
Understanding Urban 

Carbon Flux Quantification 

Information Systems 

Kevin R. Gurney
School of Informatics, Computing and Cyber Systems

Northern Arizona University

Professor June 11, 2019

SOCCR2 and beyond



The Urban Share

 Urban areas in North America are the 

primary source of anthropogenic 
carbon emissions, with cities responsible 

for a large proportion of direct

emissions. These areas are also indirect 

sources of carbon through the 
emissions embedded in goods and 

services produced outside city 

boundaries for consumption by urban 

dwellers (medium confidence, likely).



Emission “drivers”

Many societal factors drive urban carbon 

emissions, but the urban built environment

and the regulations and policies shaping urban 

form (e.g., land-use) and technology (e.g., 

modes of transportation) play crucial roles. Such 

societal drivers can lock in dependence on 

fossil fuels in the absence of major 

technological, institutional, and behavioral 

change. Some fossil fuel–related infrastructure 

can have lifetimes up to 50 years (high 

confidence).



Key Findings continued

 Key challenges for urban carbon flux studies are observational 

design, integration, uncertainty quantification, and 

reconciliation of the multiple carbon flux approaches to 
detect trends and inform emissions mitigation efforts (medium 

confidence, likely).

 Improvements in air quality and human health and the 

reduction of the urban heat island are important co-benefits

of urban carbon emissions mitigation (very likely, high 

confidence).



Key Findings continued

 Urban methane (CH4) emissions have been poorly 

characterized, but the combination of improved 

instrumentation, modeling tools, and heightened interest in the 
problem is defining the range of emissions rates and source 

composition as well as highlighting infrastructure 

characteristics that affect CH4 emissions (medium 

confidence).

 Urban areas are important sites for policy- and decision 

making that shape carbon fluxes and mitigation. However, 

cities also are constrained by other levels of government, 

variations in their sources of authority and autonomy, 

capacity, competing local priorities, and available fiscal 

resources (high confidence). 



Ongoing work in many NA cities
Table 4.1. Scientifically Based Urban Carbon Estimation Studies in North American Cities 

Domain 

Framework, 

Scope, 

Boundarya 

Estimation 

Techniqueb 

Sectors 

Estimatedc 
References Notesd 

Indianapolis, IN In-boundary Direct flux, activity-EF, 

and fuel statistics; 

airborne eddy flux 

measurement; 

isotopic atmospheric 

measurement; 

tmospheric inversion 

All FF Cambaliza et al. (2014); 

Gurney et al. (2012, 

2017); 

Lauvaux et al. (2016); 

Turnbull et al. (2015) 

Much of the 

work is space 

and time 

explicit; 

atmospheric 

monitoring 

includes 14CO2, 

CO, and CH4 

Toronto, Canada Life cycle 

(scopes 1, 2) 

Activity-EF Residential Kennedy et al. (2009); 

VandeWeghe and 

Kennedy (2007) 

Annual and 

census tract 

Los Angeles, 

CA 

In-boundary; 

embedded in 

buildings 

Atmospheric 

measurement; 

activity-EF 

All FF; on-

road 

transportation; 

buildings 

Feng et al. (2016); 

Kort et al. (2012); 

Newman et al. (2016); 

Pincetl et al. (2014); 

Porse et al. (2016); 

Reyna and Chester 

(2015); 

Wong et al. (2016); 

Wunch et al. (2009) 

Some work is 

space and time 

explicit; 

atmospheric 

monitoring 

includes 14CO2, 

CO, and CH4 

Salt Lake City, 

UT 

In-boundary; 

consumption 

Atmospheric 

measurement; 

direct flux, activity-EF, 

and fuel statistics; 

forest growth modeling 

and eddy flux 

measurement 

All FF; 

biosphere 

Kennedy et al. (2009); 

McKain et al. (2012); 

Pataki et al. (2006, 

2009); 

Patarasuk et al. (2016) 

Some work is 

space and time 

explicit 

Baltimore, MD In-boundary Eddy flux measurement All FF; 

biosphere 

Crawford et al. (2011)  

Denver, 

Boulder, Fort 

Collins, and  

Arvada, CO; 

Portland, OR; 

Seattle, WA; 

Minneapolis, 

MN; 

Austin, TX 

Hybrid life 

cycle (scopes 

1, 2, 3) 

Activity-EF  All FF Hillman and Ramaswami 

(2010) 

Addition of 

scope 3 

emissions 

increased total 

footprint by 

47% 

New York City, 

NY; 

Denver; 

Los Angeles; 

Toronto; 

Chicago, IL 

Scopes 1, 2, 3 Activity-EF, fuel statistics, 

and downscaling 

Excludes 

some scope 3 

emissions 

Kennedy et al. (2009, 

2010, 2014) 

 

Boston, MA; 

Seattle; 

New York City; 

Toronto 

Scope 1, 2 

(some scope 3 

included); 

scope 1 in 

lowland area 

Activity-EF, fuel statistics 

and downscaling; flux 

chambers and remote 

sensing 

Excludes 

some sectors; 

biosphere 

carbon stock 

change 

Hutyra et al. (2011); 

Kennedy et al. (2012) 

 

Boston In-boundary Activity-EF;  

atmospheric monitoring; 

atmospheric monitoring 

and inversion 

Onroad; 

pipeline leak; 

biosphere 

respiration 

Brondfield et al. (2012); 

Decina et al. (2016); 

McKain et al. (2015); 

Phillips et al. (2013) 

Some work is 

space and time 

explicit; 

includes some 

CH4 

Washington, 

D.C.; 

New York City; 

Toronto 

Scope 1 Activity-EF and fuel 

statistics 

All 

greenhouse 

gases 

Dodman (2009) Mixture of 

methods from 

multiple 

sources 

Chicago    Grimmond et al. (2002)  

Mexico City In-boundary Eddy flux measurement;  

Activity-EF  

All FF, 

biosphere; 

onroad 

Chavez-Baeza and 

Sheinbaum-Pardo 

(2014); 

Velasco and Roth (2010); 

Velasco et al. (2005, 

2009) 

Footprint of 

single 

monitoring 

location; 

whole-city 

inventory 

Halifax, Canada Scope 1, 2 Activity-EF Buildings, 

transportation 

Wilson et al. (2013) Spatially 

explicit 

Pittsburgh, PA Scope 1, 2 Activity-EF, fuel statistics, 

and downscaling 

Residential, 

commercial, 

industrial, and 

transportation 

Hoesly et al. (2012)  

Phoenix, AZ In-boundary Activity-EF and soil 

chamber 

Onroad, 

electricity 

production, 

airport and 

aircraft 

Koerner and Klopatek 

(2002) 

 

 

Vancouver, 

Canada 

In-boundary Eddy flux measurement All FF, 

biosphere 

Crawford and Christen 

(2014) 

 

Vancouver, 

Edmonton, 

Winnipeg, 

Toronto, 

Montreal, and 

Halifax, Canada 

Scopes 1, 2 Activity-EF Residential 

building stock 

Mohareb and Mohareb 

(2014) 

 

20 U.S. cities In-boundary; 

consumption; 

hybrid 

Activity-EF All energy 

related 

Ramaswami and Chavez 

(2013) 

 

 



Urban emission quantification architecture

1) Verification capability

2) Mitigation guidance

3) Questions on urban metabolism

Credit David Baker

Gurney et al., Env. Sci. & Tech., 2012

Shepson and Davis

Aiming for the knowledge gap 

between whole-city inventories 

and building-scale energy auditing



Hestia

Nested within Vulcan (conserves mass)

Data mining from city operations (traffic data, tax assessment)

Space, time, process



Multiple cities

Megacities Carbon Project 

megacities.jpl.nasa.gov 

Melbourne

Aukland

Paris

Sao Paulo

Boston via 

BU/Harvard



Vulcan

Gurney et al., Env. Sci & Tech, 2009; 2019

0.5 km x 0.5 km, hourly 2010-2015

Scope 1 AND scope 2 (working on scope 

3)



Urban examples



INFLUX inversion

Notes:

The inversion is NOT estimating 

the same thing as contained in

the prior.

There is no inversion without a

prior…..hence, there is no

“independent” inversion.

Lauvaux et al., 2016



Bottom-up/top-down reconciliation

Hestia compared to atmospheric CO2 inversion (Lauvaux et al., 2016)

Biotic respiration prior 

to persistent ground 

freeze explains majority 

of difference

Gurney  R et  al  Reconciling t he dif ferences bet ween a bot t om-up 

and inverse-est imat ed 
2
 emissions est imat e in a large US urban area  

lem Sci nt h  :  : ht t ps: doi org element a

1. Int roduct ion

Anthropogenic carbon dioxide (CO
2
) emission,  primarily 

from the combustion of fossil fuels, is the largest net 

annual flux of CO
2
 to the atmosphere and represents the 

dominant source of greenhouse gas forcing (Hansen et 

al., 1998; LeQuere et al., 2013). Anthropogenic CO
2
 emis-

sions are often used as a near-certain boundary condition 

when solving total carbon budgets; an endeavor essen-

tial to quantifying other components of the carbon cycle 

and to improving our understanding of the feedbacks 

between the carbon cycle and climate change (Gurney 

et al., 2007; Heimann et al., 2008). Similarly, to construct 

meaningful projections of greenhouse gas emissions, a 

 mechanistically-based quantification of current emissions 

is necessary. Finally, greenhouse gas mitigation efforts 

require improved quantification of fluxes to establish 

emission baselines, substantiate emission trajectories, 

and for the identification of efficient, economically-viable 

greenhouse gas mitigation options (e.g. Kennedy et al., 

2010).

All of the motivations for understanding and quan-

tifying fluxes of CO
2
 are equally applicable to the urban 

domain, where recent years have seen increasing interest 

and importance. This interest is driven, in no small part, 

by the recognition that urban areas currently account for 

over 70% of energy-related CO
2
 emissions and are pro-

jected to triple in extent between 2000 and 2030 (Seto 

2012; IEA, 2008).

Just as with the larger scales, improved understanding of 

the carbon flows in cities offers several practical outcomes 

for urban stakeholders. Quantification of the impacts of 

mitigation efforts or programs and their effective man-

agement remains an important need as more cities agree 

to voluntary or legislated reduction targets. Similarly 

RESEARCH ARTICLE

Reconciling t he dif ferences bet ween a bot t om-up and 

inverse-est imat ed FFCO
2
 emissions est imat e in a large 

US urban area

Kevin R. Gurney*, Jianming Liang*, Risa Pat arasuk*, Darragh O’Keeffe*, Jianhua Huang*, 

Maya Hut chins*, Thomas Lauvaux†, Jocelyn C. Turnbull‡,§ and Paul B. Shepson‖

The INFLUX experiment  has t aken mult iple approaches t o est imat e t he carbon dioxide (CO
2
) flux in a 

domain cent ered on t he cit y of  Indianapolis, Indiana. One approach, Hest ia, uses a bot t om-up t echnique 

relying on a mixt ure of  act ivit y dat a, f uel st at ist ics, direct  flux measurement  and modeling algorit hms. 

A second uses a Bayesian at mospheric inverse approach const rained by at mospheric CO
2
 measurement s 

and t he Hest ia emissions est imat e as a prior CO
2
 flux. The dif ference in t he cent ral est imat e of  t he t wo 

approaches comes t o 0.94 Mt C (an 18.7% dif ference) over t he eight -mont h period bet ween Sept ember  

1, 2012 and April 30, 2013, a st at ist ically significant  dif ference at  t he 2-sigma level. Here we explore 

possible explanat ions f or t his apparent  discrepancy in an at t empt  t o reconcile t he flux est imat es. We 

f ocus on t wo broad cat egories: 1) biases in t he largest  of  bot t om-up flux cont ribut ions and 2) miss-

ing CO
2
 sources. Though t here is some evidence f or small biases in t he Hest ia f ossil f uel carbon dioxide 

(FFCO
2
) flux est imat e as an explanat ion f or t he calculat ed dif ference, we find more support  f or missing 

CO
2
 fluxes, wit h biological respirat ion t he largest  of  t hese. Incorporat ion of  t hese dif ferences bring t he 

Hest ia bot t om-up and t he INFLUX inversion flux est imat es int o st at ist ical agreement  and are addit ionally 

consist ent  wit h wint ert ime measurement s of  at mospheric 14CO
2
. We conclude t hat  comparison of  bot t om-

up and t op-down approaches must  consider all flux cont ribut ions and highlight  t he import ant  cont ribut ion 

t o urban carbon budget s of  animal and biot ic respirat ion. Incorporat ion of  missing CO
2
 fluxes reconciles 

t he bot t om-up and inverse-based approach in t he INFLUX domain.

Keywords:  carbon f oot print ; carbon flux ; f ossil f uel CO
2
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Reconciliation continued



Comparison 

to self-

reported

-150.0% -100.0% -50.0% 0.0% 50.0% 100.0% 150.0% 200.0%

Indianapolis

Town of Blacksburg

Columbia, MO

Palo Alto

Santa Cruz

Lakewood, CO

Oakland

Boulder

Hayward

Richmond, VA

Los Altos Hills

Albany

Miami Beach, FL

Fort Collins

Arlington, VA

Reno

Medford

New York City

Piedmont, CA

Boston

St Louis

Cupertino

Columbus

Minneapolis

Los Angeles

Columbia, SC

Saint Paul, MN

San Antonio

District of Columbia

Chicago

Denton, TX

Philadelphia

Houston

Burlington

Portland, OR

Nashville

San Leandro

Ann Arbor

Austin

Iowa City

Atlanta

Detroit

Knoxville

Eugene

San Francisco

Phoenix

Davis

Lancaster, PA

Somerville, MA

Easton, PA

Durham

Brownsville

Flagstaff

Savannah

Emeryville

Abington Township

Charlottesville, VA

The mean signed % difference: 

+24.0%

The mean absolute % difference:

44.3%

For 44 of the 57 cities, 

Vulcan estimates larger 

scope 1 FFCO2 emissions
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