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My research involves greenhouse gas fluxes

Flux = rate at which something passes through a surface 

Something: Methane

Surface: Oil and gas combustor

Flux = 80 kg/hr from combustor

Something: Pico’s kibble

Surface: Pico’s mouth


Flux = 10 kibbles / second

Something: Carbon dioxide

Surface: 1x1 degree grid cell


Flux = -0.5 umol/m2/s from [57, -105]



Unfortunately… measuring fluxes directly is hard

Especially at the scale necessary to cover all emission sources

Williams et al. (2023)

One option: flux chambers.

Must completely enclose the emission source.



Unfortunately… measuring fluxes directly is hard

Especially at the scale necessary to cover all emission sources

Williams et al. (2023)

One option: flux chambers.

Must completely enclose the emission source.

Another option: eddy covariance towers.

Estimates surface flux, but only within a 

radius of meters or kilometers.
AmeriFlux (2014).



What we can measure at scale: atmospheric concentrations

Concentration = amount of something in the ambient air at a specific location


C
on

ce
nt

ra
tio

n 
[p

pm
]

Time

Daniels et al. (2024)

Continuous 
monitoring 

system (CMS)



What we can measure at scale: atmospheric concentrations

Concentration = amount of something in the ambient air at a specific location


C
on

ce
nt

ra
tio

n 
[p

pm
]

Time

Daniels et al. (2024)

Continuous 
monitoring 

system (CMS)

Aerial 
measurement 

technology



What we can measure at scale: atmospheric concentrations

Concentration = amount of something in the ambient air at a specific location


C
on

ce
nt

ra
tio

n 
[p

pm
]

Time

Daniels et al. (2024) NASA/JPL

Continuous 
monitoring 

system (CMS)

Satellite 
measurement 

technologyAerial 
measurement 

technology



What we can measure at scale: atmospheric concentrations

However, concentrations  fluxes!≠
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Atmospheric inversions: translate concentrations into fluxes
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Why do fluxes matter?

Many operational decisions and science questions are based on fluxes

Helps prioritize mitigation efforts.

Necessary for regulatory penalties.

Vet: “5 kibbles per 
second max!”

Necessary to understand 
the drivers of rising CO2 

concentrations.
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My research: estimate emission fluxes to inform climate action

Mitigating methane emissions Carbon cycle science

Colorado

Set state-wide 
emissions regulations

Economic incentives for 
emission reduction

Find and quantify 
equipment leaks

Boots-on-the-ground 
emission mitigation

Improve process-based 
understanding of the carbon cycle

Better process-based understanding = 
better future projections =


more accurate emission reduction goals

Climate action across scales



Project 1

Find and quantify 
equipment leaks

Boots-on-the-ground 
emission mitigation

Find and quantify equipment leaks
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STEP 1:

Background removal 
and event detection

STEP 2:

Simulation

STEP 3:

Localization

STEP 4:

Quantification

Open source framework for solving inverse problem
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Spike detection algorithm examples

Concentration observations from CMS
Blue shading = identified spike
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Identified event

Identified event

Wind 
direction
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Open source framework for solving inverse problem

STEP 1:

Background removal 
and event detection

STEP 2:

Simulation

STEP 3:

Localization

STEP 4:

Quantification
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Gaussian puff atmospheric dispersion model
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Gaussian puff atmospheric dispersion model

32

c(x, y, z, t, Q) =
P

∑
p=1

cp(x, y, z, t, Q)Total 
concentration 
at (x, y, z, t)

cp(x, y, z, t, Q) =
Q

(2π)3/2σ2
y σz

exp (−
(x − ut)2 + y2

2σ2
y ) [exp (−

(z − H)2

2σ2
z ) + exp (−

(z + H)2

2σ2
z )]

Concentration 
contribution of 

puff p

Total volume 
of methane 
contained in 

puff p

Decay in puff 
concentration 
in horizontal 
plane (x, y)

Decay in puff 
concentration 

in vertical 
dimension (z)



33



Repeat this for all other potential sources!

34



Open source framework for solving inverse problem

STEP 1:

Background removal 
and event detection

STEP 2:

Simulation

STEP 3:

Localization

STEP 4:

Quantification
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Open source framework for solving inverse problem

STEP 1:

Background removal 
and event detection

STEP 2:

Simulation

STEP 3:

Localization

STEP 4:

Quantification
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Simulation is a linear function of emission rate 

Volume of methane contained in puff p
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estimate

Concentration 
data
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Simulation is a linear function of emission rate 
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Open source framework for solving inverse problem

STEP 1:

Background removal 
and event detection

STEP 2:

Simulation

STEP 3:

Localization

STEP 4:

Quantification

46



One problem… incomplete sensor coverage

CMS 
sensors

East Separator

East Wellhead

Tank

West Separator

West Wellhead

47



One problem… incomplete sensor coverage

CMS 
sensors

East Separator

East Wellhead

Tank

West Separator

West Wellhead

48

Wind 
direction



One problem… incomplete sensor coverage
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However, we can estimate when this happens!
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Downwind region does overlap with CMS sensors = period of “information”

However, we can estimate when this happens!
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Downwind region

Wind 
direction

Downwind region does overlap with CMS sensors = period of “information”

However, we can estimate when this happens!
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Why are we doing this again? 

1. Methane is a potent greenhouse gas.


2. Methane emissions from oil and gas sites 
are often co-emitted with hazardous air 
pollutants that have adverse human health 
effects.


3. Methane is the “product” that oil and gas 
companies sell. Less leaks = more product.
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Why are we doing this again? 

1. Methane is a potent greenhouse gas.


2. Methane emissions from oil and gas sites 
are often co-emitted with hazardous air 
pollutants that have adverse human health 
effects.


3. Methane is the “product” that oil and gas 
companies sell. Less leaks = more product.
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13 top-down 
measurements 

over 4 days

Top-down measurement

average = 12.5 kg/hr

Top-down average

Bottom-up inventory 
during top-down 

measurements
0.8 kg/hr

Bottom-up inventory estimate = 


1 wellhead    x   wellhead emission factor   + 

1 GPU          x   GPU emission factor          + 

1 tank           x   tank emission factor           +  …        



13 top-down 
measurements 

over 4 days
average = 12.5 kg/hr

Bottom-up inventory 
during top-down 

measurements
0.8 kg/hr

Is the bottom-up inventory wrong?

Or did the top-down measurements capture larger than average emissions?

Need real-time emissions information from the CMS to answer this question!
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Equipment change on 
February 23rd

Site total

Top-down average

Is the bottom-up inventory wrong? Yes! It didn’t account for the new GPU emissions.

Oil and gas operator fixed the new GPU, mitigating up to 7 tons of methane per month.



1325

Equipment change on 
February 23rd

Site total

Top-down average

Did the top-down measurements capture larger than average emissions? 

No. But we wouldn’t have know that without the real-time data from the CMS.

Real-time emissions estimates help contextualize other remote sensing data.

Is the bottom-up inventory wrong? Yes! It didn’t account for the new GPU emissions.

Oil and gas operator fixed the new GPU, mitigating up to 7 tons of methane per month.



Colorado

Set state-wide 
emissions regulations

Economic incentives for 
emission reduction

Project 2 Set state-wide emissions regulations



A bit of Colorado’s regulatory history..

2019 2020 2021 2022 2023 2024

Colorado 
passes 

HB19-1261 
setting 

emission 
reduction 

targets

2025 2026

Requires greenhouse gas 
emissions to be reduced to 
26% of 2005 levels by 2025, 

50% by 2030, and 90% by 2050.
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Intensity = 

Total methane emissions

Total methane produced

Note: this is a “bottom-up” calculation

A bit of Colorado’s regulatory history..
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Starting in 2025, oil 
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must either: 

1) use atmospheric 
measurements to 
estimate their 
emissions, or 

2) multiply their 
bottom-up estimate 
by a state-wide 
“default factor”

A bit of Colorado’s regulatory history..
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Colorado 
passes 
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setting 

emission 
reduction 

targets

2025 2026

Colorado 
adopts new 
“intensity” 

requirements 
for upstream 
oil and gas 

facilities

Default 
factor 

=

???

A bit of Colorado’s regulatory history..

Colorado 
adopts new 
“verification 
protocol” to 

address 
deficiencies in 

bottom-up 
calculations

Default 
factor 

=

1.164

This project 
sets the 

2026 factor



Emission factor arithmetic

Using state-wide data from 2024:

Bottom-up 
intensity

Intensity = 
Total methane emissions

Total methane produced

Total methane 
production

Bottom-up methane 
emissions estimate =

=“Default factor”

As a reminder: 

Bottom-up emissions estimate 

Measurement-based emissions estimate



Emission factor arithmetic

Using state-wide data from 2024:

Bottom-up 
intensity

Intensity = 
Total methane emissions

Total methane produced

Total methane 
production

Bottom-up methane 
emissions estimate =

=“Default factor”

As a reminder: 

Bottom-up emissions estimate 

Measurement-based emissions estimate

Just need to 
estimate this



How do you estimate a state’s methane flux?

Measure as many sites as possible!

10,771 sites

(94% of total)



Challenge: each aerial technology has a different 
minimum detection threshold

~5 kg/hr

Conrad et al. (2023)

~10 kg/hr

El Abbadi et al. (2024)

~40 kg/hr

Conrad et al. (2023) and

El Abbadi et al. (2024)



We need to:


1) Assimilate data from all technologies, accounting for the fact that they 
each observe a different emission “population”


2) Account for emissions below the detection limit of all three technologies

Challenge: each aerial technology has a different 
minimum detection threshold

~5 kg/hr

Conrad et al. (2023)

~10 kg/hr

El Abbadi et al. (2024)

~40 kg/hr

Conrad et al. (2023) and

El Abbadi et al. (2024)



1) Assimilate data from all technologies, accounting for the fact that they 
each observe a different emission “population”

Distribution 
fitting led by


Cal Okenberg!



2) Account for emissions below the detection limit of all three technologies

CMS 
sensors

Use real-time 
emissions data 
from continuous 

monitoring 
systems (CMS)



2) Account for emissions below the detection limit of all three technologies

CMS 
sensors

Use real-time 
emissions data 
from continuous 

monitoring 
systems (CMS)



2) Account for emissions below the detection limit of all three technologies

Not a lot of CMS data.. turn to the literature for backup options

“Bottom-up 
alternative #1”

“Bottom-up 
alternative #2”



Creating the state-level emission estimate
Emissions > 5 kg/hr Emissions < 5 kg/hr

Sample from these distributions within a Markov Chain Monte Carlo 
(MCMC) framework to scale up to the state-level



End result: 2026 “Default Factor”

Contribution from different 
emission size categories

Below 5 kg/hr method

Bottom-up alternative #1
Bottom-up alternative #2

Colorado’s bottom-up estimate

3.23

2.35

2.19



End result: 2026 “Default Factor”

= 2.59

=
2.2

2025

Contribution from different 
emission size categories

Below 5 kg/hr method

Bottom-up alternative #1
Bottom-up alternative #2

Colorado’s bottom-up estimate

3.23

2.35

2.19

= 1.164

2026
(average)

1.58

=



2019 2020 2021 2022 2023 2024

Colorado 
passes 

HB19-1261 
setting 

emission 
reduction 

targets

2025 2026

Colorado 
adopts new 
“intensity” 

requirements 
for upstream 
oil and gas 

facilities

Default 
factor 

=

2.2

A bit of Colorado’s regulatory history..

Colorado 
adopts new 
“verification 
protocol” to 

address 
deficiencies 
in bottom-up 
calculations

Default 
factor 

=

1.164

Project extension already funded by 
CDPHE to set factor for next year!

2027

Default 
factor 

=

???

Extension includes many more sites 
with CMS.

Goal = an entirely measurement-
based inventory.



Project 3 Improve process-based understanding of the carbon cycle

Improve process-based 
understanding of the carbon cycle

Better process-based understanding = 
better future projections =


more accurate emission reduction goals
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Similar bottom-up / top-down divide in carbon cycle science
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These are called:

"Dynamic Global 

Vegetation Models” 
(DGVMs)

The TRENDY 
models are one 

ensemble of 
DGVMs

Zuidema et al. (2018)
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Where, when, and why do TRENDY models disagree with satellite inversions?

Why are we doing this again? 
Projections of future climate scenarios rely on bottom-up, process-based 
models of the global carbon cycle



Where, when, and why do TRENDY models disagree with satellite inversions?

Why are we doing this again? 
Projections of future climate scenarios rely on bottom-up, process-based 
models of the global carbon cycle

• Use satellite data to “check” predictions of the current climate from 
the TRENDY models.


• Improved predictions of the current climate = better projections of 
the future climate.


• Better projections of future climate = more accurate emission 
reduction targets.



Where, when, and why do TRENDY models disagree with satellite inversions?
TRENDY Flux Estimate



Where, when, and why do TRENDY models disagree with satellite inversions?
Satellite Flux Estimate



Where, when, and why do TRENDY models disagree with satellite inversions?
TRENDY - Satellite Flux Estimate
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Does landcover class explain some of the differences?

Amount of each landcover class in each 1x1 degree grid cell
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Does landcover class explain some of the differences?

Landcover explains some of the difference, 
but definitely not all of it!



Next step:

Don’t just model the difference using landcover classes,

but how each TRENDY model “views” the world within each class

Near-Surface Air Temperature

Precipitation

Total Soil Moisture Content

Total Runoff

Total Evapo-Transpiration

Carbon in Vegetation

Carbon in Above-ground Litter Pool

Carbon in Soil (including below-ground litter)

Carbon in Products of Land Use Change

Fractional Land Cover of PFT

Fractional Ocean Cover

Burnt Area Fraction

Leaf Area Index

Carbon in Leaves

Carbon in Wood

Carbon in Roots

Carbon in Coarse Woody Debris

Carbon in individual soil pools

Total Carbon Flux from Vegetation to Litter

Carbon Flux from Leaves to Litter 

Carbon Flux from Wood to Litter 

Carbon Flux from Roots to Litter

Total Carbon Flux from Litter to Soil

Total Carbon Flux from Vegetation Directly to Soil

Carbon Flux from individual soil pools

Temperature of Soil

Evaporation from Canopy

Water Evaporation from Soil

Transpiration

soil moisture 

Tree heights

CO2 Flux to Atmosphere from Grazing

CO2 Flux to Atmosphere from Crop Harvesting

Irrigation

Nitrogen in Vegetation

Nitrogen in Above-ground Litter Pool

Nitrogen in Soil (including below-ground litter)

We have many variables that can help with this:

y = Xβ

Difference 
between 
TRENDY 

and satellite



Thank you! 
Questions? 

wdanie16@jhu.edu

Colorado

Set state-wide 
emissions regulations

Economic incentives 
for emission reduction

Find and quantify 
equipment leaks

Boots-on-the-ground 
emission mitigation

Improve process-based 
understanding of the carbon cycle

Better process-based understanding =

better future projections =


more accurate emission reduction goals


