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S1 Calculation of primary formaldehyde emissions from flaring 

In order to estimate primary formaldehyde emissions from flaring, we first calculate flare counts 
weighted by their detection frequency and number of days observed from VIIRS data, to get the 
annual total of continuously lit flares in 2018 for the Permian basin study area, which is 168.3. 
The actual number could be lower or higher, depending on whether flares were lit or unlit on 
days without valid satellite observations.   

Formaldehyde emissions for flares were reported by Pikelnaya et al. (2013)1 based on 
measurements on petrochemical flares in the Houston-Galveston area in Texas. Since flared 
volumes and emissions can vary strongly in size, we take the median of their exponentially 
distributed reported observations, which is 0.79 kg h-1 per flare, to define the upper limit of our 
emission estimate for the Permian basin.  

The VIIRS satellite flaring data set also provides flared gas volumes. A comparison of flared gas 
volumes of the exclusively upstream flares in the Permian basin, with downstream flares in the 
Houston-Galveston area, shows that the median upstream volumes are smaller by a factor of 0.44 
compared to the downstream flares. Downscaling the upper limit by 0.44 provides the lower 
limit of 0.35 kg h-1 per flare.  
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S2 Box model simulation of formaldehyde abundance from primary emissions 

In order to calculate formaldehyde columns from our scaled emissions within the Permian basin 
study area, we treat the study area as a 2-dimensional box and apply a simple box model 
calculation as follows:  

VCDavg = (EMavg / k) * (1-e(-k*t)) 

Where VCDavg is the average formaldehyde vertical column density within the box, EMavg are the 
averaged primary formaldehyde emissions within the box, and k is the loss rate, which consists 
of chemical removal (assumed chemical life time) and flow out of the box (constrained by 
ECMWF winds). Figure S7 shows the VCD evolution over time, t. Steady state conditions are 
typically reached after 6-12 hours and later for winter, due to the long chemical lifetime. For this 
study we report the values at hour 23 in Table 2 of the main text. Note that the box model does 
not resolve gradients within the box, but it is well suited to provide an order of magnitude 
information based on box averages. 
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Figure S1: Average formaldehyde and PAN and median NOx with standard deviations for each 
SONGNEX flight. Given the large variability in NOx, the median is plotted here.   
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Figure S2: Example of a multivariate fit result, shown for the (a) Permian basin flight on 6 
April, 2015 and (b-c) exemplary zooms to illustrate the varying correlation of formaldehyde with 
NOx and PAN. The measured formaldehyde is simulated by a fitted background (5th order 
polynomial) and fitted fractions of the measured PAN and NOx data.  
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Figure S3: Average TROPOMI formaldehyde VCDs for (a) spring 2019 (March to May 2019) 
and (b) fall (September to November 2018 and 2019). Outlined boxes denote the oil and gas 
production areas probed by the SONGNEX campaign. Note that spring data for 2018 is not 
available from TROPOMI.  
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Figure S4: (a) Basin averages of the multivariate NOx fit coefficients that are used to scale FOG 
NOx emission to primary HCHO emissions. (b) Fractional oil and natural gas production 
volumes for each basin. These fractions are calculated so that the sum of production volumes 
over all basins equals 100% for oil and gas, respectively. The line fit in panel (a) denotes a linear 
fit to the single flight factors over the combined oil and gas fraction shown in panel (b). There is 
some correlation between primary emissions and the amount of oil and gas produced in each 
basin with an r2 of 0.55. This correlation might reflect the balance between production increases 
that are accompanied by growing infrastructure and production increases that are leveraged by 
existing infrastructure.  
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Figure S5: Primary formaldehyde emissions scaled from FOG NOx emissions for the years (a) 
2019 and (b) 2020. Decreased emissions visible in some basins in 2020 compared to prior years 
are caused by the economic impact of the COVID-19 shutdowns. Note that the color scale is 
logarithmic.   
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Figure S6: Primary formaldehyde emissions scaled from FOG NOx emissions for the years 
2018, 2019 and 2020. Shown here are (a) basin averages and (b) totals for the SONGNEX study 
areas as outlined in Figs. 1 and S5. Decreased emissions in some basins in 2020 compared to 
prior years are caused by the economic impact of the COVID-19 shutdowns. Note the 
logarithmic scale in panel b. 
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Figure S7: Box model results. The formaldehyde vertical columns are simulated as described in 
Section S2. Values reported in Table 2 in the main text are taken at hour 23.    

 


