online coupling of atmospheric dynamics and chemistry
models (CCMM);

Multi-scale (time and space) prediction ;

Multi-platform observations and data assimilation;

Data fusion, machine learning methods and bias
correction techniques;

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

Infrastructures Specialized
Users




(i) Seamless prediction of the Earth system approach

Several dimensions of the seamless coupling/integration, including:

Time scales: from seconds and nowcasting
to decadal and centennial (climate) time-
scale; >
Spatial scales: from street-level to global
scale (downscaling and upscaling);
Processes: physical, chemical, biological,
social;

Earth system components/environments: | : SEANIILESS
atmosphere, hydrosphere, lithosphere,

pedosphere, ecosystems/biosphere: PBL; COUPLING
Different types of observations and
modelling as tools: observations-model
fusion, data processing and assimilation,
validation and verification; -
Links with health and social consequences
impact-based prediction & assessment,
and services and end-users.

e
RN : :
\\,‘::@3\1} WMO OMM (Baklanov & Zhang (2020); WWOSC (2015); Baklanov, Mahura et al. (2017)



Interactions between aerosols, gases
and components of the Earth system

BC & dust

7
@ deposition
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Baklanov et al., ACP, 2014



Example: Conceptual model of PBL impacts from temperature
on concentrations and vice versa

Turbulence
characteristics of PBL

Chemical reaction rates
& volatility of species

Photolysis rates

7

Biogenic emissions

Temperature

Aerosol dynamics
& thermodynamics

Secondary aerosol
formation

ll Divergence of
radiative fluxes

Gas-phase
& aerosol
oncentrations

Radiation (short-wave,
long-wave, photolysis)

wﬁ jv WMO OMM

Interactions loops/chains between aerosol particles, gases and PBL

Radiative
fluxes

Modified after Baklanov et al. ACP, 2014



(ii) Online coupling & integration of atmospheric

dynamics and chemistry models

« Physical 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).

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

« Air quality forecasts loose accuracy when CTMs are run offline.
« Climate 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 !

OFFLINE ONLINE

FORECASTS FORECASTS

MODELS MODELS
INPUT

Weather Data Analysis
and Assimilation

Meteorological
fields

Meteorological

Land-use, Orography oy & Deposition &
Feedbacks of !

and Other Data » Concentration

; Meteorology &
on Geographic Features Chemistry fields

Concentration
& Deposition
fields

Anthropogenic & Biogenic
Emissions

NS

sy

N2
N2

Baklanov et al., ACP, 2014




(ii) Online coupling of atmospheric dynamics
and chemistry models

* The CTM and meteorological models are run at the

same time, and exchange information at every

time step; they consider chemistry feedbacks to WREF vs. WBE/Chem

meteorology to various degrees Downward SW Radiative Flux, 2006
« Types of Framework (Yahya et al., 2016)

— 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

(W m =)

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

* Representative online models
l — In USSR: Novosibirsk school of G.l. Marchuk in 80th

— In USA: NCAR/NOAA WRF/Chem, US EPA Two-way
coupled WRF-CMAQ, etc.

’ = Compared to meteorological model WRF,
— Izrbizrope. see overview in Baklanov et al. ACP, online WRF/Chem model can improve

meteorological forecast

12 SW radiation
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) Online coupled meteo-chemistry modeling history

Online modeling systems have been developed and used by the research community
since the 1990°s.

» Richardson was first (in 1922) who started online coupled approach: in his NWP
model formulation one of the variables (equations) was ‘atmospheric dust’ (however,
it was not realised...)

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

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

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

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

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

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

« Scientific perspective of CCMM would argue for an eventual migration from off-line
to on-line modeling.
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Examples of Important Met-AQ Feedbacks

« Effects of Meteorology and Climate on Gases and Aerosols

Meteorology is responsible for atmospheric transport and diffusion of pollutants
Changes in temperature, humidity, and precipitation directly affect species conc.
The cooling of the stratosphere due to the accumulation of GHGs affects lifetimes
Changes in tropospheric vertical temperature structure affect transport of species

Changes in vegetation alter dry deposition and emission rates of biogenic species
Climate changes alter biological sources and sinks of radiatively active species

» Effects of Gases and Aerosols on Meteorology and Climate

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

Affect PBL meteorology (decrease near-surface air temperature, wind speed, and
cloud cover and increase RH and atmospheric stability) (semi-indirect effect)

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)

Aerosols increase liquid water content, fractional cloudiness, and lifetime of LLC
but suppress precipitation (the second indirect effect)

Semi-Direct Effect First Indirect Effect Second Indirect Effect
o
@9\~ - ¥\~ MERA N J@®\~
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Effects of Meteorology on Chemistry

Meteorological Effect on . .. Model variables
parameter
temperature chemical reaction rates T, reaction rate coefficients

biogenic emissions

aerosol dynamics (coagulation, evaporation, con-
densation)

BVOC emission rates, isoprens, terpenes, DMS,
pallen

aerosol number size distributions scattering and
absorption coefficients PM mass and composition

temperature and

aerosol formation, gas/aerosol partitioning

gas phase SO,, HNOZ;, NH; particulate NO_,

humidity SO7 ", NH; VOCs, SOA
aerosol water take-up, aesrosol solidliquid phase PM size distributions, extinction coefficient, asrosol
transition water content

SW radiation photolysis rates JNO;, JO1D, etc.

photosynthetic active
radiation

biogenic emissions

SW radiation BVOC emissions, isoprene & terpene
CONC.

cloud liquid water
and precipitation

wet scavenging of gases and particles

wet phase chemistry, e.g. sulphate production

aerosol dynamics (activation, coagulation) aerosal
cloud processing

wet deposition (HSO,_, SO,_, NO5_, NH,_, Hg),
precipitation (rain and total precip) cloud lig. water
path

S0;, HaS0,, SDi' in ambient air and in cloud and
rain water

aerosol mass and number size distributions

soil moisture

dust emissions, pollen emissions

dry deposition (biosphere and soil)

surface soil moisture dust and pollen emission
rates

deposition velocities, dry deposition rates (e.g. O,
HNO;, NH;)

wind speed

transport of gases and aerosols on- vs. offline cou-
pling interval, transport in mesoscale flows, bifur-
cation, circulations, etc.

emissions of dust, sea salt and pollen

U, V, (W)

U, V dust, sea salt and pollen emission rates

atmospheric boundary
layer parameters

turbulent and convective mixing of gases and
aerosols in ABL, intrusion from free troposphere,
dry deposition at surface

T, Q, TKE, surface fluxes (latent and sensible heat,
SW and LW radiation) deposition velocities, dry de-
pasition fluxe(05, HNO;, NHs)

lightning

NO emissions

NO, NOs, lightning NO emissions

water vapour

OH radicals

Q, OH. HOz, O4

Baklanov et al., ACP, 2014



Effects

of Chemistry on Meteorology

Chemical parameter

Effecton ...

Model variables

aerosols (direct effect)

radiation (SW scattering/absorption, LW absorp-
tion)

AOD, asrosol extinction, single scattering albedo,
SW radiation at ground (up- and downward),
aerosol mass and number size distributions,
aerosol composition: EC (fresh soot, coated),
Qc, SGE', NO;, NHI, Na, Cl, H,O dust, metals,
base cations

aerosols (direct effect)

visibility, haze

aerosol absorption & scattering coefficients, RH,
aerosol water content

aerosols (indirect effect)

cloud droplet or crystal number and hence cloud
optical depth

interstitial/activated fraction, CCN number, IN
number, cloud droplet size/number, cloud liquid
and ice water content

aerosols (indirect effect)

cloud lifetime

cloud cover

aerosols (indirect effect)

precipitation (initiation, intensity)

precipitation (grid scale and convective)

aerosols (semi-direct effect)

ABL meteorology

AOD, ABL height, surface fluxes (sensible and la-
tent heat, radiation)

O, UV radiation O5, SW radiation < 320 nm
O thermal IR radiation, temperature O, LW radiation
NO,, CO, VOCs precursors of Oy, hence indirect contributions to NO,, CO, total OH reactivity of VOCs

O, radiative effects

S0,, HNO,, NHg, VOCS

precursors of secondary inorganic and organic
aerosols, hence indirect contributors to asrosol
direct and indirect effects

S0;, HNOy, NH;, VOC components (e.g. ter-
penes, aromatics, isoprens)

soot deposition on ice

surface albedo change

snow albedo

3y WMO OMM

Baklanov et al., ACP, 2014



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

Motlvatlon A new concept for Seamless Meteorology and Chemistry Modelling
\ /

IPCC (2007, 2014, 2022)

Greenhouse Gas Forcing: 3.01 w m™
Aerosol Direct Forcing: -0.5 wm?

Aerosol Indirect Forcing: -0.7  w m? Scattering and Absorption

of Solar Radition

NOx, VOCs, CI Atmospheric Photo-
> Chemical Cycle

Trace Gases Reservoir

i Sulfate Haze

NH;, SOx, NOy, VOCs

. & Biogenic
VOCs

1
1
1
1
:
Cloud Condensation
Nuclei
1
1
1
1

|
cattering & Absorption
of Terrestrial Radiation

'_______8_____________

After Y Zhang Copenhagen 2007

. Temperature — chemistry — concentrations — radiative processes — temperature
Aerosol — radiation — photolysis — chemistry
Temperature gradients — turbulence — surface concentrations, boundary layer outflow/inflow
Aerosol — cloud optical depth through influence of droplet number on mean droplet size — initiation of precipitation
Aerosol absorption of sunlight — cloud liquid water — cloud optical depth



Integrated chemistry-meteorology models

Advantages as compared to offline models

"meteorological fields accessible at every time step

ssingle executable, single simulation, single parallelization strategy
=consistent treatment of processes acting on chemical and

meteorological variables, computed only once in one code

=possibility to consider interactions between chemistry and meteorology
sdata assimilation affects at same time chemical and meteorological variables
"no meteo preprocessing, no need for reading meteo from disk

Challenges

=chemistry to be solved at same (high) resolution as meteorology
"meteorology changes when feedbacks are activated

i ssignificant investment to ensure consistent treatment of processes
(e.g. radiation, transport)

sdevelopment of chemistry and meteorology parts not separated;

therefore strong co-ordination needed
e

VA
Mﬁlj WMO OMM After Grell and Baklanov, AE, 2011



European Coomemto e el e e Fec et Rt
c E D 5 t Action COST ES1004

Www.cost.est.org European framework for online integrated air
quality and meteorology modelling (EuMetChem)

il S —_— m Strategy and framework for online integrated
i R modelling

' m 17 experts (P. Suppan, J.M. Baltasano, G. Grell).

m Interactions, parameterisations and feedback
mechanisms
m 22 experts (M. Gauss, A. Maurizi, Y. Zhang).

B Chemical data assimilation in integrated models
m 13 experts (Ch. Seigneur, H. Elbern, G. Carmichael).

m Evaluation, validation, and applications
m 33 experts (D. Brunner, K.H. Schlinzen, S. Galmarini, S.T.
Rao).

(Duration: 02.2011 ... 02.2015)

Time scale: episodes / multiple episodes Global
G/Hemisperic IFS-MOZART
—>Continental
_ Enviro-HIRLAM, MetUM
Continental  \\\1R/BSC-CTM, WRF-Chem

Base map: © 2004-2009 sq

. - Regional
Regional BOLCHEM, COSMO-ART
Regional < \oMOZ COSMO-MUSCAT
SUrban  “CTOS-EUROS Enyirg HIRLAM, GEM-AQ

MCCM, MetUM, Meso-NH
NMMB/BSC-CTM
RAMS-ICLAMS, RegCM-Chem4
REMO-HAM, REMOTE

Enviro-HIRLAM, MCCM,
MEMO/MARS, Meso-NH,
M-SYS, NMMB/BSC-CTM

RAMS-ICLAMS
WRF-Chem. WRF-CMAQ  WRF-Chem, WRF-CMAQ

U= Local (LES)

Meso-NH

M-SYS

WRF-Chem Baklanov et al., ACP SI EuMetChem, 2016
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Overview of fully online CCM models (not online-access)

) Country ;
Model name Dynamical model Institutions / gonsortia
ATTILA ECHAM4 Germany; DLR
BOLCHEM BOLAM [taly; ISAC-CNR
COSMO-ART (Bott) COSMO Germany; COSMO Community
COSMO-ART (Semi-Lagr. (SL)) COSMO Germany; COSMO Community
C-IFS / IFS-MOZART IES ECMWEF; MACC
ECHAM-HAM ECHAMG6 Germany; MPI-met
Enviro-HIRLAM /| HARMONIE HIRLAM-C Denmark; DMI, HIRLAM
ICON-ART ICON Germany:; DWD, MPI-met
MCCM MM5 Germany; IMK-IFU
Meso-NH Meso-NH France; Lab. d’Aerologie, CNRM GAME
MetUM Unified Model UK: Met Office / Hadley Centre
M-SYS METRAS Germany; Univ. Hamburg
NorESM CAM4 Norway; MetNo, Oslo Univ.
RegCM-Chem4 ~MMS3 - hydrostatic [taly; ICTP
SOCOL MA-ECHAM Switzerland; ETHZ plus more
WREF-Communit
WRE-Chem WRE (US & Worldwidg)
\\,‘v”’ft} WMO OMM (See more in Zhang & Baklanov, 2020)
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Integration of chemistry & aerosol modules
in ECMWF’s integrated forecast system (IFS)

C-IFS Coupled System
On-line Integration of IFS- MOZART3 / TM5
Chemistry in IFS

IFS IFS
Developed [ Developed in GEMS
in MACC - Used in MACC
10 x more |
efficient | e h
than |
Coupled
I System
e Feedback Flow—»

Integrated System Coupled System :

Feedback: fast Feedback: slow Flemming et al. 2009

Flexibility:  low Flexibility:  high

7) WMO OMM
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Data Assimilation

z Enviro Emlfﬁlﬂﬁpﬁmto
ol [ TNO / GFED / IS4FIRES ]
Enviro-HIRLAM
Boundary Pre-processor
(.

Locaily Mass Conserving
L semi-Lagrangian

CHEM: IFS-MOZART

Enviro-HIRLAM nesting

METEO: ECMWF - IFS/ERA\
t J scheme (LMCSL)

[ Suiface and Upper-air
Observation Database
(first guess)

|

/d-\

-
[ Interactive sea-salt/dust, )

4 Radiation Scheme ! natural NMVOC I
v : i 3

( ‘ Gas-phase Chemistry

L ISBA Surface Scheme ) (_Carbon Bond Mech. ver. Z )

4 v ™\ s v

CBR Turbulence Scheme Tlrfoposphe.nc

" N  SulfurChemistry )
Y Y

{ B { N

STRACO Scheme M7 Aerosol Module
\ J \ S

Sedimentation
Dry-/ Wet-deposition

=y

[Output (GRIB1 & NetCDF))

2} WMO OMM

Enviro-
HIRLAM
(Environment —
Hlgh Resolution
Limited Area
Model)

» Seamless / online
coupled integrated
meteorology-chemistry-
aerosols downscaling
modelling system for
predicting weather and
atmospheric
composition

(Baklanov et al., GMD, 2017)
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large scale precipitation: 2010071718

[ 1-moment scheme
1 2-moment scheme
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108 Convective precipitation (water): 2010071718
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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 aerosol—cloud interactions)
cloud microphysics STRACO schemes.

6670: Diurnal cycle of PREC (Jul 2010)

Enviro-HIRLAM: aerosol—cloud interactions
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6670: Diurnal cycle of PREC (Jul 2010)
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Precipitation amount (12 hrs accumulated) of reference
HIRLAM (top) and Enviro-HIRLAM with aerosol—cloud
interactions (down) vs. surface synoptic observations at
WMO station 6670 at Zurich, Switzerland during July 2010.

Nuterman et al, 2014




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

BASE (S12) Direct & Indirect effect (DE4 — SI2)
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Significant aerosol direct effects on
meteorology (and loop back on
chemistry).

Reduced downward short wave
radiation and surface temperature,
and also reduced PBL height. It in
turn reduced photolysis rate for O3
The normalized mean biases are
significantly reduced by 10-20% for
PM10 when including aerosol direct
effects.

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



Basecase grid-average

ocoske

PBL Height [m]

Grid-average Feedback-Basecase (WRF-Chem, EU)

direct & indirect effects

BIAS Feedback vs Basecase WRF/Chem IT2 - PBL (2010)
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BIAS Feedback vs Basecase WRF/Chem (SI1-S12) - PBL (2010)
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/abkar, Lurci et al, 2014
* Feedbacks increase PBL in winter, in summer feedbacks may both increase and

* Feedbacks decrease PBL, range [-80 : 0], highest decrease in August.

Feedback - Basecase grid-average



Dust storm: Comparison of the aerosol sources

Tuesday 17 April 2012 00UTC MACC Forecast t+021 VT: Tuesday 17 April 201221UTC
Wind speed used for dust aerosol production (m's)

* WMO WGNE study of
aerosol impacts on NWP in an

extreme dust event
17/4/2012

* AODs are larger when taking
into account the direct effect

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

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

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

<~ ECMWF




WGNE Exercise

E’ Evaluating Aerosols Impacts on Numerical Weather Prediction

Temperature at 2m
BSC (A — Xa) Tempercture ot 2m

— fstap France (1A — X&)

Forecost: 12Z1BAPR2012
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ted: 00Z17APR2012
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= 12 UTC (morning)
= Large discrepancies
among centers

Welcome to join the 2"d phase of
WGNE Aerosol impact study
Opposite signal Formcast: 12218PR201:
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Location of -
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Climate and Earth System modelllng

Relative importance of online integration and level of details necessary for
representing different processes and feedbacks can greatly vary for these
related communities.

NWP might not depend on detailed chemical processes but considering the
cloud and radiative effects of aerosols can be important for fog, visibility and
precipitation forecasting, surface T, etc.

For climate modelling, feedbacks from GHGs and aerosols become extremely
important. However in some cases (e.g., for long-lived GHGs on global scale),
fully online integration of full-scale chemistry is not critically needed. Still
too expensive, so models need to be optimized and simplified.

For chemical weather forecasting and prediction of atmospheric
composition, the online integration definitely improves AQ and chemical
atmospheric composition projections.

Main gaps:
— Understanding of several processes: aerosol-cloud interactions are
poorly represented;
— data assimilation in online models is still to be developed,;
— model evaluation for online models needs more (process) data and long-
term measurements —and a test-bed.

WMO EUMetChem CCMM, 2016; Baklanov et al., BAMS, 2017



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

CCMM key scientific questions:

https://library.wmo.int/doc num.php?explnum id=7938 and Baklanov et al., BAMS, 2017

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

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

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

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

What 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)?

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

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

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=7938
https://doi.org/10.1175/BAMS-D-15-00166.1

(iii) Multi-scale prediction approach

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

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

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.

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

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

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)

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

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
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uncertainty
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(iv) Multi-platform observations and data
assimilation (DA)

= Meteorological and Chemical Concentration Observations
= Surface networks
= Upper air measurements (e.g., sounding)
= Aircraft measurements
= Satellite-Based Observations

= Data Assimilation Methods
= Meteorological data assimilation
= Chemical data assimilation
" Inverse modeling using data assimilation
= Multiscale DA, challenges with urban DA
= Combined chemical DA and ensemble forecasting

{2} wMo oMM
B Overview by Bocquet et al., ACP, 2015



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

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 fusion to improve AQF

Other 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
learning and hybrid methods, are actively developing

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.

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

More advanced bias correction methods, e.g. the Kalman Filter (KF) and

Kolmogorov-Zurbenko (KZ) filter technique.
(Baklanov and Zhang, 2020)



(vi) Fit for purpose approach & Impact based forecast

* 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.

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

REGIONAL NODE
m BN REGIOMNAL CENTER
8 @T}' . pr":rd::ll:‘m_:::‘r“ﬂl
A, ] . i H
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* Help stakeholders and responsible agencies to improve AQ and public
health, mitigate occurrence of acute harmful AP episodes.
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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)




SUSTAINABLE CITIES
AND COMMUNITIES

CITIES
III 2018-CONFERENCE Statement Of the PrOblem
HABITATIII |PCC

QUITO - OCTOBER 2016

jn

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

GLOBAL: climate change

— increased with climate change

* 70% of GHG emissions generated by . REGronAL
H spheric ozone,
Cltles “ greenhouse gases

e Strong feedback

— Two phases should not be considered
separately
e Critical need to consider the problem
in a complex manner with interactions
of climate change and multi-hazard
disaster risk reduction for urban areas and iroragia

Services

* Mitigations, adaptation, early warning
* Impact based prediction and solutions

YA




Urban features in focus for UC NWP and AQ models:

GLOBAL: climate change

REGIONAL:
Mae<"acid rain,
®tropospheric ozone,
aerosols, greenhouse gases

Why do cities have a different climate ?

PM[ug/m’]
A
60 ACCENT, 2009
071 AQ Modelling
40 + local sources (mostly traffic) _
30 model
Urban
20+ urban background model

regional background Regional

model

...and air quality ?

Urban pollutants emission,
transformation and transport,

Land-use drastic change due to
urbanisation,

Anthropogenic heat fluxes, urban heat
island,

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

Wind velocity reduce effect due to
buildings,

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

Trapping of radiation in street canyons,

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

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

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

Urban effects on clouds, precipitation
and thunderstorms.



Urban Atmospheric Processes

: Concentration of commercial Conversion of pre-existing
Concen‘tr:l:;lnn of and industrial activities: landcover to urban land-use:
B growth of transport sector a ‘built' landscape
Effects of l l
Urbanisation ¥ v
Increased metabolic Increased energy Increased water
activity consumption consumption
S e Qo
Surface hydrology. Surface type.
The Urban Strearn network Sugﬁ%ﬁgﬂ:g&ﬂ?ﬁ Material, texture,
Landscape replaced by pipes : ' coloun,
aP and channels el el permeability
Urban
Emissions
: y¥yywy
Modified Atrmospheric stability, A‘tmosp*eric emissivity, l Interception, Thermal diffusivity
Physical condensation and and transmissivity  Roughness infiltration and SVF  admittance and
cloud processes Sheker . S0l Moisture  Ajhado heat capacity
Parameters i | holding capacity
e ) ! l !
b
Processes Q.. Q. runoff
H El tl i ﬁ
Q Rainfall Ky L SR e Ki L Qg

-

Urban Climate Cleugh and Grimmond, 2012



EU 5FP Project (2002-2005) FUMAPEX UAQIFS:
WP4: Meteorological models for urban areas
@taL Ierrpvelr.PentS Of NWP Soil and Urban roughness| | Usage of satellite
me eoro Oglca _O recasts ( ) == U;f;;g?i;ﬂ% sublayer models| | classification & information on
!n Urbar] area_s,hl TJteArF'I;acea and I P for urban areas| |parameterisation surface
mteg ration wit an
Po ulation exposure models. Module of
following the off-line or on-line feedback
Integration mechamisms: Meso- / City - scale NWP models
- - - Direct gas &
Urban AQ information and

-----..------------------.----t--------

Forecasting systems (UAQIFS) G L WP5;  Interface to Urban Air Pollution models
are implemented in 6 European | - Cloud condensa- ; — _ _—
cities for operational tion nuclei model £ | Mixing height | | Down-scaled estimationof || Grid adaptation | §
f ti g . i|  andeddy models or ABL | [2dditional :Iad\{anlced and interpolation, | :
orecasting: - Other semidirect diffusivity parameterisations agﬁgg&?gfﬁ e | Elleone
#1 — Oslo, Norway & indirect effects gtiiuation i NWP dota
s _Turin aly L] E e
#3 — Helsinki, Finland a
#4 — Valencia/Castellon, Spain - Urban Air Pollution models
#5 — Bologna, Italy :
I #6 — Copenhagen, Denmark \ 4
. : : 2| wer: Population Exposure models
Different ways of the UAQIFS implementation: : P P
(i) urban air quality forecasting mode, | A
(i) urban management and planning mode, Populations/ || . hcre- —
L . L H roups environments | Indoor concentrations Exposure
(iii) rRugllc health assessment and exposure prediction : —
oge , = | Time activity
(iv) urbanemergency preparedness system.

Baklanov et al., 2007



http://fumapex.dmi.dk/

Computational Requirements

« Single-layer and a _______________________________
slab/bulk-type UC > ;

schem(_es, Roughness sublayer <: Y <” ' “"'> - E(’?ﬁ)

« Multilayer UC schemes,

e Obstacle-resolved ] ; R
i B R - 'w') - N+ D
microscale models W ( - Py (u'w) = W)

I I L T T T T - !

Testing with Different Urbanizations:

» Simple modification of land surface schemes (AHF+R+A)
« Medium-Range Forecast Urban Scheme (MRF-Urban)

B4] « Building Effect Parameterization (BEP)
- m o0 expensive forn? « Town Energy Budget (TEB) scheme
==l Gibaly mor « Soil Model for Sub-Meso scales Urbanised version (SM2-U)
/ . « UM Surface Exchange Scheme (MOSES)
g R  pomers et ° Urbanized Large-Eddy Simulation Model (PALM)

» CFD type Micro-scale model for urban environment (M2UE)

Number of Parameters



Hierarchy of Urbanization Approaches

Urban canopy schemes for different type & scale models:
Computational time (1 urban grid cell)

Resolutlons

M2L

<0.1km 0.1-1km  1:3km 3i5km  10-15km ,2550km

Urban Modules

AHF+R+A
P MRF Urban |

JE (Mahura aftnd Baklanov, 2011)

[

»

LES Me:So- 5 CIirr:1ate-
» Scales

Local Urban Regional Global

Street District City/ Megacity Megacity/ Large Metropolitan Area



Urban Parameterisations for Enviro-HIRLAM

1. Regional to global scales: Anthropogenic Heat Flux & Roughness - AHF+R

(Baklanov et al., 2008)

2. Meso & city-scale: BEP - Building Effects Parameterization (Martilli et al., 2002)
3. Research for city-scale: SM2-U - Soil Model for Submeso Scale Urban Version

(Dupont et al., 2006ab)

4. Obstacle-resolved approach (downscaled M2UE model, Nuterman et al., 2008)

1. DMI urban parameterisation:

* Displacement height,

* Effective roughness and flux
aggregation,

e Variation of building heights impact A
Z

e Effects of stratification on the
roughness (Zilitinkevich et al., 2008),

e Different roughness for momentum,
heat, and moisture;

e (Calculation of anthropogenic and
storage urban heat fluxes;

* Prognostic MH parameterisations for "
UBL (Zilitinkevich & Baklanov., 2002); "0*3

* Parameterisation of wind and eddy
profiles in canopy layer.

(a)

Logarithmic layer

G A

(Baklanov et al., 2008, 2017,
Mahura et al., 2007)
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* Science - nonlinear
interactions and feedbacks
between emissions,
chemistry, meteorology and
climate

 Multiple spatial and
temporal scales

» Complex mixture of
pollutants from large
sources

 Scales from urban to
global

* Interacting effects of urban
features and emissions

Nature, 455, 142-143 (2008)
Baklanov et al., 2010, AE 2016
Web-site: megapoli.info

* Connections between Megacities, AQ, Weather and Climate
@y, main feedbacks, ecosystem, health & weather impact pathways, mitigation

Local/urban
~1-10° km

Megacities

Regional
~10°km

Emissions

Air Quality

Boundary Layer

Transformations

4

Forcing

Global
~10% km

4
Processes and Chemical | " |

Urban Features and
Characteristics

Chemical
Transformations

1s-1hr

I N
Connections
|

Processes

Days - weeks

Years-decades

Impacts

I
I Mitigation

I Feedbacks

Scales




Hazards and Risks in the Urban Environment

* Poor air quality and peak pollution episodes

* Extreme heat/cold and human thermal stress

* Hurricanes, typhoons, extreme local winds

e Wild fires, sand and dust storms

* Urban floods

* Sea-level rise due to climate change

* Energy and water sustainability

e Public health problems caused by the previous

* Climate change: urban emissions of GHG

 Domino effect: a single extreme event can lead to new

hazards and a broad breakdown of a city’s w iﬁ?ff
infrastructure

| il
" “MALAO @#ftZeMosporto




Coastal Urban Climate and Ecology:
processes and feedbacks

CH,, N0, YOC, org-¥

oc, BC optical effects?
dust dust, sea salt lifetime? scavenging by coarse aerosol
MO, -NH,*-50,2

g, e

,,,,,,,,,,,,,,,,,,, 3 AR,

I

|

Sea fug, Sc i
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deposition
Harmful
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deposition

i

OC — organic carbon, BC — black carbon, VOC — volatile organic

ovvvr, * trapping of polluta t ¢ enging of pollutants

—

compounds, org-X — organic halogens compounds (von Glasow et al., 2011)

£1) WMO OMM

Phenomena in coastal
meteorology due to:

sharp changes in heat,
moisture, and
momentum transfer
through contrast in
heating, roughness
change, moisture

supply,
changes in elevation,

changes in surface
radiation by coastal
clouds and fog,

sea/land breeze, related
thunderstorms, coastal
fronts, orographically
trapped winds, low let
jets, fog, haze, marine
stratus clouds,
two-way interaction of

urban heat island and
sea breeze,

Environmental/ecologic
al consequences
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“'"al Climate smart and sustainable cities

Development

{
e, B @ o
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Resilient

Sustainable

o

LAY World
Goal: Science-based (“{3?):‘; Meteorological

N Organization
Integrated Urban Weather - Climate - Water
Hydro-Meteorologlcal, Benefits of IUS - Useful, Usable, Used
Climate and 1. Resiliency through Multi-Hazard Early Warning Systems
Environmental 2. Sustainability through urban long term planning
Services (|US) 3. Capability and capacity through cross-cutting services

4. Efficiency through infrastructure cross-cutting services
5. Consistency (hence, effective and efficient) through integration
6. Effective service through Partnerships / Risk Communication




Components of the developrr)ent an UIS focuses on improving and
and Climate Service (IUS) elements and sub-systems:

ﬁ Understanding of Needs and Partners

Database and Sharing
Modeling and Prediction

» Weather (especially high
impact weather prediction
at the urban scale),

» Climate (urban climate,
climate extremes, sector
specific climate indices,
climate projections, climate
risk management and
adaptation),

» Hydrology and water related
hazards (flash river floods,
heavy precipitation, river
water stage, inundation
areas, storm tides, sea level
rise, urban hydrology),

» Air quality (urban air quality
and other larger scale
hazards: dust storms,
wildfires smog, etc.)/ 5

Research and Development
juswdojanaqg Alpede)

Evaluation

4;‘ N WMO OMM 1Us Guidance: Volume |: Concept and Methodology; adopted by 70th WMO Executive Council 3
- Volume II: Demonstration Cities; adopted by 71st WMO Executive Council ’



https://elioscloud.wmo.int/share/s/Hq6CMCrqRHCt0_05oVqGbQ
https://elioscloud.wmo.int/share/s/Rf3EW264RZWGJuLrCuzo9w

* WMO Urban Expert Team

for the WMO Urban Guidance (GIUS) is vailable on:

GIUS V1 team:'S. c immontd
’Schluenzen J. Fallmenn i
itani, R. Spenglergé H st

o}

WEATHER CLIMATE WATER-

== TEMPS CLIMAT EAU

ributors frorﬁ‘dlfferent CQ f: :,7

GIUS!Z team: Ger yLUIsa Taniiviol
Chandana Mitra, Sl giVIiaoy Felixd\/ogel, 4 .
Sue Grimmond, S 1 =) 2NV



https://library.wmo.int/index.php?lvl=notice_display&id=21512#.XYNFr66WbIU
https://elioscloud.wmo.int/share/s/Rf3EW264RZWGJuLrCuzo9w
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Examples of Integrated Urban Service Realisation



Demonstration Cities assessed by the UET, based on data provided

Level of Cross-Service Integration

WMO [US Guidance V2, 2019
Data

O Toulouse

D Stuttgart |:| Beijing
[]

Hong Kong
A Helsinki

WECS only

_O Frankfurt

only

D Urban planning

O Daily/Routine Forecasts

A Multi-Hazard Early Warning
System

|:| Toronto

A Copenhagen

O Hong Kong

|:| Hamburg
O Moscow |:| Paris, Toulouse

Mexico City
Beijing

A Hong Kong
hi ‘
hon O Singapore

Riviera Stuttgart

Data + technically combined
+ operationally delivered

A Toronto

Level of Cross-Sector Integration

WECS + City Authorities
+ Others




Hong Kong Local Experiences on IUS

Urban Integrated Services and Urban Design, Planning and Construction

Examples of Urban Planning &
Infrastructure Construction

Extreme Weather Events (HKO) * Design standard and code of practices for
* Tropical cyclone and storm surge Evaluation buildings and infrastructures (e.g.
* Thunderstorm and lightning (Some examples) “Building Wind Code”, Drainage Master
* Rainstorm, flooding and landslide # * Wind load on buildings and infrastructures Plan, Port Work Design Manual, etc.)
* Extreme hot & cold weather events * Coastal structure design * Mitigation measures to natural
* Drought * Drainage system and slope safety terrain landslides
* Lightning safety * Drainage tunnels and Underground
Air quality modeling and forecast (EPD) * Thermal comfort and. health impact » Stormwater.Storage Tanks
« Air Quality Health Index * Energy demand / saving * Blue-Green infrastructure
* Water resources * Total water management strategy
. . . . * High air pollution area detection * Climate change mitigation and adaptation
Utll.lzatlon of climate information (HKO) * City resilience and disaster preparedness measures
) CI.|mate change . * Urban heat island * Road networking design and urban
* Disaster risk reduction (DRR) * Air Ventilation Assessment (AVA) density control

* Urban climate evaluation

* Implementation of AVA and Urban
Climatic Map into planning of new
development and old district renewal

Sl | =
- || 4



Open scientific questions relevant to
development of Integrated Urban Services

* Understanding how to take and use of observations in urban areas
* Representation of urban character in models

* Urban atmosphere scales requirements, coupling with hydrology

* Impact of cities on weather/climate/water/environment

* Impact of changing climate on cities and adaptation strategy

* Major geophysical hazards — dust storms/earthquakes/volcanic
eruptions/space weather - interactions with meteorology

 Development of Integrated Decision Support Systems

« Communication and management of risk, multidisciplinarity
e Evaluation of integrated systems and services

* Understanding of the critical limit values

New, targeted and customized delivery platforms




(xi) Capacuty building, training & education aspects

" Background

WORLD = “»*
METEOROLOGICAL -
ORGANIZATION o

Training MaterialsiandiE

Practices for :

ETR-26

|

Available from:
https://library.wmo.int/doc num.php .
?explnum id=10439

Increasing needs for CW-AQF with increasing number of
forecasters worldwide, increasing involvements of NMHSs
Increasing complexity of the 3-D numerical models for CW-AQF
with recent scientific advancements in numerical weather
prediction (NWP) and CW-AQF

Common mistakes leading to unsuccessful implementation and
application

Overarchlng goals

Provide best existing experience from NMHSs and academic
community to build scientific capacity of researchers and
operational meteorologists in developing countries through
bridging sciences into operations

Make sustained contributions towards the implementation of
relevant policy and decision support aimed at improving quality
of life through enhancing the science-policy interface

Specific Objectives

Help forecasters worldwide, especially those in developing
countries on using 3-D CW-AQF models for best practices and
operations

Provide practical information about the best CW-AQF practices
and standardized procedures for the successful deployment and
application

prepare materials that could be adapted for training by NMHSs,
WMO training centers, and other users from environmental
authorities and academic institutions

Zhang and Baklanov (Eds), WMO, 2020


https://library.wmo.int/doc_num.php?explnum_id=10439
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Alexander Baklanov, abaklanov@wmao.int
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Some Relevant Publications and References:
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