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Thethermal environmentof a city is well
mapped. Thérnuman responsdo it is not.
We argue that closing this gap requires
movingbeyond morphology tchuman
physiology

From static urban zones to the bodies
navigating them, from average
vulnerability to individual resilience, from
what cities measure to what people feel
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Sensingthe Environment
GETTINGAN | NS | DEERSPECTIVE:
Multidomain stressorgletectedvia mobile to-wearablesensingpotentiallycrowdsourced.

More than human sensing

WearableWeatherStation

Mobile WeatherStation WearableWeatherStation
(Van) (Helmet) (Backpack) prototype
- - (Robot Dog)
SRR i o
How to catch-and-handle urban resilience need itomplex, dense and polluted urban areas?

Pigliautileand — Lo Pigliautileand Pisello
=#{ Sci Tot Env 2018

— 1, Cureauet al. =
5/ Environmentatesearch |=£1" pisello, BAE, 2020
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Sensingthe Environment

Wearable + Autonomous Sensing
Experimental Campaign in Perugia.
Pilot Design: EAPLAB

Robot: Eagle Projects, Perugia.
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CHYPERLOCALMOBILE TO WEARKBEE;., :

S MONITORING
: Ph siofogicd) Equivalent
g Temperature

T)fo rdentlfy hyperlocal heét- '

TowardMultisensoryEnvironment

Human- Inter - BuildingScale
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Mapping Physiological Equivalent
Temperature (PET)
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Hyperlocal mobile -to-wearable
monitoring:

ADiurnal temporal variability: same path
repeated in the morning, noon, and
afternoon.

APETas a heat stress metric as it includes
physiological information .

AMobile monitoring to identify
hyperlocal PETextremes.

AVehicle vs pedestrians, they do not report
the same information: wearable device
detects hot spots that are not observed
with the vehicle, but the vehicle monitors
alarger area.

*necessityof a hybrid network of mobile
multiscalesystemsfor properly assessingisk
and vulnerability.

Cureau et al.
Environmental
research, 2024
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TowardMultisensoryEnvironment

Human- Inter - BuildingScale

Kriging spatial interpolation (15/09/2021 midday) ) i
rdinary Kriging :
A Simplified interpolation, fast computation.

A Acceptable error in predicting air temperature
distribution (Leave-one-out cross-validation):
RMSE =0.29 8 0.59 AC summer (CV = 1%- 3%)
RMSE =0.36 8 0.54 AC winter (CV = 2%- 13%)

A Vehicle-only (validated with the backpack data):
RMSE =0.76 8 1.15 AC summer (CV = 3%- 6%)
RMSE =0.74 8 1.63 AC winter (CV = 5% - 42%)

0. A Backpackonly (validated with the vehicle data):
9, RMSE =0.87 6 1.31 AC summer (CV = 3%- 6%)
* ’0,,, RMSE =0.81 8 1.37 AC winter (CV. = 5% - 25%)
S b3
(N .’ R : Van-only fails to pinpoint precise hotspots as
L3 *%e * <@ indicated by the monitoring data.
. ? o°, 00409 9 ;
Air Temperature (°C) .“ ° * o & z &
26.5HT TN 9.0 o060 .’ .0 &
* <
L 2 L
04408

—, Cureauetal.
=/ Envionmental
research, 2024
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TowardMultisensoryEnvironment
Land Surface Temperature (°@)Aicrafton 18/07/2010, 1m x 1m

at [ N]
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Sensing the Environment through HumaRentric Approaches

The Indoor -Outdoor Problem

Urban thermal conditions are spatially complex
and impossible to capture with fixed sensors We
d o nihaw what people actually experience at
street level.

Indoor thermal comfort models do not capture

fully human multisensory experience and social
dynamics.

Our Approach

Multidomain & Multisensory & Social -
Physiological analysisfor Whole wellbeing
approach through

- Environmental data (spatial-temporal
granularity and dynamics

- ML techniques

- Diverse dataincluding social networking
analysisand physiology measurements
(safety, security, vulnerability)

Observing, predicting , mitigating exposure risks via
HUMAN CENTRIC,implementation driven complexity




— Schweikeet al.

= BAE2020

—_ Chinazzoet al.

= BAE2022

Human comfort depends on the combination and interaction of seveesivironmental stimulihat are simultaneously experienced. This
happens both in indeors and outdoors

Personal and contextual factors
(gender, age, background, etc.)

MULTIDOMAIN APPROACH: crosaodal effects + contextual effects
Beyond thermalonly issues fofcomprehensive environmental comfort assessments:
Human comfort is A MULTDOMAIN ISSUE, since oufperception and potential vulnerability is influenced by a wide range o§factor

- Schweikeet al.
= BAE2020

THEROLEOF MULTIPLESTRESSORSN HUMAN PERCEPTIOMND ‘
VULNERABILITY BEYOND THERMALONLY ISSUES =L o
Human perceptiondepends orthe combinationand interactionof several
environmentalstimulithat are simultaneouslgxperienced personaland

contextualfactors.
DOMAIN: RESPONSE
Cross Modal Effect THERMAL THERMAL
VISUAL VISUAL
ACOUSTICS ACOUSTICS
AIR QUALITY AIR QUALITY
MULTI-DOMAIN
APPROACH
DOMAIN: RESPONSE
Combined Effects THERMAL+ INDIVIDUAL
VISUAk PERCEPTION
ACOUSTICS AIR PERFORMANGE
QUALITY
PERSONAL& BEHAVIOR
CONTEXTUAL
PHYSIOLOGY
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" MULTI"DOMAIN CQMFogT OUTDOORS
. Multi -domaifl and human-oriented physiologicat~approach for
evaluating humancomfort-outdeors |'Coriparing 2saban, park

N\

Sensingthe Environment

Multidomain Human Comfort - Outdoors

MULTI-DOMAIN COMFORTOUTDOORS:FOCUSON /
ACOUSTICSAND SOUND-MASKING Park1/ Urban rz[ajrg)
Monitoring and survey (>300pax) in all the domains

MULTFDOMAIN COMFORTWALK:

ZEnvironmental monitoring (backpack,digital sonometer, and
microphone recordings)

AComfort survey

Casestudies:
Parkand a nearby commercial hub: both placesdedicated to leisure
activities.

Commerciahub
cH

E_/ Cureau, et al.
Forum Acusticum 2023
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Sensingthe Environment

Multidomain Human Comfort - Outdoors

Multidomain -designed urban park much preferred vs commercial

hubs despite physics-based observation are equivalent
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A CHwasalwayshotter (worse microclimate)
betterthermal comfortevaluationat the UP.

Meanvote
upP CH

Thermalcomfort 0.6 -0.3
=/ cureau, et

Forum Acusticum 2023

—— Understood via cross-modal effects
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Air quality perception 13 -0.8

Comparable air quality level, inconsistent perception.
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Sensingthe Environment

Multidomain Human Comfort - Outdoors

Multidomain -designed urban park much preferred vs commercial

hubs despite physics-based observation are equivalent

WATER SOUND-MASKING CROSSMODAL EFFECT

ASoundpressurdevelswerealwayshigherat the UP.
ABothplacesvereperceivedis noisy(negativemeanvote).

Aslightlyworseassessmerfor the CH,eventhough the soundpressurdevelwashigherat the UP.

SPL [sb(A)] 80.0

60.0
100
[ Day1 Day2

Number

Day3 Day4 >
| — P2 664 642 659 632 ! |
| 0 637 671 653 678 NG
Noise Perception Vote
CH2 55.8 572 595 599
CH6 62.8 581 622 572
Mean vote
up CH
Noiseperception -0.6 -1.0
Acousticguality 0.7 -0.7

J |
-2 1 0 1 2
Acoustic Quality Vote

Cureau, et al.
Forum Acusticum 2023

URBAN PARK

Traffic

COMMERCIAL HUI

Nature

2pm.
Traffic

Ampltude

* Others

Frequency (kHz)

URBAN PARK

Nature o up WATER MASK Time (s)

6pm. #CH
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Sensingthe Environment
Multidomain Human Comfort - Outdoors

Strategic Urban Pocket Parks (SUPP)for subjective and objective multi-domain comfort

Pocket Park: Greenacre Park. plan and
section —__

Multi-domain comfort assessment

in the outdoors

2 v w

Solarradiation

Wind speedk

Paly Pak{PR).

RelativeHumidity

Inters Street Plaza (IP) FAibapl Sticat 1P Plasa

Air temperatur

Privately Owned m-m.uw)

Cyberphysicalapproach in NYC Paley Pocket park
July 26th, 2019 heatwave

Rossetal.,
Journabf Environmental
Management2024

Rossetal.,
Energyand Buildings,
2022
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Sensingthe Environment
Multidomain Human Comfort - Outdoors

Multi -domain comfort in the outdoors Strategic Urban Pocket ®PP 7 PP Streets @POP POP Streets OIP OIP Streets O Statistically significant
34.00 4
Parks(SUPPYor subjective and objective multi -domain

33.00 4
comfort

32.00 4 3120
3098
31.00

2993

At [°C] o\

Portable 30.00

station 29.00

28.00
27.00
26.00

25.00

ALL DAY 9AM. 1P.M. 7 P.M.

@ Parks @Streets @ PP park @ PPstreets @ POP park @ POP streets OIP park OIP streets

162

scale evaluation

Perceivedwellbeing does not mirror microclimate analysis.

-2 verybad
o . . 1 bad
Drivers from other-than-thermal domains influence thermal 0 n»un:l
) ! 2 e
perception. % 2 v

Subjective comfort means

Contextual variables (gender, job, attitudes) matter in
determining ¢ i t i veekbrirsg@nd resilience. I

106105

110§u0d jen:
HOJWI0d HSNOIY

Rosseetal.,
gf Journalof Environmental

Management, 2024
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Integrated Sensing ofnvironmentand

Human Dynamics

The Outdoor Problem

Urban thermal conditions are spatially complex
and impossible to capture with fixed sensors We
d o nihaw what people actually experience at

street level.

Predicting Urban Surface
Temperatures with CNN

Our Approach

CNN trained on paired RGB+ thermal images
and mobile environmental data predicts surface
temperature maps at pedestrian scale radiant
heat exchangeat the body level.

Mobile Monitoring - Thermal
Imaging - Deep Learning

Integrated Sensing of

Zarbo etal. in progress

P
E
R Urban Park (UP)
v RN
G
I
4
Suburb (ST)
R
o
M 7
E

Circus Maximum

Predicting Urban Surface
Temperatures with CNN

Historic City Center (CC) v
o
> e

Equipment |

Mobile Monitoring - Thermal
Imaging - Deep Learning

24




Predicting Urban Surface

Sensingthe Environment
Temperatures with CNN

I S

MOBILE PLATFORM WEATHER STATION SATELLITE

DYNAMIC DATA COLLECTION VALIDATION

g2

SOCIAL ACCEPTANCE

CNN ¢onvolutional neural network), U-NET, MLPnfultilayer perceptron) concatenated
into a unified latent representation

Mobile Monitoring - Thermal
Zarbo et al. (under review) Imaging - Deep Learning

Predicting Urban Surface
Temperatures with CNN

Sensingthe Environment
S dieiiie Fusionallowsdecoder to generateontextawarethermal

=ﬁ & & predictions both visuallyand thermally/ environmentally
—® b1 conditionedA rebuild an image with thesameresolution

]
.ﬁﬁ@ asthe input RGB

s

RGB Image
TEMPERATURE
UMIDITY
M
PRESSURE ~ — i3 CONCATENATION
P
ALTITUDE
LATITUDE
Termal
Prediction
LONGITUDE
Environmental
Environmental Features
Data

DECODER

) Mobile Monitoring - Thermal
Zarbo et al. (under review) Imaging - Deep Learning
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Predicting Urban Surface

Sensingthe Environment
Temperatures with CNN

Real Thermal Thermal Prediction

Real Thermal Predicted
Image: Mean Thermal Image:
! Surface Mean Surface CV(RMSE)
Scene Temperature Temperature Range RMSE
1 6.06°C 6.11°C 29.1°C 357°C 12.3%
o . o .. 13.5%

2 -9.57°C -14.85°C 75.3°C 10.14°C
3 4.37°C 6.18°C 29.2°C 4.36°C_ 14.9%

&)

Despite the variation in absolute RMSEvalues, the relative
error normalized to the scene-specific thermal range remained
remarkably consistent across scenes (12.3114.9%), indicating
that the model maintains stable predictive performance across
markedly different thermal regimes (<100 kB to train >25k
parameters).

The model does not simply approximate heat. It
reconstructs spatial thermal patterns
Immediate

Mobile Monitoring - Thermal
Zarbo et al. (under review) Imaging - Deep Learning
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Estimating urban heat
storage flux at the scale
where people walk

Sensingthe Environment

The Problem Our Approach

Urban storage heat flux ( ¢ Qi) the Wearable pedestrian sensing + personal

energy absorbed by surfacesand released weat her st at i-oeghkted Gaussian
overnight i is one of the hardest terms to pedestrian-l ev el f or anetBg ENVI
guantify in the urban energy budget. microclimate simulation at 5 m resolution

Existing methods rely on satellite imagery Land Surface Temperature
(coarse resolution, cloud-dependent) or Variability Scheme (TVS) adapted for the

flux towers (spatially fixed). Neither first time to micro -scale. Validated against

captures what pedestrians actually GOES16 and Landsat8 across 5 NYC

experience  inside street canyons locations, 2 seasons

influenced by URBAN  THERMAL

PERSISTENCE

Urban storage heat flux
- Pedestrian-level monitoring

Cerquetelljet al.
Sustainable Cities and Society, -Land surface temperature

2026




SubsurfaceUrban Heat Island- Storage € Qs)
WhynQs Matters for Resilience

A Mortality increases by about 4% during heatwaves, rising further with intensity
and duration (Anderson & Bell, 2011)

A Mortality risk: each extra day witifmax> 35AC is linked to +0.45 deaths/100,000

A Stable nighttime layers (sustained by urban heat storagejrap pollutants ,
worsening ozone and PM concentrationsl{Ipiani, 2020)

A Amplified multidomain risk : pollutant concentrations are 20r30% higher in UHI
zones than suburban areas, compounding heat stress and air quality impacts
(Mandjoupa, 2025)

A Geometry dependence : deep canyons (high H/W) trap more radiation and store
more heat, reducing turbulent fluxes. G is the counterpart and often used as a

2000)

A Urban thermal persistence : cities are not only hotter than rural areas but also
stay hot for much longer due to heat storagy up to 10r40% longer in the air and
even 200% longent the surface and subsoil leve(Li et al., 2024)

Cerquetelljet al.

E 2026

Sustainable Cities and Society,

Gl V#! WnVl W At Awt ROBWWRaW WG 3t WOqt Wa 6 13 Wn

Estimating urban thermal
persistence at the scale
where people walk

BINIUNI ¢GWGYGadc¢qRYUsb We UT TusdskedtHll 2021 61 o NMM

i

' seplember, b/
san[ T

¢

B00

400

200

&
B
E
Urban averaged Fluxes (W m™)

Urban averaged Fluxes (W m™)

10 15
Time (hours)

[ 5

20

Time (hours)

Urban storage heat flux - Pedestrian-level
monitoring -Land surface temperature

september, ‘1711/17:3 }
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Sensingthe Environment
Satellite (SAT)

Weather station (STAT) and wearable (WEAR)

Estimating urban thermal
persistence at the scale
where people walk

GOES16satellite

images

Environmental
data from fixed
weather stations

Environmental
data from
wearable system

)

COMPARISON

3D Modeling

1

Hourly LST

N

Thermal Variabilit
Scheme

T

COMPARISON
Hourly¢Qs

\ 4

Hourly LST

g

Thermal Variabilit;
Scheme

g

Hourlyc Qs

———

Cerquetelljet al.
Sustainable Cities and Society,
2026

&

\ 4

———

Urban storage heat flux - Pedestrian
level monitoring -Land surface
temperature
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Estimating urban thermal
persistence at the scale
where people walk

Sensingthe Environment

Meth0d0|ogy Temperature ("C) 09/08/23 - 10:41
Environmental data fixed weather stations Air temperature T [oading
) Relative humidity |
e I o % Wind speed and direction | +* *
fru ey .“8 - Y5 Solar radiation 3 B

| - £ 3 CO, and PM, concentration | M.

—v s ¥ , ¢ _53 Summer: JurAug 2023 -'
Ve “‘ &7 5 Fall: OctNov 2023 | I &

; ‘&_L J ol % 2 sessions/day -, . o

: & g . . -
52;% | ) B "_0,1 % l.'
L ' o WA S a
Fixed weather stations:

A Weather Underground personal weather station
network: air temperature, relative humidity, wind
speed, atmospheric pressure, precipitation

A 5 min resolution

A Known height above the ground level

A Crossvalidation to ensure reliability of data

I:;_ Cerquetelljet al. ) Urban storage heat flux - Pedestrian-level monitoring - Land surface
E/ Sustainable Cities and Society,
2026 temperature
Estimating urban thermal
Results persistence at the scale
LST- Summer where people walk
Ar ea a) Storggc Heat: Tqmpldns Par!( 30[06!2023‘
316 AQs Satellite
310 AQs Wearable (WEAR) -
E »
s S
g%s AQs (Weather Station (STAT) Kt
300 SAT Uncertainty -
2 §
295 WEAR Uncertainty @
SATGOES16
|—— WEAR vs SAT: RMSE=4.7 K. Overlap=79%
200 T eAR s STAT,RMSE0T K. Overape100% STAT Uncertainty A s tar egmte2s 8 W Ovetigner,
x v +128.8 Wini, Overap=
1) 5 10 15 20 Z i —— SAT vs STAT: RMSE=129.1 Wim?. Overlap=67%

Time of Day (hours) I Natural SN Building M Road Other Impervious i WEAR vs STAT: RMSE 1.3 Wi, Overlape100%

Time of Day (hours)
Manhattan satellite footprint

18% 20%

A Coefficient of variation < 2%
A Better corr es p-consistertland coverfiaciians g h t
» 18% A Impact of satellite anomalies (cloud)

A August 9th: data from LANDSAT 8 (2nd validation)
A Minimum difference when combining wearable with fixed station data (100% overlap)

A Better correpondence (100% overlap) °~ more LST data f SATm de

S
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Estimating urban thermal

A Accurate LST and Q,estimates(CV < 2%), particularly when land cover persistence at the scale

fractions for satellite ihghere and modeled area are si mihegpeoplewak
spatial granularity

A Consistency when using only weather station or weather station +

wear abl e system dacorectiendoolfomagjusttng © val uabl e
air temperature daily profiles in locations without nearby fixed stations I ' o
A Applications: Q Q l
A limited satellite data availability
A limited weather stations (notin NYC) Qg I : :
A cloudy days that affect satellitbased LST estimations Qun > ™ Qnow
A High surfacethermal variability of urban skins -
A Closer to humans, useful data for human comfort

A SubSurfacdJrban Heat Island + Heat Wave Risk Management

A ¢Q,8dynamic factor estimation based on dynamic monitoring mo r e
responsive and tailored mitigation strategies for human centric tackling AQ,
of urban overheating

A Better building energy performance boundary conditions

Urban storage heat flux -
Pedestrian-level

= Cerquetelljet al. . . i
E/ Sustainable Cities and Society, monitoring -Land
2026 surface temperature
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Sensingthe Environment -
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ultisensory Urban Climate Zones (MUC

Beyond Urban Morphology

The Gap

Our Approach
Local Climate Zones map

static  urban

Mobile monitoring transects + crowdsourced
morphology @i building density, land cover, weather stations + Google Air Quality API +
vegetation. They don't capture anthropogenic

Circuitscapee c ol ogi cal connectivity
heat, air quality, or ecological fragmentation calculated, then Geographically Weighted
driven by human activity, which can influence Regression maps where thermal stress and air
comfort asmuch asform itself. pollution co -occur as Multisensory Urban

Climate Zones (MUCZ).

E Grapasetal., 2025
SustainableCities& SocietyElsevier

Ordinary Kriging - Random Forest -
GWR - LISA Spatial Clustering
- Circuitscape - Cl

Beyond Urban Morphology

Methodology

| s A
{_ Air Temperature j

Section o Section ) Section @
:
Solar Radiation ) Faetor vrel “ Validation }»

irommental
imenial Data

[ Relative Humidity ")

(" Wind Speed ! Multisensory Urban
- € e
Crowdsconrced oo jﬁ: R I ez Climate Zones
Meteoralogical Data ) nir - L MUCZ)
g Correlation. Secti o
Section @ & i ) Section
D ——— CnTarmpi Geographically Weighted [
Open & Remore Sensing Selection of Validation
Q Darat | LCZFormulation igh Regression.
k-Means Clustering ctivity ic i i
- Human Activity Indicators ) l;.{i’:j:‘::f Identifving urban areas where
Universal Air Quality Index } thermal Y local L'::rmf.u;u;n exist
" —_— . stweern fher s »
g Do fndicating Fuman ( Ecological Comneciiviy discomfart etween thermal discomfor
cin 5 - and other human comfort
Traffic

domains, such as air quality.

Ordinary Kriging - Random Forest -
e —— GWR - LISA Spatial Clustering

- Circuitscape - UTCI
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Multisensory Urban Climate Zones (MUCZ)

EE Grapaset.,al 2025
Ol sustainableCities& SocietyElsevier

Beyond Urban Morphology

Astewartand Oke (2012) proposeda Local
Climate Zones(LCZs)classification schemefor
Urban Heat Island (UHI) studies, linking
urban morphology to thermal properties .
LCZsprovide a representationof the spatial
distribution of the urban thermal
environment, for understanding the factors
driving temperature changes.

Ordinary Kriging - Random Forest -
GWR - LISA Spatial Clustering
- Circuitscape - UTCI
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