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Fairbanks has an air pollution problem!

Fairbanks often ranks in the top 5 worst cities in 
the US for year-round particle pollution 
(American Lung Association)

Frigid temperatures as low as -40°C cause 
strong temperature inversions that trap air 
pollution close to the surface

Sulfate (SO4
2- ) contributes around 20% of 

particulate mass and is considered the “low 
hanging fruit” in air quality regulations



CMAQ underestimated sulfate by a factor of 3 during 
polluted episodes in Fairbanks prior to the Alaskan 
Layered Pollution and Chemical Analysis (ALPACA) field 
campaign (ADEC, 2021)

The “missing sulfate 
problem” in Fairbanks 
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Ground-level emissions of fuel oil in Fairbanks

• Approximately 80% of Fairbanks residents use a central oil heating appliance for 
home heating and 40% of residents use fuel oil exclusively (ADEC 2019)

• On average, each household spends $2,274 on home heating annually and burns 
1,230 gallons of fuel oil per year (ADEC 2019)



Why does fuel oil create unique air quality problems?

• The particles are really small (<100 nm or 0.1um) 
• The age and burning efficiency of these boilers can vary and most boilers don’t have 

“scrubbing” technology or oversight on emissions
• Home heating with fuel oil is difficult to parameterize in CMAQ since it relies on assumptions 

of emissions factors and domestic use
• We don’t know if the sulfur chemistry changes in fuel oil-dominated regimes 

Photo: Anchorage times
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Sulfate < 0.7 µm is the dominant sulfur source in Fairbanks

PM0.7 is the most 
important for air quality 

regulation!



δ𝟏𝟖O         How much of the sulfate is primary vs. secondary?

More primary 
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More secondary 
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More secondary 
sulfate via ozone

Δ𝟏𝟕𝐎         Are 𝐎𝟑or 𝐇𝟐𝐎𝟐 contributing to 𝐒𝐎𝟒
𝟐− formation?

More primary 
sulfate

More secondary 
sulfate



SECONDARY SULFATE: There is a 

positive association between δ𝟏𝟖𝐎 

and Δ𝟏𝟕𝐎 due to the enrichment in 

O3 and H2O2

The relationship between Δ𝟏𝟕𝐎 and δ𝟏𝟖O 

More secondary 
sulfate via ozone



PRIMARY SULFATE: There is a 

negative association between δ𝟏𝟖𝐎 

and Δ𝟏𝟕𝐎 due to the heavy mass of 

primary sulfate

The relationship between Δ𝟏𝟕𝐎 and δ𝟏𝟖O 

More primary 
sulfate



Lee and Thiemens, 2001 Domingues et al. 2008

The relationship between Δ𝟏𝟕𝐎 and δ𝟏𝟖O 

SECONDARY SULFATE
IS DOMINATE

PRIMARY SULFATE IS
DOMINATE



More primary 
sulfate

More secondary 
sulfate

The relationship between Δ𝟏𝟕𝐎 and δ𝟏𝟖O 
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δ𝟑𝟒𝐒 Is  NO2 or TMI-catalyzed oxidation dominant? 

δ𝟑𝟒𝐒 𝐞𝐦𝐢𝐬𝐬𝐢𝐨𝐧 is the 
source signature of 
SO2
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Oxidation by O3, H2O2, and OH make the δ𝟑𝟒𝐒(𝐒𝐎𝟒
𝟐−) observations heavier 
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δ𝟑𝟒𝐒 Is  NO2 or TMI-catalyzed oxidation dominant? 
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Oxidation by NO2 and TMI-O2 make the δ𝟑𝟒𝐒(𝐒𝐎𝟒
𝟐−) observations lighter
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fraction and aerosol size increases
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fraction and aerosol size increases



→ Model input includes isotope observations, temperature, and sulfur oxidation ratio

→ The analytical error is incorporated for each measurement to help account for uncertainty in our 

observations

[1] δ18O(SO4
2-)

[2] Δ17O(SO4
2-)

 

[3] δ34S(SO4
2-)

Method: Bayesian Isotope Mixing Model



[1] δ18O(SO4
2-) = fprimary  ⋅ δ18Oprimary +  fH2O2 ⋅δ18OH2O2  +  fO3 ⋅ δ18OO3 +  fTMI-O2 ⋅ δ18OTMI-O2 + fOH ⋅ δ18OOH  + fNO2 ⋅ δ18ONO2  where 

fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 = 1

[2] Δ17O(SO4
2-) = fprimary  ⋅ Δ

17Oprimary  + fH2O2 ⋅ Δ
17OH2O2  +  fO3 ⋅ Δ

17OO3  +  fTMI-O2 ⋅ Δ17OTMI-O2 + fOH ⋅ Δ17OOH  + fNO2 ⋅ Δ17ONO2  where 
fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 = 1.

[3] δ34S(SO4
2-) =  fprimary  ⋅ δ34Sprimary  + (1-fprimary))⋅ ( δ34S(SO2) - ( fH2O2 ⋅ɛH2O2 +  fO3 ⋅ ɛO3 +  fTMI-O2 ⋅ ɛTMI-O2 + fOH ⋅ ɛOH +  fNO2 ⋅ 

ɛNO2)⋅  (ln(1-SOR2nd)⋅ (1-SOR2nd)/(SOR2nd) where fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 =  1

→ Source signatures are calculated as a function of temperature and sulfur oxidation ratio

Method: Bayesian Isotope Mixing Model
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→ Model output is the fractional contribution of each sulfate formation pathway

Method: Bayesian Isotope Mixing Model



[1] δ18O(SO4
2-) = fprimary  ⋅ δ18Oprimary +  fH2O2 ⋅δ18OH2O2  +  fO3 ⋅ δ18OO3 +  fTMI-O2 ⋅ δ18OTMI-O2 + fOH ⋅ δ18OOH  + fNO2 ⋅ δ18ONO2  where fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 = 1

[2] Δ17O(SO4
2-) = fprimary  ⋅ Δ17Oprimary  + fH2O2 ⋅ Δ17OH2O2  +  fO3 ⋅ Δ17OO3  +  fTMI-O2 ⋅ Δ17OTMI-O2 + fOH ⋅ Δ17OOH  + fNO2 ⋅ Δ17ONO2  where fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 = 1.

[3] δ34S(SO4
2-) =  fprimary  ⋅ δ34Sprimary  + (1-fprimary))⋅ ( δ34S(SO2) - ( fH2O2 ⋅ɛH2O2 +  fO3 ⋅ ɛO3 +  fTMI-O2 ⋅ ɛTMI-O2 + fOH ⋅ ɛOH +  fNO2 ⋅ ɛNO2)⋅  (ln(1-SOR2nd)⋅ (1-SOR2nd)/(SOR2nd) 

where fprimary  + fH2O2  +  fO3  +  fTMI-O2  + fOH + fNO2 =  1

→ The shading represents a 95% confidence interval signifies the models ability to reproduce the 
observations ± the analytical error

Method: Bayesian Isotope Mixing Model
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Sources and formation of PM0.7 sulfate



Sources and formation of PM0.7 sulfate
Ultra-polluted periodJanuary February

1) Primary sulfate is the dominant source of sulfate throughout the campaign, 
contributing 2.1 ± 1.4 μg/m3 ( 69 ± 15% of PM0.7 sulfate) on average. 

81±7% 77±12% 65±13% 



Sources and formation of PM0.7 sulfate
What’s going on here?

1) Primary sulfate is the dominant source of sulfate throughout the campaign, 
contributing 2.1 ± 1.4 μg/m3 ( 69 ± 15% of PM0.7 sulfate) on average. 

81±7% 77±12% 65±13% 



Sources and formation of PM0.7 sulfate

The period with the most efficient secondary sulfate formation is the cleanest of the campaign

“Clean” period
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only fuel oil #1 and ULS fuel oil could be burned
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Policy measures to reduce sulfur emissions

• Starting in September 1st ,2022: 
fuel oil #2 (used by 66% of residents) was banned and 
only fuel oil #1 and ULS fuel oil could be burned

• ULS fuel oil was not mandated because an ADEC 
residential fuel expenditure assessment found that 
this would motivate many residents to revert to 
wood burning. This would increase PM emissions.

• Failure to mandate ULS fuel is one of the reasons 
EPA rejected the ADECs air quality improvement 
plan in early 2023. 



Policy measures to reduce sulfur emissions

Figure from Meeta Cesler-Maloney and Bill Simpson!
Data from ADEC measurements

• SO2 emissions during winter 2022-2023 were 
lower (by about 33%) than the historical median 
after banning fuel oil #2

• Sulfate concentrations were 24% lower during 
winter 2022-2023, but the difference is not 
statistically significant due to low temporal 
resolution of filter samples



Conclusions

Primary sulfate is the dominant source of sulfate throughout the 
campaign01



01 Primary sulfate is the dominant source of sulfate throughout the 
campaign

Conclusions

02
The ban on fuel oil #2 reduced SO2 concentrations in the Winter of 
2022-2023. We hypothesize this trend likely reduced primary sulfate 
emissions. More work is needed to know about possible effects on 
secondary sulfate production due to potential changes in pH
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Sources and formation of PM0.7 sulfate



PM0.7-PM2.5 and PM2.5-PM10 size bins show much more O3 and NO2 oxidation. This is likely due to dust 
and road salt, which is abundant in larger size bins





  

Figure 2. Regressions of (a) Δ17O vs. 

δ18O, (b) Δ17O vs. δ34S, and (c) δ18O vs. 

δ34S where the solid black line is the 

linear least-squares regression line. The 

three size bins are depicted by the shape 

of the marker as defined in the legend. 

The color bar shows the sulfur oxidation 

ratio (SOR) for each sample. Poker Flat 

measurements are depicted with black 

triangles. The isotopic composition of 

fuel oil is shown by the blue line. The gray 

shaded region shows the full possible 

range of δ18O, Δ17O, and δ34S source 

signatures with the average source 

signature for each pathway plotted as a 

black star. 

 

 

 



Extract sample 

from filter

Remove 

organics with 

H2 O2

Convert to 

sodium form 

(Na2SO4 )

Redissolve 

sample

Separate sulfate 

ions via ion 

chromatography

Remove organics 

with H2O2 (again)

Covert to silver 

form (Ag2 SO4)
Measure oxygen 

isotopes

Measure sulfur 

isotopes

Collect filter 

samples in 

Fairbanks
How do we measure isotopes?

PHOTO: YUK CHUN



 Table S4. δ34S(S) measurement of Fairbanks fuel oil 

Fuel oil 

Type 

Sulfur 

content 

(ppmv) 

Quantity 

of fuel oil 

combusted 

Fraction of total 

fuel oil used in 

Fairbanks 

(ADEC, 2019) 

Estimated 

contribution to 

fuel oil-derived 

sulfur based on 

sulfur content 

and domestic use 

Measured 

δ34S(S) 

Weighted 

average 

δ34S(S)  

Fuel oil 

#1 

896 6 µL 33% 15% 3.7±0.6‰  

4.7±0.6‰ 
Fuel oil 

#2 

2,566 6 µL 67% 85% 4.9±0.1‰ 

 



Sulfate oxidation from photochemically produced oxidants are positively associated. 
Additionally, sulfate from OH, NO2, and H2O2  are all relatively higher in February rather 
than January. O3-derived sulfate is around the same in January and February.
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