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Change: Importance of Urban Climates

Needs

•Growth of 
urban 
population 
globally

Technology

• Instruments

•Computing

Climate 
Services

• Integrated 
urban 
services

Photo sources – see end | https://ourworldindata.org/urbanization#what-share-of-people-will-live-in-urban-areas-in-the-future
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Change: 
Forecast to Services

Needs

•Growth of 
urban 
population 
globally

Technology

• Instruments

•Computing

Climate 
Services

• Integrated 
urban 
services

Grimmond et al. 2020 Urban Climate

WMO (2019) Guidance on IUS : Volume I: Concept and Methodology

https://library.wmo.int/index.php?lvl=notice_display&id=21512#.XYNFr66WbIU
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Urban Atmospheric Processes

Cleugh and Grimmond (2012) https://doi.org/10.1016/B978-0-12-386917-3.00003-8
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Challenge of scale

• Observe over relatively small areas

• Need to model (NWP, Climate, Applications) for 

complete city (and region) at an appropriate 

scale
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Modelling: Climate, Weather, Planning, Building Design

Hertwig et al. (2021) https://doi.org/10.1002/joc.7018 Best and Grimmond (2015) https://doi.org/10.1175/BAMS-D-14-00122.1
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Urban Characteristics

urban morphology

anthropogenic heat

urban phenology

urban roughness urban land cover

urban hydrology

Treated as parameter- should be dynamic 

Hertwig et al. (2021) https://doi.org/10.1002/joc.7018

Hertwig et al. (2021) TAAC https://doi.org/10.1007/s00704-020-03294-1

Bohnenstengel et al. (2011)
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Local Scale

Grimmond and Oke 2002 JAM

Measurement Height
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Fluxes: EC - long term measurements

QH

QE

Monthly Median Diurnal Cycle, shaded IQR, KSS

Q*

β

Kotthaus & Grimmond (2014a) Urban Climate
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Operational NWP Met Office UKV with Best-1T scheme

13

Observed β

Modelled β

βm – βO

Aerosol mass

RH

Tair

• Almost persistently high βm near the 

surface

• Aerosol: insufficiently mixed in the vertical 

due to lack of aerosol dispersion

• Earlier dates – could identify emission 

inventory problems
Warren et al. (2018) https://doi.org/10.1016/j.atmosenv.2018.04.045

β attenuated backscatter 

High pollution day London (19 January 2016) 

Observed daily average PM10 > 50 μg m-3 X Observed Mixed Layer Height

Automatic Lidar and 

Ceilometer ALC
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Urban surface scheme change in UKV: Best 1-tile  → MORUSES  (15/Mar/16)

14

QH

Warren et al. (2018) https://doi.org/10.1016/j.atmosenv.2018.04.045

Observed β

Modelled β

βm – βO

Aerosol mass

RH

Tair

β attenuated 

backscatter 

X Observed 

Mixed Layer 

HeightBest 1 tile - 14 April 2015 MORUSES - 04 May 2016

Sensible heat flux near surface evaluation

• Morning near-surface βm

• 1-tile - high throughout

• MORUSES – less 
• Cold surface bias →delayed vertical mixing of mMURK and high RH
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Tang et al. 2021: Building and Environment,  https://doi.org/10.1016/j.buildenv.2021.108088
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• MOST – breaks down close to the surface

• Large roughness elements

Challenges

https://doi.org/10.1146/annurev-fluid-121108-145459
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Profiles of Wind speed

normalized by friction velocity

Wind across flat-roof buildings 

Near neutral

Real World Observations: 

Basel-Sperrstrasse

Dense Uniform Terrain

Giometto et al

Harman and Finnigan (2007) 

De Ridder (2010)  

Monin–Obukhov similarity theory MOST

Neutral logarithmic law 

MOST with stability dependent z0

Kastner-Klein & Rotach (2004)

Theeuwes et al. (2019) BLM https://doi.org/10.1007/s10546-019-00472-1

Roughness sub layer 

Urban Canopy Layer 

Model parameterisations

Observations

Wind profile close to the Urban Surface: below the Inertial Sub-Layer 
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Different stabilities
Wind speed profiles

normalized by friction velocity

flat-roof 

buildings 

very unstable unstable Near neutral

pitch-roof 

buildings 

perpendicular to 

the street canyon 

Gothenburg 

Basel-Sperrstrasse

Theeuwes et al. (2019) BLM https://doi.org/10.1007/s10546-019-00472-1

Harman and Finnigan (2007) 

De Ridder (2010)  

Monin–Obukhov similarity theory

Neutral logarithmic law 

MOST with stability dependent z0

Kastner-Klein & Rotach (2004)

Model

Observations

Giometto et al. (2016) LES

Real World Observations 

Basel-Sperrstrasse

Dense Uniform Terrain
Gothenburg 
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Temperature Profile - Different stabilities

flat-roof 

buildings 

very unstable unstable Near neutral

pitch-roof 

buildings 

Basel-Sperrstrasse

Harman and Finnigan (2007) 

De Ridder (2010)  

Monin–Obukhov similarity theory

Theeuwes et al. (2019) BLM https://doi.org/10.1007/s10546-019-00472-1
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SUEWS: RSL Profile Evaluation in London 

Tang et al. 2021: Building and Environment,  https://doi.org/10.1016/j.buildenv.2021.108088

• Couple Harman and Finnigan RSL model to local scale 

urban canopy model (SUEWS) 

• Diagnose profiles down to the ground
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Implications for Building design and Energy consumption by floor

[new – defaultopen terrain]
(%): diff. normalised by open terrain values

EnergyPlus simulated annual energy load

Heating                Cooling                 Total

U    Wind

T    Temperature

UT   U & T

Tang et al. 2021: Building and Environment,  https://doi.org/10.1016/j.buildenv.2021.108088

Measurements

Modelling

Design

• Use SUEWS-RSL to force 

neighbourhood scale models for 

building energy design

• Implications: human comfort

• Energy needs, CO2 emissions
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Urban Characteristics

urban morphology

anthropogenic heat

urban phenology

urban roughness urban land cover

urban hydrology

Treated as parameter- should be dynamic 

Hertwig et al. (2021) https://doi.org/10.1002/joc.7018

Hertwig et al. (2021) TAAC https://doi.org/10.1007/s00704-020-03294-1

Bohnenstengel et al. (2011)
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Wind Tunnel (EnFlo, University of Surrey): 

Isolated Tall Buildings (London)

Hertwig et al. (2019) BLM https://doi.org/ 10.1007/s10546-019-00450-7 Hertwig et al. (2021) Faraday Discussions https://doi.org/10.1039/D0FD00098A

• Many areas are more complex

• Tall buildings  can have a large influence on profiles
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Roughness sub layer 

Urban Canopy Layer 

Hertwig et al. (2019) BLM https://doi.org/ 10.1007/s10546-019-00450-7 

Micro

Isolated Tall Buildings (TB): London

Hertwig et al. (2021) Faraday Discussions https://doi.org/10.1039/D0FD00098A

Profiles of mean longitudinal 

(along-wind) velocity (U/Uref) 

ensemble averages 

direct downwind transect 

in building wake

wind direction

approaching flow

•  Measurement locations

radii (arcs, colour) - increments of 0.5 HTB 

wind direction

approaching flow

Distances from tall building
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Roughness sub layer 

Urban Canopy Layer 

Hertwig et al. (2019) BLM https://doi.org/ 10.1007/s10546-019-00450-7 

Micro

Isolated Tall Buildings (TB): London

Hertwig et al. (2021) Faraday Discussions https://doi.org/10.1039/D0FD00098A

Profiles of mean longitudinal 

(along-wind) velocity (U/Uref) 

ensemble averages 

direct downwind transect 

in building wake

wind direction

approaching flow

•  Measurement locations

radii (arcs, colour) - increments of 0.5 HTB 

Distances from tall building

approaching flow
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Roughness sub layer 

Urban Canopy Layer 

Hertwig et al. (2019) BLM https://doi.org/ 10.1007/s10546-019-00450-7 

Micro

Isolated Tall Buildings (TB): London

Hertwig et al. (2021) Faraday Discussions https://doi.org/10.1039/D0FD00098A

Profiles of mean longitudinal 

(along-wind) velocity (U/Uref) 

ensemble averages 

•  Measurement locations

radii (arcs, colour) - increments of 0.5 HTB 

Distances from tall building

direct downwind transect 

in building wake

wind direction

approaching flow

wind direction

approaching flow
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Cluster of Tall Buildings (Beijing)  - Univ. of Southampton Water flume

Lim et al. 2022: Experiments in Fluids 63:92  https://doi.org/10.1007/s00348-022-03439-0

Hertwig et al. 2021 Faraday Discussions https://doi.org/10.1039/D0FD00098A

Particle Image Velocimetry (PIV) and Planar Laser Induced Fluorescence (PLIF) 
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Cluster of Tall Buildings (Beijing)

recirculating flow in the cluster near-wake region

T2400 T4800

Mean 

velocity

outflow boundary for T2400 

RSL

UCL

UCL

Lim et al. 2022: Experiments in Fluids 63:92  https://doi.org/10.1007/s00348-022-03439-0
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Urban Characteristics

urban morphology

anthropogenic heat

urban phenology

urban roughness urban land cover

urban hydrology

Treated as parameter- should be dynamic 

Hertwig et al. (2021) https://doi.org/10.1002/joc.7018

Hertwig et al. (2021) TAAC https://doi.org/10.1007/s00704-020-03294-1

Bohnenstengel et al. (2011)
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• Facet orientation

29

2nd August 2014 (Local time)
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Morrison et al. 2018 https://doi.org/10.1016/j.rse.2018.05.004

• Brightness temperatures differ by > 30 K

• Ground highly variable from shadows

• Most variability in morning 

• More isothermal in afternoon

Micro-scale: Controls on variability of surface temperature

COSMO

Infra-Red Camera Observations (IRT)



Morrison et al. (2020) https://doi.org/10.1016/j.rse.2019.111524
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Shortwave Radiation

• Urban Canopy Layer Profiles 

• SPARTACUS-Surface (Hogan 2019)

• Evaluated with: Obstacle resolving 3D modelling 

(DART)(Gastellu-Etchegorry et al. 2015; Landier et al. 2018)

Stretton et al. 2022: Boundary-Layer Meteorology https://doi.org/10.1007/s10546-022-00706-9

High LOD London

Incoming Outgoing Absorption

Solar 

Zenith 

Angle

Albedo

SPARTACUS

DART
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Urban Characteristics

urban morphology

Anthropogenic heat

urban phenology

urban roughness urban land cover

urban hydrology

Treated as parameter- should be dynamic 

Hertwig et al. (2021) https://doi.org/10.1002/joc.7018

Hertwig et al. (2021) TAAC https://doi.org/10.1007/s00704-020-03294-1

Bohnenstengel et al. (2011)
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Anthropogenic heat flux from buildings  QF,B

▪ Inventory methods to estimate QF, B Building energy consumption data

Assumptions:

QF, B = QEC

Consumed energy is emitted outdoors immediately

Roof and Wall

Floor

QEC

QF, B

Liu et al. 2022: Atmos. Chem. Phys., 22, 4721–4735, https://doi.org/10.5194/acp-22-4721-2022
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New expression for Anthropogenic heat flux from buildings  QF,B

K* New shortwave radiation o Occupied building QF, B Anthropogenic heat flux from building

L Longwave radiation uo Unoccupied building QEC Building energy consumption (including human metabolism)

QH Turbulent sensible heat ↑ Outgoing ∆S Change in heat storage flux induced by human activities

∆QS Storage heat flux ↓ Incoming o-uo Difference between occupied and unoccupied

QBAE Heat exchange by air exchange Internal heat from lighting, appliance and metabolism

QWaste Waste heat from HVAC Space heating and cooling

Liu et al. 2022: Atmos. Chem. Phys., 22, 4721–4735, https://doi.org/10.5194/acp-22-4721-2022
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Simulation Results

▪Difference between QF, B and QEC: attributable to change in storage heat flux (ΔS)

▪Dynamic natural ventilation: key factor in diurnal shape of QF, B and ΔS in spring

▪Two main driving forces: natural ventilation and space cooling determine summer QF, B 

diurnal pattern

▪No natural ventilation and space cooling: less QF, B diurnal variation in Winter

Spring 

(MAM)

Summer (JJA) Winter (DJF)

Time (h)

Liu et al. 2022: Atmos. Chem. Phys., 22, 4721–4735, https://doi.org/10.5194/acp-22-4721-2022

QF,BQEC

ΔS
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Behaviour Impacts at Different Scales

• Building Scale QF,B

• Building Energy Consumption QEC

Spring

Summer

Autumn

Winter

Liu et al. 2022: Atmos. Chem. Phys. https://doi.org/10.5194/acp-22-4721-2022

Neighbourhood scale – People’s Activity: Agent Based Modelling

Capel-Timms et al.: 2020 Geosci. Model Dev. 13, 4891–4924, https://doi.org/10.5194/gmd-13-4891-2020

Energy, Water, CO2, Exposure
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Daily Mean

Building Energy Consumption QEC

Building QF,B

Change in Storage Heat Flux ΔS

Air Temperature

Total Solar Radiation

Available Energy
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Final Comments

• As we obtain acceptable ‘simple’ models – we need to address more complex situations 

• Atmospheric conditions e.g. stability

• Building morphology and materials e.g. not homogenous

• Human activities e.g. timing and locations of emissions

• We need to understand the impacts of physical meteorology to improve both  

observations and modelling

• A range of models are needed for a wide range of purposes

→ Improve weather or climate forecasts, assess impacts of proposed scenarios

→ Improve building design

→ Reduce unnecessary energy use, reduce CO2 emissions

→ Improve CO2 modelling in urban areas, assess 

Measurements

Modelling

Design

Lim et al. 2022: Experiments in Fluids 63:92  https://doi.org/10.1007/s00348-022-03439-0



Modelling urban-atmosphere exchanges - trade-offs between simplicity and complexity  RMetS AGM 2022 Sue Grimmond 39

Most references available at:

• https://research.reading.ac.uk/meteorology/people/sue-grimmond/

• High Impact weather events shown (SLIDE 4):

• Urban Floods: Referendum Day UK (June 2016)

• Wildfire: Fort McMurray (May 2016, destroying ~2,400 homes and buildings)

• Extreme Local Wind: Storm Katie (March 2016) flights cancelled, property damaged and thousands without power.

• Disruptive Winter Weather: Storm Jonas (January 2016) Shut NYC and Washington

• Urban Heat Waves & Air Pollution: Kolkata (April 2016)

Photos Sources:

• www.bbc.co.uk/news/uk-england-35909651

• commons.wikimedia.org/wiki/Category:2016_Fort_McMurray_wildfire#/media/File:2016_Fort_McMurray_wildfire_(2).jpg

• www.huffingtonpost.com/entry/winter-storm-jonas-aftermath-more-snow_us_56a63d3be4b0404eb8f23376

• www.wmo.int/pages/prog/arep/wwrp/new/documents/Workshop_HIWeather_introduction.pdf

• http://i.amz.mshcdn.com/kJqlXX2gbqFh5Y2-NlULy8zrSZQ=/fit-in/1440x1000/http%3A%2F%2Fmashable.com%2Fwp-content%2Fgallery%2Fheat-wave%2F0013.jpg

• https://www.independent.co.uk/uk/home-news/uk-weather-london-flooding-floods-south-east-pictures-forecast-a7097316.html#

• https://ourworldindata.org/urbanization#what-share-of-people-will-live-in-urban-areas-in-the-futu

https://research.reading.ac.uk/meteorology/people/sue-grimmond/
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http://www.huffingtonpost.com/entry/winter-storm-jonas-aftermath-more-snow_us_56a63d3be4b0404eb8f23376
http://i.amz.mshcdn.com/kJqlXX2gbqFh5Y2-NlULy8zrSZQ=/fit-in/1440x1000/http%3A%2F%2Fmashable.com%2Fwp-content%2Fgallery%2Fheat-wave%2F0013.jpg
https://www.independent.co.uk/uk/home-news/uk-weather-london-flooding-floods-south-east-pictures-forecast-a7097316.html

