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Change: Importance of Urban Climates Share of the population living in urhan areas, 2050,

Climate

. Modata 0% 10% 2006 30% 405 50% &0% 70% 0% P05 100%
Services o m—
Source: OWID based on UN World Urbanization Prospects 2018 and historical sources (see Sources) OurworldIinData.org/urbanization » CC BY
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| Photo sources - see end | https://ourworldindata.org/urbanization#what-share-of-people-will-live-in-urban-areas-in-the-future |
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Urban Atmospheric Processes

Effects of
Urbanisation

Concentration of
population

Concentration of commercial

and industrial activities:
growth of transport sector

Conversion of pre-existing
landcover to urban land-use:
a 'built’ landscape

l

— .
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Increased water

activity consumption consumption
I . :
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The Urban Surface morphology. ;
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Modified Atmospheric stability, Atmospheric emissivity, l Interception, l Thermal diffusivity
: condensation and and transmissivity ~ Roughness infiltration and SVF  admittance and
Physical
Y cloud processes soil moisture heat capacity
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Cleugh and Grimmond (2012) https://doi.org/10.1016/B978-0-12-386917-3.00003-8
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Challenge of scale

Melbourne « Observe over relatively small areas
* Need to model (NWP, Climate, Applications) for
complete city (and region) at an appropriate
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Modelling: Climate, Weather, Planning, Building Design

Horizontal scales

i,

s
111.

iv.

. Global / regional

Detail of city representation

modified vegetation canopy

domain size  O(000 to 100 km) bulk processes

model resolution ~700 to 10 km slab models

generic street canyon
roof and street-canyon
processes modelled

City
domain size O(100 to 10 km)
model resolution ~5 to 0.3 km

models

complex urban canopies
building-induced processes
resolved

Neighbourhood

domain size O(/0 to 0.1 km)

model resolution ~I10to I m
building-resolving simulations

Building
domain size O(/00 to 10 m)
model resolution ~4 to <1 m

indoor / outdoor environments
coupled processes resolved

indoor-resolving simulations

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

single- / multi-layer canopy ¢y = ()

O’H%O

Modelling & simulation approaches

—_—
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Complex models
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' Best and Grimmond (2015) https://doi.org/10.1175/BAMS-D-14-00122.1 |
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Urban Characteristics

urban roughness urban land cover

ABL - Atmospheric boundary layer

UBL - Urban boundai Iayer Outerla A

RSL - Roughness sublayer oryer 2N
(transition layer, wake |ayer, interfacial layer)

ﬂsctA Hrbancznnopylayar ™ PI / :, V
- Urban surface layer ~ER
urban morphology N e e 10

(i.e., imertial sublayer - 15L) /3 .
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length L B Buildings (canyon) BB Decidious(broadleaf) Trees B Garesoil
Hertwig et al. (2021) https://doi.org/10.1002/joc.7018

[Bohnenstengel et al. (2011)| urban phenology urban hyd r0|0gy
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Hertwig et al. (2021) TAAC https://doi.org/10.1007/s00704-020-03294-1 |
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Measurement Height

Dei:th

Wind

=

Measurement
height

AN
-

Inertial
sublayer

PATAAN S A |

Ao BTt CorparationF Estiomet

http://www.bing.com/maps/

ond

11

i

University of

Reading




Fluxes: EC -

Modelling urban-atmosphere exchanges - trade-offs between simplicity and complexity

RMetS AGM 2022

Sue Grimmond

12

i

Umverslty of
Reading

long term measurements

Monthly Median Diurnal Cycle, shaded IQR, KSS
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Operational NWP Met Office UKV with Best-1T scheme
High pollution day London (19 January 2016) | : :
Observed daily average PM,, > 50 uyg m3 20k evedii reditayclicleh

107=

B attenuated backscatter

utomatic Lidar and
~ Ceilometer ALC

(=]

=
[=}
=]
o

Height [m]

Almost persistently high 3., near the
surface

Aerosol: insufficiently mixed in the vertical

due to lack of aerosol dispersion

Earlier dates - could identify emission
. 00:00 03:00 06:00 09:00 _12:00 15:00 18:00 21:00 00:00
inventory problems Time [HH:MM]

‘Warren et al. (2018) https://doi.org/10.1016/j.atmosenv.2018.04.045/
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Urban surface scheme change in UKV: Best 1-tile - MORUSES (15/Mar/16)
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‘Warren et al. (2018) https://doi.org/10.1016/j.atmosenv.2018.04.045/
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ABL - Atmospheric boundary layer

UBL - Urban boundary layer

R5L - Roughness sublayer _ _
(transition layer, wake layer, interfacial layer)

UCL - Urban canopy layer

USL - Urban surface layer

ML - Mixad layer

CFL - Constant flux layer

Fernando 2010: https://doi.org/10.1146/annurev-fluid-121108-145459

ERAS Surface-level z ¢
TZ,E! 425 Uior
22 2O

(i.e., inertial sublayer - ISL)

/
/
ﬁ Inertial Sub-Layer

ERAS Grid

Roughness Sub-Layer

Canopy layer
ERAS grid altitude (asl) ZgE

* MOST - breaks down close to the surface
* Large roughness elements

uUsL "

*
1
1
/' Inertial Sub-Layer
1
-SUEWS Forcing Height z, (, (e.g. ~3 2 |
* :
?
Roughness Sub-Layer

~
~
~
N

-

=
| Urban Canopy Layer
1 1

) ::

T zy Mean Building Height (agl)
1

Urban .
Tou. 920.Uroy i
L Site altitude (asl)

\ Urban site Zou

i
1
i
1
1
1
1
|
1
1
I \
I
1
1
T
1
1
1
i
1
1
1
1

‘_-—_

‘ Tang et al. 2021: Building and Environment, https://doi.org/10.1016/j.buildenv.2021.108088
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Wind profile close to the Urban Surface: below the Inertial Sub-Layer

-0.1<2z,/L<0.1
n =60

2.0 1

Roughness sub layer kel

Near neutral

Wind across flat-roof buildings

Model parameterisations

smmllHarman and Finnigan (2007)
dlDe Ridder (2010)

ol Monin-Obukhov similarity theory MOST
el VIOST with stability dependent z,

Neutral logarithmic law
el Kastner-Klein & Rotach (2004)

@ Obs. ‘Observations\
© Obs. corr

N
Y]
1.0 A
Urban Canopy Layer
g A T o, Y-: - 0.5 -
a *.":I; ,.'-‘-‘_,rj,:'t : ;I Y
47.57°N it — ey
E;mﬁf Rt R B ST ” 0.0 . - < ; ; ;
PR S 0 F i 20 0 2 4 6 8§ 10 12
L\‘:ﬁ LA 8 _ U(2)/u.(zm)
&%/_KJ 30:2
X " Profiles of Wind speed
N normalized by friction velocity
47.56°N |12 ‘ A 10
AL
(B Sy S, g

7.59°E 7.6°E

Real World Observations:
Basel-Sperrstrasse

Dense Uniform Terrain

' Theeuwes e al. (2019) BLM https://doi.org/10.1007/s10546-019-00472-1|
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Different stabilities

Near neutral Wind speed profiles
9 normalized by friction velocity

\very unstable | unstable |
Basel-Sperrstrasse ® | / bl ) )]

c

flat-roof  **
g buildings ~ |

0.54

Model

smmllHarman and Finnigan (2007)
adlDe Ridder (2010)

Height agl [m]

pitch-roof —_—
buildings =l VIOST with stability dependent z,
Real World Observations
Basel-Sperrstrasse el KaStner-Klein & Rotach (2004)
Dense Uniform Terrain el Giometto et al. (2016) LES
Gothenburg @® Obs. ,
@ Obs. corr Observations
b
Gothenburg

57.71°N

perpendicular to
the street canyon

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

Height agl [m]

rrrrrr

4 6 ;i 1lﬂ 1‘2 0 2‘ 4 6 8
Ul2)lu.(zm) U2)/u.(zm)
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Temperature Profile - Different stabilities

Basel-Sperrstrasse

w
=)

N
o
Height agl [m]
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buildings

Z/zp

1.04

0.54

0.0

pitch-roof

buildings

159
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1.0

0.54

0.0

flat-roof

159

'very unstable

—d<zyfl < -1
n =15

b “1<z/l<-02
n =201

|

Near neutral |

-0.2<z/L <02
n =114

—d<zfl<-1
n=42
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— dR

=== MOST
@ Obs.
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sl B Harman and Finnigan (2007)
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-- MOST
® Obs. ~— ~ T T T

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

Couple Harman and Finnigan RSL model to local scale

urban canopy model (SUEWS) T
Diagnose profiles down to the ground w
40 gm |
£ e
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([ o s [ e i R R [ K
RSL 25/ d) 12,56 m agl 2lf) 125 magl ;
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‘ Tang et al. 2021: Building and Environment, https://doi.org/10.1016/j.buildenv.2021.108088
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Implications for Building design and Energy consumption by floor

EnergyPlus simulated annual energy load Measurements
Heating Cooling Total Usg SUEWS-RSL to force
R neighbourhood scale models for
a b c . .
e | | bullding energy design
Y NN ETREN B Moaeline
| -oa | Jowe 1 [0 : Implications: human comfort
] 6% : ] es% - - B 4% Energy needs, CO, emissions
. ﬂ ~0.3% i | 04% - ﬂ ~0.2%
& - 14.1% - 128% | - 11.0%
1 - 14.4% i - —12.9% | - 11.2%
| -0.2% 1t | 03% 1 | -0.1%
- 9.9% : ST I as% | - 8.6%
c | oo @t f-37% | | [ e
‘ =0.1% | =0.1% | | -0.1% Main Bed Living
0 2 4 6 8 10 12 14 -25-20-15-10-0600 05 10 0 2 4 6 8 10 N ——
Heating (kWh m™2) Cooling (kWh m™2) Total (kWh m™) / / e
[
Ll [new - defaUItopen terrain] o e L
T Temperature (%): diff. normalised by open terrain values Bath
UT U&T l
7.8m
Each flat has the same layout Front

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




Urban Characteristics

urban morphology

[Bohnenstengel etal. (2011)|

SOIL
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urban roughness

urban land cover

ABL - Atmospheric boundary layer
UBL - Urban boundary layer
RSL - Roughness sublayer
(transition layer, wake layer, interfacial layer)
UCL - Urban canepy layer
USL - Urban surface layer
ML - Mixed layer
CFL - Constant flux

r
(i.e., imertial sublayer - I5L)

Quter layer

UBL

a-'.l ?’)\_
-—

32°N}

2°E 123°E

IE T IFE LR L0 DUE

04

surface fr
E

0.0 T T T T T T T T T T T T T T T T T T
20 40 B0 B0 100 120 140 160 180 200 220 240 260 280 300 320 340 380
wind direction (7)
Paved {roof) M Evergreen{needleleaf) Trees Grass (C3) W Water
BN Guildings (canyon) W Decidious(broadleaf) Trees B Baresoil

!Hertwig et al. (2021) https://doi.org/lO.1002/]00.7018\

anthropogenic heat |Treated as parameter- should be dynamic

250
—— Greater Qr model
~— MORUSES
200
o
|
£ 10
e
O o
50
2011-12-05 201]—‘12—06 2011—i2—07 20‘11—"12—08 2011—"12—09 2011—‘12—10 2011—‘12—11 2011—‘12—12
Time

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

0.005

u ba yd 0 Ogy Rain rate (mm h~1)
0 2 4 6 8 10 12 14 16 18
0.005 | | | | | | | | -
(a) London ’
— e CTRL-M (T): -2.2e-04 kg m~Zs1 + 0.89*RR
i 0.004 — 4 CTRLB (T): -2.1e-04 kg m~2 51 + 0.89°RR
Nm o UKV-M (E): -2.4e-04 kg m~2 571 + 0.94*RR .
[ ® HAD-B:-3.5e-04 kg m™2 s + L.OO*RR
£ 0.003 - :
j)]
=3
(0]
]
& 0.002 -
=
<)
c
Z 0.001 —
0.000 0.001 0.002 0.003 0.004
Rain rate (kg m™2s71)




Modelling urban-atmosphere exchanges - trade-offs between simplicity and complexity | RMetS AGM 2022 | Sue Grimmond | 22 Dniversity of

Reading

Wind Tunnel (EnFlo, University of Surrey): Many areas are more complex
Isolated Tall Buildings (London) Tall buildings can have a large influence on profiles

N Greater London™

e oy l)
gy ©

I“ ($T Cores S Circis Jy &
0 SRR

36.9m

Street scale & tall-building flow

@ Helical street canyon vortex

@ Flow exchange in intersection

@ Down- and upward flow (windward face)

@ Near wake with recirculation and upward flow
(5) Horseshoe vortex with secondary flow

(6) Main wake

'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/DOFD0009SA |
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Isolated Tall Buildings (TB): London

(a) Tgy at@=0°

140
Profiles of mean longitudinal {3 N Ty
(along-wind) velocity (U/U, ) 120
ensemble averages —i3— all sites (No Tall)
1007 — log-law fit (No Tall)
fé\ 80T
N 60 1 I
- Roughness sub layer
40 A
- I N Corezo+zg___
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Urban Canopy Layer f/n/u
%o o0z o024 06 08 10
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ag;?gadzf:;'ggw « Measurement locations
© 1 radii (arcs, colour) - increments of 0.5 Hqg

] Distances from tall building\
-8 r = 0.5Hr

- = IOHT

g = I.SHT
g = Z.OHT (Tﬂ{ 01'11}")
-&— 15 = 2.5Hr

: - T'g = 3.0HT (T134 only)
_________ V. Y8R _ . - = 3.5HT (T134 only)
' inbuildingwake | rs = 4.0Hr (T34 only)

e e e e @ D L e

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/DOFD0009SA
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Isolated Tall Buildings (TB): London'

(a) Tgy at®@=0°

Profiles of mean longitudinal e [y {8} Mo Tl
(along-wind) velocity (U/U,) a0l = = 2ok G ony
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- T'g = 3.0HT (T134 only)
________________ i —@— 17 = 3.5H7 (T34 only)
\direct downwind transect!
i building wake re = 4.0Hr (T134 only)
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’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/DOFD00098A\
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Isolated Tall Buildings (TB): London

(a) Tg; at6=0"

(b) Ty34 at6=101°
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Hertwig et al. (2021) Faraday Discussions https:/doi.org/10.1039/DOFD00098A
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\Hertwig et al. 2021 Faraday Discussions https://doi.org/10.1039/DOFD00098A
Lim et al. 2022 Experiments in Fluids 63:92 https://doi.org/10.1007/s00348-022-03439-0
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Cluster of Tall Buildings (Beijing)

Mean

recirculating flow in the cluster near-wake region velocity
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Lim et al. 2022 Experiments in Fluids 63:92 https://doi.org/10.1007/s00348-022-03439-0
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-

urban roughness

urban land cover

ABL - Atmospheric boundary layer
UBL - Urban boundary layer
RSL - Roughness sublayer
(transition layer, wake layer, interfacial layer)
UCL - Urban canepy layer
USL - Urban surface layer
ML - Mixed layer
CFL - Constant flux
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Micro-scale: Controls on variability of surface temperature

. Facet orientation . Brightnegs temperatures differ by > 30 K
* Ground highly variable from shadows

‘ggr?;?;;’-‘f 5 =

5

* Most variability in morning
 More isothermal in afternoon

e

Y Ve

Y

330 =
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310

1
1
s
— .

Brightness temperature (K)

300 = ] _ - Roof
27 August 2014 (Local time) e e s e e BE South
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 Morrison ef al. 2018 https://doi.org/10.1016/).rse.2018.05.004 |
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Anthropogenic heat flux from buildings Qg

= Inventory methods to estimate Q¢ 5 |:> Building energy consumption data

Roof and Wall

4

Assumptions:

Qr 5= Qkc

> Consumed energy is emitted outdoors immediately

LLiu 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 Qg

/ Occupied building (o)

Unoccupied building (uo) \

ﬁergy balance difference {a-m

Qrp = Qec — 45, - 4o

I
I
I
K* New shortwave radiation 0 Occupied building Qe Anthropogenic heat flux from building
L Longwave radiation uo Unoccupied building Qgc Building energy consumption (including human metabolism)
Q4 Turbulent sensible heat 1 Outgoing AS Change in heat storage flux induced by human activities
AQq Storage heat flux l Incoming 0-Uo Difference between occupied and unoccupied
Qgae | Heat exchange by air exchange é ;| i Internal heat from lighting, appliance and metabolism
Quwaste Waste heat from HVAC o 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 Q zand Qg.: attributable to change in storage heat flux (AS)
= Dynamic natural ventilation: key factor in diurnal shape of Qr gand AS in spring

= Two main driving forces: natural ventilation and space cooling determine summer Q¢ 5
diurnal pattern

" No natural ventilation and space cooling: less Q¢ g diurnal variation in Winter
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LLiu et al. 2022: Atmos. Chem. Phys., 22, 4721-4735, https://doi.org/10.5194/acp-22-4721-2022
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Daily Mean Ambient Temperature (°C)

Air Temperature

ﬁz)

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 CO, emissions

— Improve CO, modelling in urban areas, assess
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—
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Lim et al. 2022 Experiments in Fluids 63:92 https://doi.org/10.1007/s00348-022-03439-0
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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/kJqIXX2gbgFh5Y2-NIULy8zrSZQ=/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
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