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Scaling: Allometric Growth .
» Definition: How do two traits or processes Ej 1,:
scale with one another? § ;

1 1.5 2 25 3

» Universal power laws (log-log relationships)
have been observed in biological phenomena

log body size (carapace breadth) (mm)

From: Shingleton, A.(2010)

fOf' over 100 Yea rs Allometry: The Study of Biological Scaling. Nature Education Knowledge 3(10):2
. 10} N ‘\_./:u,_«\‘\
» E.qg. Fiddler Crab claw grows faster than al % <

therms
(warm-blooded
orgamsms})

rest of body o |-

poikilotherms
{rold blooded organisms}

» Similarly, ecosystems have these properties

metabolic rate (kcal /h; log scale)

» Researchers have recently found power
laws apply to urban systems as well

R =0.1M3/¢

metabolic

Tal B | |
" 07 10* 10 10° 10} ot 107
mass (g; log scale)

1 kealh = 1.162 watts

From: https://universe-review.ca/R10-35-metabolic.htm

Rob Hendrickson UNIVERSITY OF MINNESOTA March 2023 AAG annual meeting


https://universe-review.ca/R10-35-metabolic.htm

Scaling between Air Pollution

Bac kg round & Mobility in the Twin Cities e

Environment &
Society

26  p=1.12 R®=0.97

Scaling: Urban Systems

25 t
24 ¢

> Typically done through an economics lens

23 -

» Comparing the size of an urban system (population)
to another urban indicator

22 -

LN[Total Wages USA MSAs 2004]

21 r .

20

10 11 12 13 14 15 16 17
LN[Population]

» Three main categories of urban scaling:

b 14

13 p=1.15 R*=0.91

» Linear - individual needs, e.g. Water Consumption
12
1}

» Sub-linear - economies of scale, e.g. Road Networks

10 |

» Super-linear - increasing returns, e.g. Total Wages

LN[Supercreatives USA MSAs 2003]

7+ e .
» We apply the same analysis to explore how emissions ot
(the indicator) scale with human mobility (the size) N[Population]
> Investigating the efficiency of a transportation From: L. M. A. Bettencourt, J. Lobo, D. Helbing, C. Kilhnert, G. B. West,
Growth, innovation, scaling, and the pace of life in cities.
system Proc. Natl. Acad. Sci. U.S.A. 104, 7301-7306 (2007).
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Why Mobility & Air Pollution?

» We are in the Anthropocene!
> Forever chemicals, waste, deforestation, ...

» Transportation emissions are a large part of this

» Air pollution not only destabilizes our climate, it also
impacts human health

» We need metrics to quantify and compare our
transportation systems

Photo from Jared Murray on Unsplash
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Data Description

Scaling between Air Pollution
& Mobility in the Twin Cities

A New York (Greater) (Jan 2019-Dec 2021)
COVID-19 Lockdown — Power
o o 2 _— IndL.Jstry.
Carbon Emissions 5™ =
L] L] L] z 150 ‘

» From the paper, Carbon Monitor Cities near-real- 5 l“ l ljb il l‘,u I ‘H
time daily estimates of CO2 emissions from 1500 R “WWMM ‘ f -,Mm,mm“famm‘mrm.*
cities worldwide 8 me* M" ‘ w«wwﬁw

2 AL (-
a
0
» Modeled Daily kilotons of CO, by sector across the B I SR Y S A D R Y U o
Globe B Ahmedabad (India) (Jan 2019-Dec 2021)
: e
» At country, county, and city level s kY Efi‘u":fﬁinspoﬂ
= 150 ; Aviation |
» Counties in our study area: % 125 WJ LA
> Ramsey - State Ca p|t0[ g 1007 COVID-19 firstwave  COVID-19 second wave
> Hennepin - Largest Population S
2
> Dakota - Suburban
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From: Huo, D., Huang, X., Dou, X. et al.
Carbon Monitor Cities near-real-time daily estimates of CO2 emissions from 1500 cities worldwide.

» Current Estimates at CarbonMonitor.org
Sci Data 9, 533 (2022).
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Data Description

Human Mobility

» Proprietary data of mobile device trajectories

» Anonymized unique devices
> Within seconds & meters

> For the entire United States

» Used to compute basic daily mobility indices

for the whole system:
» Total Distance
» Total Travel Time
» Average Device Distance

» Average Device Travel Time
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Example Trajectories in 7 County Metro

CARVER

HENNEPIN

SCOTT

ANOKA

WASHINGTO!
RAMSEY

DAKOTA

Map tiles by CartoDB, under CC BY 3.0. Data by OpenStreetMap, under ODbL.
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Scaling of Total Distance & Ground Transport Emissions

As One System

15 - Scaling Factor: 0.1962
RZ- 03474

» Studying the three counties as
one system we find...

14 -

» Carbon appears to have
sub-linear scaling with

distance traveled 13 -

Carbon (Log KtCO; per day)

» The fitis not as good as
other phenomena

11 1

215 Observations

6.1 6.2 6.3 6.4 6.5
Total Dist (Log kmy)
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Scaling of Total Distance & Ground Transport Emissions

Separate Systems

» Different clusters appear when 12
broken down to the county level

10 4

08 4

Carbon (Log KECO: per day)

0.4 -

5.2 5.4 5.6 5.8 6.0
Total Dist iLog kmy)
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Preliminary Findings "% Mobilty i the Twin Cities

Scaling of Total Distance & Ground Transport Emissions

Separate Systems

® HENNEPIN
» Different clusters appear when 12{ ® DAKOTA
broken down to the county level ® RAMSEY

. 10 -
» Counties

08 4

Carben (Log K2CO» per day)

0.4 -

5.2 5.4 5.6 5.8 6.0
Total Dist (Log km)
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Scaling of Total Distance & Ground Transport Emissions

Separate Systems
® Pre March 2021

» Different clusters appear when 12 Post March 2021
broken down to the county level e
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Scaling of Total Distance & Ground Transport Emissions

Separate Systems |
® Winter
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Spatial Findings
Mobility Index County Scaling Factor  95% Confidence Interval Adjusted R2
HENNEPIN 0.186 [0.151 0.221] 0.336
Total Distance RAMSEY 0.192 [0.156 0.227] 0.345
DAKOTA 0.205 [0.165 0.245] 0.325
Combined 0.196 [0.160 0.232] 0.347
HENNEPIN 0.184 [0.149 0.220] 0.333
Total Travel Time RAMSEY 0.188 [0.152 0.223] 0.336
DAKOTA 0.200 [0.160 0.240] 0.308
Combined 0.194 [0.158 0.230] 0.341
HENNEPIN 0.608 [0.486 0.730] 0.309
Average Device RAMSEY 0.850 [0.690 1.010] 0.339
Distance DAKOTA 0.574 [0.452 0.697] 0.285
Combined 0.576 [0.473 0.679] 0.362
HENNEPIN 0.514 [0.400 0.627] 0.269
Average Device RAMSEY 0.612 [0.466 0.759] 0.240
Travel Time DAKOTA 0.478 [0.358 0.599] 0.220
Combined 0.551 [0.450 0.653] 0.348
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Temporal Findings

Seasonality in Scaling of Total Distance & Ground Transport Emissions

(As One System)
Winter Summer
15 - 150 -
Scaling Factor: 0.1942 Scaling Factor: 0.1655
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Other Pollutants

> Pollutants of concern from vehicles:

> Carbon, Particulate Matter (PM),
Volatile Organic Compounds (VOCs), ...

» The American Heart Association established a
causal link between Particulate Matter & Heart
and Lung Disease

» Spatial Distribution

» Local variation is important with
PM & VOCs

» Working-class, communities of color are
disproportionately burdened

Photo from Photoholgic on Unsplash
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Other Mobility Indices: Critical Distance

. : , Ricker Model Equation
» The Ricker Curve is an ecological model

» Growth Rate with Carrying Capacity
» Has mathematical properties

» Related to the power law used in typical
human mobility analysis but considers small
scale mobility

> Let X = Distance

& Y = Frequency the distance is traveled
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Other Mobility Indices: Critical Distance

. : , Ricker Model Equation
» The Ricker Curve is an ecological model

» Growth Rate with Carrying Capacity
» Has mathematical properties

» Related to the power law used in typical
human mobility analysis but considers small
scale mobility

-1
1= Critical Distance

0 X

> Let X = Distance

& Y = Frequency the distance is traveled
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Other Mobility Indices: Critical Distance

» The Ricker Curve is an ecological model Frequency by Distance Bin
0.010 |
» Growth Rate with Carrying Capacity Parameters: a = -4.44375, b = -0.91987
RMSE: 9.16e-08
0.008 - R2: 0.8455
» Has mathematical properties
> 0.006 1
S Observed Frequency
. . > - .
> Related to the power law used in typical 2 0.004 Estimated Frequency
human mobility analysis but considers small *
scale mobility
0.002 A
» Let X = Distance 0.000 -
0 5 10 15 20 25 30

& Y = Frequency the distance is traveled Distance_Bin (km)
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o . Aggregated Trajectories
Appllcatlons (July 2020 > Dec 2021)
A
» Efficiency of a transportation system
> Flexible framework | o
» A method to classify & assess progress of I | o i
metropolitan areas across the US '
» And deepen our understanding of the _, o
relationship between mobility and air = - L
pollution | L L A
0 7.5 15 mi - et
[ © kepler.gl | © Jgﬁﬁéx | © OpenStreetMap
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Number of Trips

Mobility Data & Index Quality

= Before March 2021 After March 2021
» Does this actually represent reality? .
> Biased to mobile device users with location . ;
services "

200,000 300,000 400,000 500,000 600,000 200,000 300,000 400,000 500,000 600,000
Trips Trips

» Temporal variation in amount of data

Number of Devices

30

“ Before March 2021 After March 2021
» Trajectory length computed "“as the crow . ’
flies” (Euclidean Distance) ) .
» Defining extent to select trajectories : :
introduces issues with Modifiable Areal Unit : :
Problem U U
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Scaling of Device Distance & Ground Transport Emissions

[ ] [ ] [ ] [ ]
Mobility Indices by Device of o AiDate af @ HENNEP
Mobility Index County Scaling Factor 95% Confidence Interval Adjusted R2  *° ]| @ RAMSEY
HENNEPIN 0.608 [0.486 0.730] 0.309 . .
Average Device RAMSEY 0.850 [0.690 1.010] 0.339 . .
Distance DAKOTA 0.574 [0.452 0.697] 0.285 0 o
Combined 0.576 [0.473 0.679] 0.362 ) R ) L
HENNEPIN 0.514 [0.400 0.627] 0.269 ‘3ol ol o 3ol -4
Average Device RAMSEY 0.612 [0.466 0.759] 0.240 os °~ A °9$ i os °~ A %,&’ i
Travel Time DAKOTA 0.478 [0.358 0.599] 0.220 Wy R
Combined 0.551 [0.450 0.653] 0.348 N . N .

Mean Dist By Device & Ground Transport: ALLNone

1375

1350

1325

= 1300

1275

Carbon (Log KtCO: per day)

-
b
l
=1

1225

1200

1175

Scaling Factor: 0.5758
R%: 0.3618

1425

1450 1475
Mean Dist By Device (Log km)

1500 1525 1550 1575 1600

Carbon (Log KtCO; per day)

11

10

0.9

0.8

07

06

0.5

16

Pre March 2021 .o
Post March 2021 “,*a°
s .“

L
(]

0.9

0.8

07

06

0.5

® Winter

L ] .’
® Spring o %0
Summer N 5
e Fall .’
L ]
* .} L] (..2 .
. AN
» ek \d' ,
%) ,._!r.:;
L]

10 11 12 13 14 15 16

10 11 12 13 14 15

Mean Dist By Device (Log km)

16

Rob Hendrickson

UNIVERSITY OF MINNESOTA

March 2023 AAG annual meeting



Scaling between Air Pollution

& Mobility in the Twin Cities  Geography,
Society

Frequency by Distance Bin

0.010
: Parameters: a = -4.44375, b = -0.91987
Ricker Model Expanded RMaL: 8.166.08
0.008 - R?: 0.8455
» Sensitivity to binwidth
> 0.006 1
S Observed Frequency
> —— Estimated Frequency
. . . £ 0.004 A
Illustration of Binwidths
0.002
0.000
0 5 10 15 20 25 30

Distance_Bin

Y — Xea+bX
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