
Manuscript	submitted	to	Journal	of	Geophysical	Research-Atmosphere	
	

	 1	

Wintertime Formaldehyde: Airborne Observations and Source 1	
Apportionment over the Eastern United States 2	

 3	

Jaime R. Green1, Marc N. Fiddler1, Dorothy L. Fibiger2,3,†, Erin E. McDuffie2,3	†,  Janine 4	
Aquino4, Teresa Campos4, Viral Shah5, Lyatt Jaeglé5 Joel A. Thornton5,	Joshua P. 5	

DiGangi6, Glenn M. Wolfe7,8 Solomon Bililign1, Steven S. Brown2,9 6	

1 Department of Physics & Applied Sciences and Technology, North Carolina A&T State 7	
University, Greensboro NC, 27411 8	

2 NOAA Chemical Sciences Laboratory, Boulder, CO, 80305 9	
3 Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, 10	

CO, 80309 11	
4 National Center of Atmospheric Research, Boulder, CO, 80307 12	

5 University of Washington, Seattle, WA, 98195 13	
6NASA Langley Research Center, Hampton VA, 23681 14	

7Atmospheric Chemistry and Dynamics Lab, NASA Goddard Space Flight Center, Greenbelt, 15	
MD, 20771 16	

8Joint Center for Earth Systems Technology, University of Maryland, Baltimore County, 17	
Baltimore, MD, 21228 18	

9Department of Chemistry, University of Colorado, Boulder, CO 80309 19	
†Current address California Air Resources Board, Sacramento, CA, USA 20	

† Current address Department of Energy, Environmental, and Chemical Engineering, 21	
Washington University in St. Louis, St. Louis, MO, USA 22	

 23	

Corresponding author: Solomon Bililign (bililignsol@gmail.com) 24	

Key Points:  25	

• Primary emissions dominate the wintertime HCHO budget in the northeastern US, though 26	
secondary production impacts HCHO formation downwind of urban areas. 27	

• Observed HCHO/CO emissions ratios are 2.3 - 15 times greater than the regionally-28	
integrated National Emission Inventory (NEI) 2017 database. 29	

• Point source HCHO emissions may be underestimated by a factor of 17 – 23, depending 30	
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Abstract 36	

  	37	

Formaldehyde (HCHO) is generated from direct urban emission sources and secondary 38	

production from the photochemical reactions of urban smog. HCHO is linked to tropospheric 39	

ozone formation, and contributes to the photochemical reactions of other components of urban 40	

smog. In this study pollution plume intercepts during the Wintertime INvestigation of Transport, 41	

Emissions, and Reactivity (WINTER) campaign were used to investigate and characterize the 42	

formation of HCHO in relation to several anthropogenic tracers. Analysis of aircraft intercepts 43	

combined with detailed chemical box modeling downwind of several cities suggest that the most 44	

important contribution to observed HCHO was primary emission. A box model analysis of a 45	

single plume suggested that secondary sources contribute 21±10% of observed HCHO.   Ratios 46	

of HCHO/CO observed in the northeast U.S., from Ohio to New York, ranging from 0.2-0.6%, 47	

are consistent with direct emissions combined with at most modest photochemical production. 48	

Analysis of the nocturnal boundary layer and residual layer from repeated vertical profiling over 49	

urban influenced areas indicate a direct HCHO emission flux of 1.3 x 1014 molecules cm-2 h-1.  In 50	

a case study in Atlanta, GA, nighttime HCHO exhibited a ratio to CO (0.6 – 1.8%) and was anti-51	

correlated with O3. Observations were consistent with mixing between direct HCHO emissions 52	

in urban air masses with those influenced by more rapid HCHO photochemical production. The 53	

HCHO/CO emissions ratios determined from the measured data are 2.3 - 15 times greater than 54	

the NEI 2017 emissions database. The largest observed HCHO/CO was 1.7 – 1.8%, located near 55	

co-generating power stations.  56	

 57	

1. Introduction  58	
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Formaldehyde (HCHO) is a short-lived, ubiquitous compound with an atmospheric 59	

lifetime on the order of a few hours with respect to photolysis and reaction with OH. HCHO in 60	

the urban environment has been identified as a carcinogen in outdoor air, and is among the 187 61	

hazardous air pollutants, whose emissions are regulated by the U.S. Environmental Protection 62	

Agency (EPA) [EPA, 2015; Zhu et al., 2017]. 63	

HCHO in the lower atmosphere stems from both direct emissions and secondary 64	

chemical production. Natural primary emission sources of HCHO include direct emission from 65	

vegetation, the soil, biomass burning and decaying plant and animal matter. In remote and rural 66	

areas the primary emission of HCHO from natural sources accounts for 10 – 20% of the total 67	

HCHO [Luecken et al., 2018; Zhang et al., 2013]. The remainder is produced from chemical 68	

oxidation of methane (CH4) and other biogenic and anthropogenic VOCs (AVOCs) [de Blas et 69	

al., 2019; Luecken et al., 2018; Zhang et al., 2013]. When vegetation is active (spring – fall), 70	

isoprene is the main HCHO precursor throughout much of the continental U.S. with a 71	

contribution of 20 – 90% along the eastern coastal U.S. [de Blas et al., 2019; Kurosu et al., 2007; 72	

X Li et al., 2013; Marvin et al., 2017]. When vegetation is dormant (winter months), 73	

anthropogenic activities are the dominant source of HCHO [J Bai et al., 2018; de Blas et al., 74	

2019]. 75	

Anthropogenic emissions of HCHO and its precursors can also contribute significantly to 76	

the HCHO budget, especially in large urban areas [Czader et al., 2008; Guven and Olaguer, 77	

2011; Lin et al., 2012]. Anthropogenic use of natural gas, diesel fuel, gasoline, and solid fuels 78	

such as coal and wood contribute to anthropogenic volatile organic compound (AVOC) 79	

precursors of HCHO and direct emissions of HCHO [Alzueta and Glarborg, 2003; Clairotte et 80	

al., 2013]. Other anthropogenic sources of HCHO and AVOCs include landfills and industrial 81	
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sites involved in the production of polymers, construction materials, wood products and wood 82	

processing, solvents, and glues [Liang et al., 2016; Salem and Böhm, 2013; Yrieix et al., 2010]. 83	

HCHO is still used for some cleaning practices in the agricultural industry [de Gouw et al., 84	

2017b; Doane and Sarenbo, 2014; White et al., 2018]. The magnitude of the contribution to 85	

HCHO from industrial refining and oil and gas production remains unclear [Koss et al., 2015; 86	

Pikelnaya et al., 2013]. 87	

Constraints on the anthropogenic contribution to HCHO are best obtained in the absence 88	

of significant biogenic contribution, but research grade observations in the winter are 89	

uncommon. Zhu et al. [2017] noted that existing EPA monitoring measurements from sites near 90	

urban and rural areas may not accurately resolve the concentration of HCHO in the stratified 91	

winter atmosphere. Other studies that utilize 3D atmospheric chemistry transport models, such as 92	

Community Multiscale Air Quality (CMAQ) and other Air Quality Models (AQMs), cite that 93	

underestimation in HCHO is related to the underestimation of VOCs or a failure to capture and 94	

quantify VOC precursors of HCHO from anthropogenic activities [Luecken et al., 2012; Luecken 95	

et al., 2018; Warneke et al., 2007; Zhu et al., 2017]. Furthermore, aircraft missions investigating 96	

regional air quality in the lower atmosphere have most commonly been conducted in the summer 97	

when photochemical secondary HCHO production is most active [Parrish et al., 2009a; Ryerson 98	

et al., 2013; Warneke et al., 2016].  99	

The Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) 100	

mission was designed to understand the processes controlling atmospheric composition in the 101	

wintertime boundary layer of the Eastern U.S. A recent analysis of these observations has 102	

revealed that HCHO can be as much as 50% of the daily integrated radical source (Haskins et al. 103	

[2019]). Furthermore, Jaeglé et al. [2018] found a bias of -46% in GEOS-Chem simulated 104	
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HCHO concentrations relative to WINTER observations at altitudes < 1 km. This bias was 105	

eliminated in the model by increasing direct HCHO emissions from residential wood combustion 106	

and mobile sources by a factor of 5. Justification for the adjustment factor is based on the studies 107	

by Jobson and Huangfu [2016] which suggested that wintertime cold start HCHO emissions are 108	

underestimated by a factor of 5 and the study by VanderSchelden et al. [2017], which found that 109	

residential wood combustion accounts for a higher percentage of HCHO compared to what was 110	

expected from the National Emissions Inventory (NEI) inventory. Underestimation of wintertime 111	

HCHO concentrations and VOC precursors in modeling studies that utilize EPA monitoring data 112	

have also been reported by Zhu et al. [2017] and Luecken et al. [2012]. Uncertainties in emission 113	

inventories are thus large and have important consequences for simulating air quality-relevant 114	

photochemistry. 115	

Here, we present a detailed analysis based on WINTER observations to investigate 116	

anthropogenic sources of HCHO near urban areas and power plants in the Eastern U.S. We use 117	

several analysis tools to segregate primary emissions and secondary production of HCHO, 118	

including a linear combination model, a detailed chemical box model constrained by 119	

observations downwind of urban areas, observations of HCHO accumulation rates in the 120	

nocturnal boundary layer, and examination of enhancement ratios relative to carbon monoxide 121	

(CO). Results are compared to several emissions inventories, global model simulations results, 122	

and other historical data to provide insight and constrain uncertainties in the HCHO budget. 123	

2. Field Study and Instruments 124	

2.1 WINTER Campaign Flight Description 125	
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The WINTER campaign was a six-week field campaign conducted from February 1 to 126	

March 15, 2015 on the National Science Foundation/National Center for Atmospheric Research 127	

(NSF/NCAR) C-130. Flights were based at the Langley Campus in Hampton, VA. The 128	

campaigns consisted of 13 research flights (RF). Figure 1 shows the locations of flights used for 129	

this study. Research flights include a day flight (RF 02), two midday-into-night flights (RF 03 130	

and RF 04), and two night flights (RF 07 and RF 10). These flights sampled a variety of potential 131	

HCHO sources, including urban areas with motor vehicle activity. Several plumes with apparent 132	

HCHO emissions from natural gas and diesel fuel co-generating power stations were sampled 133	

and quantified.  134	
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Figure 1: Flight tracks of the NSF C-130 aircraft during the 2015 WINTER campaign (black), 
with flight tracks used in this analysis identified by their corresponding color. Each flight 
occurred on the following dates in 2015: RF 02 on Feb. 06, RF 03 on Feb 07, RF 04 on Feb 11, 
RF 07 on Feb 24, RF 10 on Mar. 07. 

 135	

2.2 Instrumentation 136	
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The NASA In Situ Airborne Formaldehyde (ISAF) instrument provided fast 137	

measurements of HCHO [Cazorla et al., 2015] .ISAF has a nominal accuracy of 10% based on 138	

standard additions from a calibrated compressed-gas standard and a precision of ~30 pptv for an 139	

integration time of 1 second. On board instrumentation has been described in previous [Fibiger 140	

et al., 2018; Green et al., 2019]. Sparks et al. [2019] provided information about nitrogen species 141	

that were measured simultaneously with HCHO. The instruments used to measure each chemical 142	

species are described in Table 1 below.  143	

Table 1 144	

On Board Instruments Measuring, HCHO, O3, Oxidized Nitrogen and Reactive Nitrogen Species 145	

Instrument Species Uncertainty Detection Limit Reference 
CRDS O3 3% 30 pptv [Brown et al., 2017; 

Sparks et al., 2019; 
Wild et al., 2014]  

 NO 4% 35-140 pptv 
 NO2 3% 25-114 pptv 

 NOy 12% 50-380 pptv 
 N2O5 12% 1.3-4.4 pptv 
CL O3 0.5% 100 pptv [Sparks et al., 2019; 

Weinheimer et al., 
1994]  NO 10% 30 pptv 

 NO2 5% 70 pptv  
 NOy 50% 100 pptv 
ISAF HCHO 10% 30 pptv [Cazorla et al., 

2015] 
TD-LIF NO2 10% 20 pptv [Day et al., 2002; 

Sparks et al., 2019] 
Pulsed 
Fluorescence 
SO2 Analyzer 

SO2  3% ± 0.5 ppbv [Green et al., 2019] 

 146	
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Oxidized nitrogen, NOx (NO + NO2), reactive nitrogen species NOy (NOx, NO3, N2O5, 147	

and other species), and O3 were measured by a six-channel cavity ring-down spectrometer 148	

(CRDS) [Brown et al., 2017; Wild et al., 2014]. A thermal dissociation laser induced 149	

fluorescence (TD-LIF) instrument [Day et al., 2002; Sparks et al., 2019] measured NO2 and 150	

speciated reactive nitrogen, including alkyl and peroxy nitrates and HNO3. A chemiluminescence 151	

instrument (CL) also provided data for O3, NO and NOy [Sparks et al., 2019; Weinheimer et al., 152	

1994]. A modified, rack mounted TECO Model 43C Pulsed Fluorescence SO2 Analyzer 153	

provided SO2 gas measurements as described in Green et al. [2019]. Other measurements not 154	

listed in Table 1 include the measurement of the actinic flux and photochemical rates of various 155	

photochemical processes by the HIAPER Atmospheric Radiation Package (HARP) [Laursen et 156	

al., 2006], the measurement of CO2 CH4 using the Picarro CRDS, the measurement of CO using	157	

commercial Aero-Laser AL-5002 VUV resonance fluorescence instrument [Salmon et al., 2018; 158	

Yuan et al., 2015], and the measurement of volatile organic compounds by the TOGA instrument 159	

[Apel et al., 2015].  160	

2.3 Pollution Plume Identification, Tracking and Analysis 161	

 Enhancements of HCHO relative to other pollutants were determined for plumes 162	

intercepted aloft from both point sources (i.e., electric power generating stations) and urban 163	

areas. Power station plumes were identified using the molar ratio of SO2/NOy for coal fired 164	

power stations, and SO2/NOy, CO2/NOy, and CO/NOy for co-generating power stations using a 165	

combination of natural gas, bio-diesel, wood, coal and other fuels. These molar ratios were 166	

determined from orthogonal distance regression (ODR) fits to plots of SO2 versus NOy, SO2 167	

versus CO, and CO2 versus NOy. SO2/NOy ratios were compared to the ratios of the 168	

corresponding emissions of SO2 and NOx provided by the Environmental Protection Agency 169	
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(EPA) continuous emission monitoring (CEMS) database to identify plumes from coal fired 170	

power stations, with CO2/NOy used to identify co-generating stations. Emissions ratios 171	

calculated using the aggregate data from the	NEI database from 2014 and 2017 in the form of 172	

yearly averages were also used for comparison, since HCHO data was not available in the CEMS 173	

database. Additionally, CO/NOy was used to separate urban plumes, where urban air masses 174	

typically have a CO/NOy ratio between 4 – 10, and power stations using diesel fuels have a 175	

CO/NOy ratio greater than 20 [Hassler et al., 2016; C Li et al., 2010; Parrish et al., 2009b]. 176	

Techniques for curve fitting, plume aging and tracking analysis, and the use of chemical ratios to 177	

differentiate urban from power station plumes are described in earlier work [Green et al., 2019].  178	

Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectory 179	

analysis, using the NAMS Hybrid sigma-pressure archived data set, was performed from a given 180	

plume intercept to 8 h prior to the intercept time to trace the point of origin back to a specific 181	

power station as described in Green et al. [2019]. HYSPLIT was used in combination with the 182	

wind field measurements taken by aircraft instrumentation to confirm the path and the 183	

approximate time carried aloft. 184	

In addition to the techniques previously described, a linear model was applied for HCHO 185	

source apportionment using several chemical tracers: CO, CH4, SO2, and NOx. The technique is 186	

described by Rawlings et al. [2001] and used by Friedfeld et al. [2002] and Garcia et al. [2006]. 187	

The multi-variable linear regression model assumes that HCHO variability can be described as a 188	

linear combination of variability in other correlated observations. The linear model is described 189	

by Equation 1 [Garcia et al., 2006; Rawlings et al., 2001]. 190	

 191	
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(1) 𝑌 = 𝑏% + 𝑏' 𝑋' + 𝑏) 𝑋) + 𝑏* 𝑋* + ⋯+ 𝑏,[𝑋,] 

 192	

Where Y and X1…Xm are matrices of dimension n × 1, and where n is the number of data 193	

points for each chemical tracer used. By definition [Y] represents the total [HCHO], where the 194	

dataset of [HCHO] input as an n × 1 matrix and the concentration of each chemical tracer species 195	

is represented by [X1], [X2], [X3], etc. The coefficients b1 pertains to [CO] (as [X1]), b2 for 196	

background subtracted [CH4] (as [X2]), etc. Using equation 1, these coefficients are solved for 197	

each tracer species data set that was used for a given linear model, as described in Section 3.1.1. 198	

The solution for these coefficients is used to determine the percent correlation of a chemical 199	

species X, in relation to [HCHO] input into Y by using Equation 2 [Garcia et al., 2006]. The 200	

percent correlated to [HCHO] in the multivariable linear fit for the chemical species represented 201	

in the numerator in equation 2. The r2 value is related to the percent variability in HCHO that can 202	

be attributed to changes in these species. Before each chemical species was used in the linear 203	

model, it was correlated to HCHO using ODR fitting to justify their use. Species that were 204	

individually correlated with HCHO were then used in the linear model. Each coefficient in the 205	

set predicts the association with each chemical tracer using Equation 2. The resulting data 206	

ranges, from the ODR correlation, were then used in the linear model to find the coefficients for 207	

the equation similar in form to Equation 1. These coefficients then can be used to determine the 208	

percent covariance of a chemical species to Y by using Equation 2 [Garcia et al., 2006]. 209	

(2) %	𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
𝑏'×[𝑋']

𝑏'× 𝑋' + 𝑏)× 𝑋) + 𝑏*× 𝑋* + ⋯ 𝑏:×[𝑋:]
 

Figure 2 provides a time series plot of observed HCHO, CO, CH4, and SO2, that is 210	

representative of the urban plumes inputted into the model. We anticipate that equation (2) 211	
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would only be valid during winter when primary HCHO associated with co-emission of other 212	

pollutants would be the dominant source.  Secondary HCHO and, to a lesser extent, CO, would 213	

degrade the validity of this approach in summer. The concentrations for CO and CH4 in the time 214	

series plot are the amounts above the background levels of 122 ppbv for CO and 1896 ppbv for 215	

CH4, with the background level of each chemical species defined as the concentration measured 216	

in the absence of urban and power station pollution plumes. The resulting stacked plot at the 217	

bottom in Figure 2 only illustrates the amount [HCHO] that is attributed to the chemical tracers 218	

input into the model along with the portion [HCHO] attributed to the background concentration 219	

of HCHO or HCHO production from unaccounted sources of a chemical species, and is labeled 220	

B0. The black line is the time series of HCHO ppbv measured over the intercepted plume as 221	

shown in the top of Figure 2. Portions of the data set where there was a gap in the recorded data 222	

of one or more of the chemical species were excluded from the linear model. The area under the 223	

black line is separated into regions that represent the percentages of each co-emitted compound 224	

attributed to the production of HCHO with a r2 value of 0.67. 225	
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Figure 2: Figure 2: (Top) The time series plot uses data from RF02, plume 1, (see Figure 4) plotting in a 
stacked plot the amount of HCHO attributed by the specific chemical tracer marked with the colors in the 
legend. (Bottom) The time series plot of each of the chemical tracers inputted into equation 1 (CO, CH4, 
SO2, NOx) multiplied by the coefficients,b1 …b4, and b0 taken as the average background concentration 
of HCHO as determined by the linear fit. Since the background concentration does not add to the total 
concentration of the plume, the percent correlation will be effectively zero when used in equation 2.. 

226	
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3. Results and Discussion 227	

3.1 Daytime urban emissions and sources  228	

The examination of daytime emissions of HCHO from the urban environment during the 229	

winter focuses on data obtained from flights RF02 and RF03. Figure 3 shows an example of 230	

plume 1 from RF03 (see Figure 7 for the map of RF 03). Figure 3 also is an example of the 231	

observations seen during RF02 and RF03, with the ratio of NOx/NOy equal to unity to within the 232	

uncertainty of the fit, giving evidence that very little photochemical oxidation of NOx had 233	

occurred. The CO/NOx ratio of 5.92 is consistent with analysis of urban emissions from major 234	

cities in the U.S. [Bai et al., 2017; Hassler et al., 2016]. We can also compare the value for 235	

HCHO/CO of 0.59% to the expected mixing ratio enhancements from primary emissions of 236	

HCHO and CO from the on-road vehicle fleet. Parrish et al. [2012] report an HCHO/CO ratio of 237	

0.3%, while Rappenglück et al. [2010] report a ratio of 0.6% based on summertime observations. 238	

This comparison indicates that the ratio of 0.6%, is an upper limit to the direct emission of 239	

HCHO given that there is likely some contribution of photochemical / secondary production.  In 240	

the absence of strong photochemistry, as seen in the winter, a lower limit for HCHO/CO ratio of 241	

0.2% has been observed in urban plumes. The value is just slightly higher than the lowest value 242	

of 0.17% found during the summer morning peak traffic periods.  The chemical box model 243	

analysis below provides a more quantitative estimate of the secondary contribution to observed 244	

HCHO. 245	
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Figure 3: Examples of correlation plots, shown for RF 03, plume 1. Slopes and their errors (1σ) 
are listed in the legend along with their r2 values. 

 246	

For the urban areas investigated in RF02 and RF03, transport times calculated with 247	

observed winds agreeing to within 1 - 2 hrs with the HYSPLIT trajectories passing through the 248	

urban centers. HYSPLIT was used to estimate transport times for urban plumes 1 - 4 and 7, that 249	

share the same path of transport as indicated by the circles and wind barbs, and originate from 250	

Cincinnati, Ohio and pass over the urban area of Columbus, Ohio. 251	
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Figure 4: Flight track of the C-130 during Research Flight 02 (RF 02) on February 06, 2015. 
Open squares indicate urban areas. Background shading indicates terrain elevation. Each urban 
plume is identified by the regions enclosed in colored circles. The color of the circle indicates 
plumes that were attributed to the same source. The mixing ratio of HCHO along the flight path 
is indicated by the color scale and size of the marker, and measurements for points 5 (peak 
[HCHO] of 3.4 ppbv) and 9 (peak [HCHO] of 2.2 ppbv) are off the given scale. 

 252	

3.1.1 Analysis of Urban Plumes over the Columbus and Cincinnati Urban Areas 253	

Scatter plots of NOx vs NOy for urban plumes that were measured near cities in RF02 254	

exhibited strong correlation (r2 > 0.95) with ratios of NOx/NOy of 0.99, decreasing to 0.94 for 255	

urban plumes that were carried aloft to 240 km downwind from the city center of Cincinnati, 256	
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Ohio. In general, the plumes belonging to the Cincinnati and Columbus, Ohio metropolitan areas 257	

were encountered at nearly the same altitude and correspond to CO concentrations in the range 258	

of 180 – 240 ppbv. The ratios of HCHO/CO in RF02 ranged between 0.26% to 0.50% and 259	

HCHO and CO were moderately correlated. Linear fits of HCHO to CO and other tracers give r2 260	

> 0.44 for HCHO to CO, r2 > 0.49 for HCHO to NOx and NOy, r2 > 0.40 for HCHO to CH4, and 261	

r2 > 0.30 for HCHO to SO2. CO had very good correlations to methane with r2 > 0.89, CO to 262	

NOx and CO to NOy , r2 > 0.95 for both with NOx/NOy ratios close to 1.  263	

Multiple linear regression analysis was applied to determine the percentage of HCHO 264	

that is connected to the presence of each of the tracers, or co-emitted compounds: CO, CH4, SO2, 265	

and NOx. A correlation plot of the sum of PNs (peroxynitrates) from the TD-LIF instrument 266	

[Day et al., 2002] is a test of possible secondary HCHO production. The correlation was poor, 267	

with an r2 < 0.12 for plumes 1 – 4 and 7 in RF02. The low correlation of HCHO with reported 268	

PNs and a NOx/NOy ratios close to 1 is consistent with slow photochemistry cited by Sparks et 269	

al. [2019]. The results from the linear model, shown in Figure 5, have an r2 > 0.67 for the 270	

multivariate fit for all four tracers in plume 1 over Cincinnati, and an r2 > 0.60 for plume 4 over 271	

Columbus.  272	

Secondary production of HCHO, though reduced during winter, may also contribute to the 273	

observed enhancements in the urban plumes. The CO, CH4, NOx and SO2 tracers can also be co-274	

emitted with AVOCs from a variety of sources that undergo photochemical oxidation to produce 275	

HCHO. The linear model analysis suggests that primary emission explain most the HCHO, 276	

accounting for just over 60% of HCHO variability, at least close the source region.  The 277	

remainder of the variability may arise from a variety of sources, including primary production 278	

that correlates to other tracers not included in this model, measurement uncertainty, and 279	
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secondary production. The evidence for a contribution from secondary production is as follows.  280	

First, although there is a strong correlation of CO to NOx along the path of transport for plumes 1 281	

– 4, there is also a decrease in the percentage of HCHO apportioned to NOx from plume 1 – 4 282	

with the tracers not following the evolution of HCHO along the path of transport. The NOx/CO 283	

enhancement ratios are 0.29 for plume 1 and 0.15 for plume 4, similar to enhancement ratios 284	

attributed to vehicle traffic from within an urban region according to emissions inventories 285	

conducted by Hassler et al. [2016]. Second, the r2 values of 0.67 in the linear fit suggests either a 286	

missing primary emission or a secondary production of HCHO that is not captured by the tracers 287	

used in this analysis. The amount of secondary HCHO will be estimated using a box model 288	

analysis given below.  289	

 290	

 291	
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Figure 5: Linear model distribution for the chemical tracers associated with HCHO in RF 02 
urban plumes. Plume 1 is close to the city center of Cincinnati, OH. Plume 4 is from Columbus, 
OH 

 292	
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To assess the relative contribution of primary and secondary HCHO sources, we examine 293	

the evolution of the Cincinnati and Columbus plumes from RF02. Figure 6 shows the 294	

progression of the HCHO-to-CO enhancement ratio, DHCHO/DCO, as a function of Lagrangian 295	

plume age for each of the five plumes circled in Fig. 4. This ratio is calculated as the slope of an 296	

ordinary least-squares fit of HCHO vs. CO for each plume. Following the first transect (~0.4h 297	

downwind of Cincinnati), DHCHO/DCO increases by ~33% before decreasing gradually in the 298	

next three plumes. Toluene and benzene, which do not have secondary sources, exhibits similar 299	

behavior (Fig. S1). This is loosely consistent with primary emissions driving the observed 300	

changes in HCHO, as opposed to strong secondary production. 301	

Though oxidation is slow in the winter, it is likely that some fraction of HCHO is 302	

produced through oxidation of VOC, especially alkenes. To illustrate this point, we approximate 303	

the evolution of the urban plume with a 0-D photochemical box model. Here we employ the 304	

Framework for 0-D Atmospheric Modeling (F0AMv4, available at 305	

https://github.com/AirChem/F0AM) [Wolfe et al., 2016] in combination with the Master 306	

Chemical Mechanism (MCMv331) [M Jenkin et al., 2015; M E Jenkin et al., 1997; Saunders et 307	

al., 2003]. The model is initialized with mixing ratios from the peak of the first plume downwind 308	

of Cincinnati. Chemical constraints include CH4, CO, O3, NO, NO2, HONO, and a range of 309	

hydrocarbons and oxidized VOC (including HCHO). The TOGA instrument does not measure 310	

small alkenes, so we estimate initial mixing ratios of ethene, propene, c-2-butene, t-2-butene, and 311	

1,3-butadiene by rescaling emission ratios for Los Angeles reported by de Gouw et al. [2017a]. 312	

Meteorology (P, T, RH) and photolysis frequencies are fixed at observed mean values for the 313	

five plumes. Dilution is treated as first-order with a dilution constant of 1 day-1 and background 314	

concentrations taken from observations just south of the plume intercepts. The model is 315	
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integrated forward in time for 6 hours. After t = 0, all chemical concentrations are determined by 316	

the model except for HONO, which is constrained to observed values (50 – 100 pptv) throughout 317	

the simulation to improve representation of OH (the model does not include heterogeneous 318	

HONO sources). HCHO enhancement ratios are calculated as the ratio of background-subtracted 319	

model HCHO and CO mixing ratios.  320	

This simulation is meant to illustrate the relative contribution of secondary production to 321	

the HCHO budget. As such, we divide model HCHO into two classes: “initial” HCHO (which 322	

we presume is mainly from direct emissions), and “secondary” HCHO produced within the 323	

plume after t = 0. This model is not designed to accurately capture all aspects of Lagrangian 324	

plume evolution. Sensitivity simulations, however, indicate that results presented here are 325	

insensitive to assumed photolysis frequencies or dilution rates. The median OH concentration for 326	

the simulation is 4 x 105 cm-3, within the range of observations under similar conditions (Stone et 327	

al., 2012). We estimate an uncertainty of ±50% in model OH due to constraints and assumptions. 328	
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Figure 6. Comparison of observed and simulated HCHO enhancements relative to CO in the 
Cincinnati/Columbus plumes encountered on RF02. The thick black line/circles show the 
observed enhancement ratio. Colored area shows the model-simulated HCHO enhancement due 
to secondary production (purple) and initial HCHO (blue). Initial HCHO likely includes both 
primary and secondary HCHO, as the first plume encounter was 0.4 h downwind of city center. 

 329	

Model results indicate moderate photochemical production of HCHO (Figure 6). 330	

Integrating over the 6-hour simulation and accounting for the uncertainty in OH, we estimate that 331	

secondary HCHO comprises 21 ± 10% of the model HCHO budget. It is difficult to directly 332	

compare modeled and observed HCHO as aircraft sampling is only pseudo-Lagrangian (6 hours 333	

of age sampled in 1 hour of flying), but results are consistent with our expectation of missing 334	

HCHO sources in the model. Potential explanations include additional HCHO precursors or 335	
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direct HCHO emissions. Given the slow oxidative conditions of the wintertime atmosphere, an 336	

additional photochemical source of HCHO is a less likely explanation. Assuming a mixed layer 337	

depth of ~1 km, a regional HCHO emission flux of 0.5 – 3 x 1014 molecules cm-2 h-1 could 338	

explain the range of observed DHCHO/DCO. The low end of this estimate is consistent with 339	

emissions derived from analysis of nocturnal boundary layers in a different region (Sect. 3.2).  340	

3.1.2 Analysis of Urban plumes over the New York Metropolitan Area 341	

Plumes near the New York metropolitan area in RF03 had NOx/NOy ratios that were very 342	

close to 1, as in RF02. For plume 1, RF03 shown in Figure 7, if it was carried aloft from the New 343	

York area, then the start of emission was approximately 3:00 pm EST, which was 2 hours before 344	

sunset and one hour before the evening rush hour period. Urban plumes 1 - 3 show good 345	

correlations in the individual linear fits, with r2 values of 0.7 to 0.85 for HCHO/CO, r2 > 0.81 346	

HCHO/CH4. For plume 1, r2 = 0.94 for CO/CH4, r2 = 0.96 for CO/NOx. New York plumes have 347	

an average HCHO/CO ratio of 0.6% HCHO to CO, which is twice the value for the primary 348	

emission ratio cited by Cowling et al. [2007] and Parrish et al. [2012], and equal to the value of 349	

this ratio for urban emissions during rush hour in the summertime Houston area [Rappenglück et 350	

al., 2010]. 351	



Manuscript	submitted	to	Journal	of	Geophysical	Research-Atmosphere	
	

	 24	

 

Figure 7: Research Flight 03 (RF03) on February 07, 2015. Background shading indicates terrain 
elevation. Each urban plume is identified by the regions enclosed in colored circles. The color of 
the circle indicates plumes that were attributed to the same source, with the plume in area 3 no 
longer undergoing photochemistry due to sunset and influenced by marine mixing. The 
concentration of HCHO along the flight path is indicated by the color scale and size of the 
marker. 

 352	

Figure 8 shows the results from the linear model for plume 1, Figure 7 in RF03, which 353	

was closest to New York City (r2 ranging from 0.85 - 0.89 for the multivariable fit). Combined 354	

with timing of when these plumes exited the urban area, the linear model shows that 43% of 355	

HCHO production is linked to methane, 23.4% to CO, 27.1% to NOx, and 6.5% to SO2 356	

emissions. The NY city correlation plots of plume 1, shown in Figure 3, is distinct from the cities 357	

in Ohio, showing that there is a much larger contribution of CH4, possibly from vehicles and/or 358	

home heating, as it corresponds to the highest NOx mixing ratios of 10 - 20 ppbv over NY city. 359	

Unlike the urban region in the vicinity of Columbus, the r2 > 0.81 for HCHO to CH4 shows that 360	
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HCHO emissions in New York were strongly correlated with CH4. However, the contribution of 361	

NOx is also much higher than what was seen in either urban plume in RF02. SO2 measurements 362	

for the region ranges from 3 -5 ppbv with no apparent evidence of coal fired power plant 363	

emissions. 364	

The majority combustion products from the vehicular fleet in NY originate from ethanol 365	

enriched fuels (E10 – E85) during the wintertime [Brito et al., 2015; Clairotte et al., 2013; He et 366	

al., 2009; Knoll et al., 2009]. These products of combustion include formaldehyde, acetaldehyde, 367	

NOx, other AVOCs, and the emission of unburned ethanol which can photochemically react and 368	

decompose into acetaldehyde, peroxyacetylnitrate (PAN), formaldehyde, and ozone [Carr et al., 369	

2011; Dardiotis et al., 2015; Dominutti et al., 2016; Timonen et al., 2017]. These combustion 370	

products are also generated by fuels used in domestic heating and can result in photochemical 371	

products. In this work, observations do not include tracers needed to unambiguously separate of 372	

the total contribution of HCHO by vehicles and the contribution from home heating. 373	
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Figure 8: Linear model distribution for the chemical tracers associated with HCHO from a RF 03 
Urban plume; plume 1 20 km downwind of the center of New York City.  

 374	

3.1.3 Point sources of HCHO. 375	

Direct emissions of HCHO may explain the presence of two large plumes in Southern 376	

Ohio. In Figure 4 (RF 02), two plumes showed evidence of emissions from a point source, in a 377	

region where there was no power generating station with no associated tracers (NOx, NOy, SO2, 378	

CH4) correlated with the plume or associated with an EPA reporting facility, with an average 379	

[HCHO] of 1.0 ppbv and a maximum value of [HCHO] 3.4 ppbv. The plume is encountered 380	

again with an average [HCHO] of 1.2 ppbv and a maximum [HCHO] of 2.3 ppbv over a broader 381	



Manuscript	submitted	to	Journal	of	Geophysical	Research-Atmosphere	
	

	 27	

area from the initial point of detection 146 km away, with an estimated travel time of 3.6 hours. 382	

The correlation of HCHO to CO, CH4, SO2, NOx, and NOy produced r2 < 0.15, in plumes 5 and 383	

plume 9 (see Figure 4) with the exception of CO in plume 9, which had a HCHO/CO correlation 384	

of r2 = 0.46, and methane near background levels in the range of 1.89 – 1.9 ppmv at both points. 385	

The lack of correlation to the tracers associated with urban emissions and low concentration of 386	

methane is not consistent with urban areas or areas where combustion of fossil fuels is occurring. 387	

This shows some evidence of a missing source AVOCs or direct emissions contributing to 388	

HCHO.  389	

Compared to other studies, the 0.2 – 0.5% HCHO/CO ratios found in RF02 are within the 390	

range of 0.18 – 0.30% for urban emissions by vehicular traffic observed by Cowling et al. [2007] 391	

and higher than the 0.10 - 0.14% for urban emissions by Anderson et al. [1996]. These values 392	

approach the values found in the summertime expected mixing ratio enhancements from primary 393	

emissions of HCHO and CO from vehicular traffic ratio of 0.3 % given during the summer by 394	

Parrish et al. [2012] and 0.6% by Rappenglück et al. [2010]. Given the chemical box model used 395	

in this work suggests secondary HCHO to account for 21 +10 % of the observed HCHO well 396	

downwind of urban areas in winter conditions with low BVOC, the observed HCHO/CO ratios 397	

may be regarded as modest upper limits to the primary emission ratios in the presence of 398	

unknown point sources. 399	

3.2 Night time urban emissions 400	

The data collected during RF07 provides an opportunity to constrain regional HCHO 401	

emission using a budget-based approach for the nocturnal boundary layer (NBL). For this 402	

analysis, we assume that the residual layer (RL) represents NBL conditions at sunset (time = 0), 403	
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and that any difference between the NBL and RL is due to surface emissions of HCHO. In 404	

addition, several assumptions were made in the analysis: (1) the residual layer and nocturnal 405	

layer are stable and are mostly uncoupled, (2) nighttime chemical production/loss and dry 406	

deposition of HCHO is negligible, and (3) there is relatively minor variability in horizontal 407	

advection, such that we can treat the nocturnal boundary layer as a well-mixed and uniform box. 408	

As shown in Figure S2, several small airports were selected to perform multiple missed 409	

approaches (MAs). These missed approaches were used to ascertain the altitude of the boundary, 410	

residual, and nocturnal layers and to determine if these layers remained stable through the night 411	

as shown in Figure 9. During RF07, the vertical thickness of the nocturnal layer ranged between 412	

150 – 200 meters, and residual layer was 500 – 700 meters. Relative humidity through the 413	

nocturnal and residual layers remained around 30 – 40% and rapidly decreased above the 414	

boundary layer. Characteristics of each of the missed approaches with stable layers allowed for 415	

further analysis to estimate the emissions from the ground into the nocturnal layer. 416	
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Figure 9: Vertical profile of potential temperature (black), relative humidity (blue), and several 
chemical tracers obtained during a nocturnal missed approach near Chambersburg, PA on RF07. 
Two locations where suitable data for this analysis was obtained was at air ports outside of 
Chambersburg,	PA and Harrisburg,	PA. 
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 417	

In Equation 3, the difference in the concentration of HCHO, [HCHO] (molecules cm-3) of 418	

nocturnal and residual layers was defined as Δ[HCHO] and was then multiplied by the number 419	

density of air (M) and the column-integrated concentration of HCHO within the nocturnal layer 420	

(ΩHCHO, molecules cm-2) which was found using the nocturnal boundary layer height (H) for 421	

each missed approach, as defined in Equation 4. The resulting value of ΩHCHO represents a 422	

column measurement of [HCHO] emitted from the ground to the nocturnal layer compared to the 423	

amount in the residual layer. When these are plotted vs. time since sunset, this gives the flux of 424	

HCHO emitted from the area in molecules cm-2 hr-1. 425	

(3) ∆ 𝐻𝐶𝐻𝑂 = [𝐻𝐶𝐻𝑂]?@ABCDEF 	− 	 [𝐻𝐶𝐻𝑂]:HIJD?:EF 

(4) 𝛺LMLN	(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑐𝑚)) = ∆ 𝐻𝐶𝐻𝑂 ×𝐻VHD:CE?W	FEW@?×M 

  

Using the data collected from the ascending and descending legs of MA 1, 2, and 7 426	

(shown in Figure S2), ΩHCHO is plotted against time since sunset to determine the HCHO 427	

emission flux into the NBL, as shown in Figure 10. Based on average ∆[HCHO] values, the 428	

average HCHO column growth rate is (1.1 ± 0.3) × 1014 molecules cm-2 hr-1 (1σ uncertainty). 429	

Using ∆[HCHO] values based on the maximum [HCHO] measured in each layer, an emission 430	

flux of (1.3 ± 0.2) × 1014 molecules cm-2 hr-1 is found. 431	
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Figure 10. A plot of ΩHCHO vs. time since sunset for missed approaches in RF 07. The average 
ΩHCHO vs. time is in purple while the based on the maximum ΩHCHO vs. time is based on the 
maximum HCHO in each of the layers encountered is in red.  

 432	

Output from the reference and improved GEOS-Chem (v10-01) 3D model simulations 433	

sampled along the flight tracks was compared to the results found in Figure 10 [Shah et al., 434	

2018]. ΩHCHO values from GEOS-Chem were determined in a similar manner as the 435	

experimental measurements based on missed approach data, and both used the observed 436	

boundary layer height, since the vertical resolution of GEOS-Chem was insufficient to determine 437	

the height. The maximum HCHO emission flux from area sources was inputted into GEOS-438	

Chem, using the NEI 2011 database scaled to 2015 using the improved simulation set from 439	
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Jaeglé et al. [2018]  featuring the 5x scaling for HCHO based on observational data around the 440	

three areas of the missed approaches, with  5.1 × 1013 molecules cm-2hr-1  at point 1 and 1.3 × 441	

1014 molecules.cm-2hr-1  at points 2 and 7 (See Figure S2) using a 50 km × 50 km grid. 442	

Compared to the values of the average ΩHCHO of 1.1 × 1014 molecules cm-2hr-1 and the max 443	

ΩHCHO of 1.3 × 1014 molecules cm-2hr-1 found using the flight data, the scaled NEI input at point 444	

1 is about a factor of 2 lower, while at points 2, 7 the input is near to both values of average and 445	

maximum ΩHCHO. When emissions into the nocturnal boundary layer based on the GEOS-Chem 446	

output along the flight track was examined, the average emissions flux was (9.9 ± 1.7) × 1014 447	

molecules cm-2hr-1, 9 times larger than the measured average ΩHCHO and 7.6 times larger than the 448	

max ΩHCHO. However, this is an inaccurate comparison for several reasons. In GEOS-Chem, the 449	

space within 0 to 3 km altitude contains 17 layers to compute the concentration of the chemical 450	

species, where the average concentration is calculated in a volume using the vertical height of the 451	

individual layer and the grid dimensions as a base. Each of the vertical heights is determined by 452	

the pressure in the atmospheric column from sea level to 80km (a total of 72 layers) based on the 453	

GEOS-FP, “forward processing,” meteorological data products. From the pressure altitude of 0 454	

to 1000 meters, or at a ceiling of 900 meters’ altitude in the profile in Figure 9, would only 455	

contain 7 of these layers in GEOS-Chem. Consequently, there are fewer data points available in 456	

GEOS-Chem for averaging compared to the 50 to 100 points in the aircraft data. The result is 457	

still an improvement compared to the reference simulation done by Jaeglé et al. [2018] without 458	

any adjustment. The ΩHCHO taken from the GEOS-Chem reference simulation output was (5 ± 2) 459	

× 1012 molecules cm-2hr-1, 22 times smaller than the measured average ΩHCHO of 1.1 × 1014 460	

molecules cm-2 hr-1 and 26 times smaller than the max ΩHCHO of 1.3 × 1014 molecules cm-2 hr-1. It 461	
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is apparent that work is still needed to reduce the underestimation of the NEI emissions fluxes of 462	

HCHO to produce results that match observed [HCHO] in finer detail. 463	

3.2.1 Nocturnal emissions near Atlanta, GA 464	

Atlanta, Georgia lies in the southern U.S., a different region than sampled by the majority 465	

of WINTER research flights in the northeast U.S.  Unlike the northeast, the southern U.S. has 466	

significant biogenic emissions, such as monoterpenes, even during the winter months [Hagerman 467	

et al., 1997].  RF10, sampled the residual layer over and downwind of Atlanta, with a series of 468	

profiles through the nighttime boundary layer structure through missed approaches to airfields. 469	

Formaldehyde sampled in the residual layer showed evidence for mixing between direct 470	

emissions from the urban area together with secondary production. Due to the presence of 471	

monoterpenes during winter in the southern U.S., a larger secondary component to HCHO may 472	

be expected, though such chemistry is likely oxidant-limited. 473	

The plumes in the residual layer on RF10 can be separated into two categories. The first 474	

category, (plumes 1, 3, 4, 5, 9, and 10 in RF10, numbers in Figure S3) contains plumes in which 475	

HCHO is highly correlated with CH4 and CO. Values for the correlation coefficient of HCHO 476	

with CO range between 0.94 > r2 > 0.88, and correlation with HCHO to CH4 range between 0.89 477	

> r2 > 0.79. The individual contributions of co-emission of HCHO with either CH4 or CO are 478	

difficult to separate due to the strong correlation of CH4 with CO.  While we retain this 479	

separation in this analysis, we recognize that the analysis may not accurately provide a separate 480	

attribution to each. The ratio of HCHO/CO ranges between 0.6 % to 1.8%, and averaging at a 481	

ratio 1.7%, and the HCHO/CH4 ratio ranges between 0.5% to 1.2 %, averaging at a ratio of 1.1%. 482	

Common to this group is NOx mixing ratios ranging between 0.5 and 6 ppbv, NOy ranging 483	
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between 1 and 8 ppbv, and a peak amount of HCHO of 0.65 – 1.1 ppbv. These plumes are also 484	

characterized by O3 mixing ratios of 30 – 40 ppbv and CO from 120 ppbv – 160 ppbv. Plumes 1 485	

and 3 in RF10 contained NOx < 0.5 and NOy < 1.5, with plume 1 intercepted at an altitude of 120 486	

m above ground during a missed approach; see Figure S3 and Figure S4. The second category of 487	

HCHO plumes, numbered 2, 6, 7, and 8, 11, and 12 seen in black in Figure S3, are plumes in the 488	

residual layer and have much weaker HCHO correlations with other species. The r2 values are in 489	

the range of 0.03 > r2 > 0.15 for HCHO vs CO, 0.26 > r2 > 0.01 for HCHO vs CH4, and 0.44 > r2 490	

> 0.19 for HCHO vs NOy. The plumes were intercepted in the range of 430 – 580 meters above 491	

ground. These contain CO in the ranges of 160 – 200 ppbv, with a peak mixing ratios of HCHO 492	

of 0.7 – 1.1 ppbv, like the HCHO in the first category. The region containing plumes 9 - 12 show 493	

evidence of significant mixing of the plumes from both categories. The region containing Plumes 494	

2 - 4 also show a similar pattern of mixing but it is not as visible as the example in Figure 11.  495	

The plots in Figure 11 combine plumes 9 – 12 in order to show the change in the slope of 496	

HCHO/CO, HCHO/NOy and O3/HCHO as the aircraft samples a series of plumes that exhibit 497	

either dominantly direct emissions or direct emissions influenced by photochemistry from the 498	

previous day. The mixing between these two air masses is marked by the increased mixing ratio 499	

of CO and NOy and the decreased mixing ratio of O3.  500	

At high values of CO (180 – 230 ppbv), the slope of formaldehyde vs CO is 0.2%, similar 501	

to the value quoted for direct urban emissions from other studies [Parrish et al., 2012], 502	

indicating that at these more concentrated levels the primary contribution to observed HCHO is 503	

direct emission. At lower values of CO (125 – 150 ppbv) the corresponding slope is much 504	

steeper, at 1.7%. This higher value is likely to be dominated by secondary, photochemical 505	

production of HCHO in more dilute urban pollution that was emitted the previous day and is 506	
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present in the residual layer on this nighttime flight. Mixing between these two air masses 507	

produces a range of points at intermediate CO (150 < CO < 180 ppbv) that falls below the 508	

extrapolated fits to either of the high or low range of CO but that creates a mixing line that 509	

connects the two populations. The distribution of HCHO against NOy (an approximately 510	

conserved tracer for the emission of NOx) shows a similar behavior, with slopes given in the 511	

figure. Evidence for this interpretation can be seen in the relationships between O3 vs CO and O3 512	

vs HCHO in plots C and D in Figure 11. Although the overall relationship between O3 and CO 513	

shows an anti-correlation, at higher mixing ratios of CO, the slope of O3 vs CO is relatively 514	

steeper than it is at low CO. A similar relationship exists in a plot of O3 vs NOy. The overall anti-515	

correlation in this plot indicates that the urban emissions are overall ozone-destroying, likely 516	

dominated by NOx titration, in this winter environment. However, the points at lower CO have a 517	

reduced O3-CO slope, indicating that the destruction is moderated by photochemical O3 518	

production in these points, consistent with the presence of a higher HCHO-CO slope from 519	

secondary HCHO production in this population of points. Similarly, the relationship between O3 520	

and HCHO exhibits an overall anti-correlation, but with a steeper slope at high CO than at low 521	

CO. 522	
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Figure 11: Four plots of the combined plumes 9 – 12 for RF10. The color spectrum moves from orange 
to blue along with increase in data points as aircraft passed through group of air masses encountered 
during RF10 occurring between 4:40 – 5:10 am EDT (9:40 and 10:10 UTC), shown in the color scale 
bottom right. A. The combined plot of HCHO vs CO describes the distinct air masses in terms the 
HCHO/CO ratio, showing a steep slope at low CO and a shallow slope at high CO, as described in the 
text. B. Shows the combined plot for HCHO vs. NOy. C. O3 vs. CO anti-correlated with small range in 



Manuscript	submitted	to	Journal	of	Geophysical	Research-Atmosphere	
	

	 37	

slope with increasing CO. D. Combined plot of O3 vs. HCHO relationship is anti-correlated, with a 
steeper slope at high CO as described in the text. E. The combined plot O3 vs. NOy. 

 523	

3.3 Point source emissions of HCHO 524	

Several instances of elevated HCHO (0.75 – 6.6 ppbv) were observed in close proximity 525	

to power stations in RF04 and 07. The area covered by RF04 and RF07 (Figures S5 and S6) 526	

includes several coal, natural gas, and diesel co-generating power stations. Generating stations 527	

that utilize both natural gas and diesel (various bio-diesel) fuel types, separately or 528	

simultaneously, generate HCHO through the combustion of diesel oil [Basha et al., 2009; He et 529	

al., 2009; Lehto et al., 2014]. Other power stations that are co-generating facilities utilize wood, 530	

refuse, and coal, and they may also emit HCHO.  531	

In RF04, Figure S5, the LV Sutton power station was identified as a combined cycle 532	

power station using natural gas and diesel, producing a direct emission of HCHO. The top of 533	

Figure 12 shows that power station emissions at ~1:54 AM overlap, with the spike of HCHO 534	

coming from an exhaust stack dedicated to diesel, and the other profile coming from natural gas. 535	

Because there is no direct measurement for CO in the CEMS database, CO2 must be relied upon 536	

to identify the power plant. Since VA Renewable Portsmouth station had the greatest magnitude 537	

of CO2 emissions reported from CEMS database that matches the measured CO2 emission, it is 538	

the only station in operation that the measured HCHO of 0.75 ppbv, can be attributed to. Given 539	

the wind direction, several power plants could produce plume 1 (see Figure S6), which reached a 540	

maximum of 0.75 ppbv HCHO. Since VA Renewable Portsmouth station was a far larger emitter 541	

of CO2, according to the CEMS database, it is the likely producer of plume 1. One source 542	

measured at 1:52 UTC showed significant quantities of CO and HCHO, while a larger peak in 543	
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HCHO measured at 1:53 UTC was co-emitted with significant quantities of CO and CO2. There 544	

was a very good correlation, (r2 = 0.91) for HCHO and CO, and the HCHO/CO ratio of 1.8% 545	

from the power station (the bottom panel of Figure 12). This ratio was higher by a factor of ~2.3 546	

when compared to the NEI (2014) aggregate emissions ratio of 0.80% HCHO/CO and the NEI 547	

(2017) value of 0.76%. A maximum of 6.126 ppbv HCHO was measured for the L.V. Sutton 548	

plume, with the amount of CO2 from another combustion source from the same power station 549	

since the plant utilizes natural gas and diesel fuels.  550	
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Figure 12: An example of emissions from a co-generating power station producing direct 
emission of HCHO. (Bottom Left) L.V. Sutton power station in North Carolina, operating using 
both natural gas and diesel fuels produce emissions.	 

 551	
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Another co-generating power station in RF07, Figure S6, Va. Renewable Portsmouth 552	

LLC, had a similar HCHO/CO ratio of 1.7%, (r2 = 0.71) but was more obscured by other 553	

emissions from either the same power station or emissions from the Elizabeth River power 554	

station. The NEI (2014) and NEI (2017) aggregate HCHO/CO emissions ratio for Va. 555	

Renewable Portsmouth LLC was 0.0035% and 0.11%. The measured ratio is 15 times greater the 556	

NEI (2017) value for HCHO/CO. Sunrise occurred during RF07 at 11:43 AM UTC (centered on 557	

Norfolk, VA), 7 minutes after the measurement, so it is unlikely that photochemistry reduced 558	

HCHO mixing ratio during the plumes time aloft. The mixing ratios observed from both power 559	

generating stations are well in excess of typical urban plumes from the WINTER campaign, with 560	

levels of CO approaching 400 ppbv. 561	

As mentioned earlier, HCHO scaling was needed to bring the NEI data input into the 562	

GEOS-Chem model close to the in-situ observations from aboard the aircraft [Shah et al., 2018]. 563	

Here we have a similar factor of underestimation when NEI was used directly to compare, under 564	

conditions without secondary production (i.e., nighttime emissions). The emissions ratios 565	

determined from the measured data are 2.3 - 15 times greater than the annual estimates from the 566	

NEI 2017 emissions database. Also, the available databases for the CEMS and NEI do not 567	

provide an estimate of the daily or monthly emissions of HCHO during facility operation for 568	

comparison, so lacks any variation on small time scales. Figure S7 displays the NEI 2017 yearly 569	

estimated emissions level per state in the US. Table S1 the HCHO/CO ratio for all the identified 570	

plumes. Models that utilize the NEI database may underestimate HCHO emissions from power 571	

stations, or they may be limited by the reported information in the database. For example, there 572	

is no category in the NEI for diesel fueled combined power station, where other types such as 573	

wood, coal, and natural gas are covered. This may explain a part of the HCHO not accounted for 574	
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in models, as diesel combustion and hydrocarbon products from diesel combustion, and other 575	

possible AVOC emissions are not included.  576	

4. Conclusions 577	

We report the wintertime aircraft observations of HCHO from the near urban areas in the 578	

Eastern U.S. from the WINTER campaign carried out on the NSF C130 between February and 579	

March 2015. This is a unique data set for assessing the spatial distribution of HCHO in the 580	

winter season. Due to much slower chemical production of secondary HCHO during the winter, 581	

these measurements are more sensitive to the primary emission sources of HCHO and improve 582	

the accuracy of primary HCHO emission ratios to other pollutants, such as CO, from urban areas 583	

and point sources. They can be further used to assess the rates of wintertime photochemistry. 584	

 Urban regions in Ohio, New York, Atlanta, GA, Virginia, and North Carolina exhibit 585	

both area and point source emissions of HCHO. Daytime ratios of urban HCHO/CO range 586	

between 0.22% – 0.50% for the Ohio area with plumes experiencing aging over 6 hours, and 587	

0.57% – 0.60% for plumes from New York and Connecticut urban areas experiencing aging of 588	

less than 2 hours. The analysis from the multivariate linear model used to compare the regions in 589	

Ohio to New York City suggests that timing of vehicular activity may be correlated to the direct 590	

emission of HCHO. Other anthropogenic emissions within the region also contribute to 591	

secondary production of HCHO. The linear model applied to the urban plume closest to New 592	

York had a higher r2, from 85 – 89, indicating that the tracers considered account for this fraction 593	

of variability in HCHO.  594	

 Model calculations of AVOC oxidation rates provide estimates of the relative 595	

contribution of secondary production and primary emission of HCHO. While the correlation of 596	
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HCHO to other primary emissions in Ohio, shown in Figure 5, can account for up to 67% of the 597	

variance in HCHO, a box model shown in Figure 6 shows that 30% of the observed HCHO could 598	

be attributable to secondary production after 6 hours of transport, but smaller fractions near the 599	

source regions. It is likely that both primary emissions and secondary chemistry contribute to the 600	

HCHO budget in urban-influenced regions, despite the relatively slow rate of winter 601	

photochemistry.  Nevertheless, the analysis indicates primary emissions to be the major 602	

contribution to HCHO in the northeast U.S. during winter. 603	

Night flights sampling the urban areas and surrounding regions in Virginia and Georgia 604	

characterized HCHO emissions and mixing with photochemically produced HCHO. In the region 605	

around Atlanta, GA, plumes sample at night in the residual layer showed evidence for mixing 606	

between direct urban emissions and photochemical production of HCHO from the preceding day. 607	

The urban emissions over nighttime Atlanta are overall ozone-destroying, likely dominated by 608	

NOx titration, with HCHO and O3 anti-correlated with each other. Other large localized sources 609	

of HCHO, such as the power stations and other area sources and point sources were intercepted 610	

by multiple missed approaches in VA. Sampled area sources in VA during the night, emitted an 611	

average of (1.1 ± 0.3) × 1014 molecules cm-2hr-1 or a maximum of (1.3 ± 0.2) × 1014 molecules 612	

cm-2hr-1 of HCHO based on measurements taken from the nocturnal and residual layers and the 613	

time since sunset in the region. 614	

Two-point source emissions during RF 02 in Ohio produced plumes with large HCHO 615	

mixing ratios, with average and maximum values of 1.04 – 1.18 and 2.25 – 3.39 ppbv, 616	

respectively. Two direct emissions of HCHO were identified from natural gas/diesel co-617	

generating power stations on RF 04 and RF 07: L.V. Sutton, correlation r2 = 0.98 for HCHO and 618	

CO, ratio of HCHO/CO of 1.8% with a maximum observed concentration of 6.126 ppbv HCHO, 619	
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and Va. Renewable Portsmouth LLC, HCHO/CO ratio of 0.017 and maximum observed 620	

concentration of 0.75 ppbv HCHO. For these emitters, very little or no reported information is 621	

available for comparison to their estimated points of origin of the measurements from these 622	

intercepted plumes. The NEI aggregate data is only resolved on an annual basis, and by directly 623	

comparing the NEI emission ratio of HCHO/CO for the 2017 year, it was found that emissions 624	

ratio for the power station was underestimated by a factor of 2.3. Diesel fueled power generation 625	

is also not a category in the NEI, resulting in the exclusion of AVOC product generated by 626	

diesel. Other factors leading to potentially inaccurate HCHO emission factors include excluding 627	

items such as operating load and operational time. With no daily or monthly reported values 628	

from either the CEMS or NEI, models that rely on NEI data may inaccurately represent HCHO 629	

during the winter season. As a result, HCHO emissions may have been underestimated in any 630	

previous work that utilized reported data, or have used in situ measurements of other species and 631	

emission ratios to extrapolate HCHO, which results in its underestimation, as shown in Luecken 632	

et al. [2012] and Zhu et al. [2017]. 633	
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