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Abstract. Carbon monoxide (CO) is a regulated air pollutant that impacts tropospheric chemistry and is an important indicator 

of the incomplete combustion of carbon-based fuels. In this study, we used four years (2019–2022) of winter and spring 

(January–May) atmospheric CO observations to quantify and characterize city-scale CO enhancements (ΔCO) from the New 

York City metropolitan area (NYCMA). We observed large variability in ΔCO, roughly 60% of which was explained by 15 

atmospheric transport from the surrounding surface areas to the measurement sites, with the remaining 40% due to changes in 

emissions on sub-monthly timescales. We evaluated the CO emissions from the Emissions Database for Global Atmospheric 

Research (EDGAR), which has been used to scale greenhouse gas emissions, and found the emissions are much too low in 

magnitude. During the COVID-19 shutdown in spring 2020, we observed a flattening of the diurnal pattern of CO emissions, 

consistent with reductions in daytime transportation. Our results highlight the role of meteorology in driving the variability of 20 

air pollutants and show that the transportation sector is unlikely to account for the non-shutdown observed CO emissions 

magnitude and variability, an important distinction to determine the sources of combustion emissions in urban regions like the 

NYCMA. 

1 Introduction 

Carbon monoxide (CO) is released into the atmosphere from incomplete combustion of carbon-based fuels. Poisonous to 25 

humans at high concentrations, CO is a regulated criteria pollutant in many countries including the United States (US). CO 

emissions come from both anthropogenic (e.g., transportation, manufacturing, power generation) and natural (e.g., wildfires, 

biomass burning) combustion sources. CO emissions from on-road vehicles in the US have decreased by over 50% in the past 

several decades due to improvements in combustion efficiency (Parrish, 2006; Bishop and Stedman, 2008). These emissions 

reductions have led to lower urban CO concentrations measured in situ at the surface and by satellites throughout the column 30 

(He et al., 2013; Pommier et al., 2013; Yin et al., 2015; Hassler et al., 2016; Hedelius et al., 2021; Buchholz et al., 2021). US 
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cities rarely experience highly toxic concentrations of CO in recent years, but CO is still a useful tracer for incomplete 

combustion (e.g., Turnbull et al., 2015). Recent improvements in efficiency may be slowing, however, perhaps due to 

diminishing returns in catalytic converters (McDonald et al., 2013; Jiang et al., 2018). 

 35 

CO also impacts atmospheric chemistry by controlling oxidative capacity (OH), which in turn impacts the lifetime of methane 

(CH4) and ozone (O3) production. CO is therefore also an indirect greenhouse gas. The decreasing trend in the global CO 

burden has led to a relative increase in CO chemical production, higher methane oxidation by OH, and a shorter CH4 lifetime 

(Gaubert et al., 2017).  

 40 

Given the observed changes to atmospheric CO and their potential implications for chemistry and climate, it is important to 

consider the timescales over which urban CO emissions are changing and which factors control their variability. The recent 

decreasing annual trends in CO emissions, such as ~4.6%/year for the US during 2002–2011 (Yin et al., 2015) and ~4.5%/year 

for the Washington DC/Baltimore region during 2015–2020 (Lopez-Coto et al., 2022), have been attributed to improving 

vehicle combustion efficiency. Over multiple years of flights Lopez-Coto et al. (2022) also observed consistently lower CO 45 

emissions on Sundays, likely from fewer on-road vehicles on these days. On shorter scales, Ren et al. (2018) found significant 

variability (+/– 50–70% of the mean) in CO emission rates between flights for winters 2015 and 2016, but did not explain the 

variability. Lopez-Coto et al. (2020) attributed observed variability between several days of flights to the varied sampling of 

sources that also have high hourly variability, such as power plants and traffic. Hall et al. (2020) found evidence for a vehicle 

emissions dependence on meteorology, where CO emissions increased with increasing temperature and specific humidity 50 

across the winter-to-summer gradient in the DC/Baltimore region. 

 

CO inventories track the expected emissions changes over time and are frequently used in two ways, despite their uncertainty 

and limited temporal resolution: (1) as an a priori emission for geostatistical and Bayesian inversion studies which calculate 

optimal emissions relative to the CO inventory (thereby providing an indirect evaluation of the inventory) and (2) to scale 55 

greenhouse gas emissions relative to observed atmospheric ratios. The US Environmental Protection Agency (EPA) National 

Emissions Inventory (NEI) is often used in inversion studies, is updated every few years for reactive compounds including 

CO, and has been evaluated substantially: NEI CO emissions are overestimated up to 2 times compared to observations over 

multiple inventory years (Brioude et al., 2013; Miller et al., 2008; Salmon et al., 2018; McDonald et al., 2018), although some 

have found smaller discrepancies (Anderson et al., 2014; Castellanos et al., 2011; Gonzalez et al., 2021; Lopez-Coto et al., 60 

2022; Brioude et al., 2011). The Emissions Database for Global Atmospheric Research (EDGAR), which provides monthly 

global CO, CH4, and CO2 emissions, is less often evaluated, despite being used extensively for scaling greenhouse gas 

emissions. Greenhouse gas scaling methods use the observed atmospheric ratio of CO2:CO or CH4:CO along with the inventory 

CO emission rate to calculate an observation-derived CO2 or CH4 emission rate (Wunch et al., 2009; Hsu et al., 2010). 

Konovalov et al. (2016) used CO satellite column measurements to derive scaled CO2 emissions based on the CO2:CO from 65 
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EDGAR v4.2 (and others). Recently, CO emissions from EDGAR were also used to scale CH4 emissions from cities across 

the US based on observed CH4:CO ratios from in-situ aircraft measurements (v4.3.2, Plant et al., 2019; Ren et al., 2018) and 

satellite columns (v5.0, Plant et al., 2022). These works generally assume that CO emissions are less uncertain than CH4 

emissions. In one of the few evaluations of EDGAR CO emissions, Ren et al. (2018) found the inventory rate to be within the 

uncertainty of their mass balance approach. CO emission inventories with higher spatial and temporal resolution than EDGAR 70 

and NEI are also available, but they are regional and sector specific (e.g., for mobile emissions (McDonald et al., 2014; Gately 

et al., 2017)) and are therefore more difficult to evaluate when mixed with other emission sectors in the atmosphere. Long 

term in-situ CO observations provide an advantage for evaluating seasonal trends in inventories compared to aircraft snapshots 

and satellite observations but have so far been underutilized. 

 75 

Restrictions on movement imposed by the COVID-19 pandemic beginning in March 2020 greatly reduced transportation-

related emissions from both commuting and leisure activities. These reductions were noted on the global scale for CO2 (Le 

Quéré et al., 2020; Forster et al., 2020; Liu et al., 2020) and on the city scale for NO2 (Goldberg et al., 2020; Tzortziou et al., 

2022; Shi et al., 2021), CO (Lopez-Coto et al., 2022), and CO2 (Turner et al., 2020). City centers also experienced an overall 

reduction in human activity (with potential implications for building energy and electricity consumption) as suburbanites 80 

worked from home during the day and many city-dwellers fled to rural areas, but the impact of these population pattern changes 

on combustion emissions is less clear. The New York City metropolitan area (NYCMA) was the first region in the US impacted 

by COVID-19 shutdowns. Mobility data indicated a drop of up to 60% in traffic and 90% in public transit metrics between 

February and April 2020 (Forster et al., 2020; Tzortziou et al., 2022; Cao et al., 2023). Tzortziou et al. (2022) examined NO2 

changes in the NYCMA and found an average reduction of 32% in the city center during the peak shutdown period (15 March–85 

15 May 2020). Concentrations of VOCs from both combustion (e.g., benzene) and non-combustion (e.g., personal care 

products, industrial chemicals, oxidation products) sources also declined by similar magnitudes during this time (Cao et al., 

2023). Residual shutdowns (e.g., school closures) stayed in place until March 2021, with mobility, total column NO2, and 

many VOC observations remaining lower than pre-shutdown. 

 90 

In this study, we analyze multi-year atmospheric CO observations at two sites in the urban core to quantify and characterize 

the variability of city-scale CO enhancements (ΔCO) from the NYCMA over sub-monthly and sub-daily timescales. We use 

the observed ΔCO along with an atmospheric transport model to isolate the impacts of meteorology on the observations and 

evaluate the EDGAR inventory, which is widely used to scale greenhouse gas emissions. We also identify changes to regional 

CO emissions induced by the peak and residual COVID-19 shutdowns. Using CO as a tracer, this work begins to constrain the 95 

uncertainty in urban combustion sources. 
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2 Methods 

2.1 Rooftop Observations 

Ambient CO dry-mole fractions (units: ppbv, parts-per-billion by volume) were measured at the Advanced Science Research 

Center (ASRC) Rooftop Observatory, a site located 56 m above ground level (93 m above sea level (ASL)) in Hamilton 100 

Heights, West Harlem, Manhattan (40.81534°N, 73.95033°W) (Fig. S1). The site samples a mixture of combustion sources 

including on- and off-road transportation, building energy, manufacturing, and electricity generation. Additional description 

of the ASRC site is found in Commane et al. (2023), and other in situ observations from this site were used by Cao et al. 

(2023). 

 105 

Due to varying availability, several different instruments were used to measure CO over the four subsequent winters and 

springs (January–May) of the study period (2019–2022). The instruments used in this study are: (i) Picarro G2401-m for 2019 

and 2020 (reporting at 0.5–1 Hz), (ii) Picarro G2401 for 2021 (reporting at ~0.3 Hz), and (iii) Aerodyne SuperDUAL for 2022 

(reporting at 1 Hz). Each instrument was calibrated using gas cylinders that are traceable to standards calibrated by the Central 

Calibration Laboratory (CCL) at the National Oceanographic and Atmospheric Administration (NOAA) Global Monitoring 110 

Laboratory (GML) in Boulder, CO. CCL maintains the World Meteorological Organization (WMO) CO scale (WMO 

X2014A). The Aerodyne SuperDUAL set-up at ASRC is described by Commane et al. (2023). 

 

We calculate the hourly mean of these CO measurements at the ASRC site for hours with at least 50% valid sub-hourly 

measurements (e.g., at least 1800 1-Hz measurements). 115 

2.2 Network Observations 

We also use hourly CO dry-mole fractions at two EPA Air Quality System (AQS) network sites: (i) the City College of New 

York (CCNY, a campus of the City University of New York or CUNY) (40.81976°N, 73.94825°W) located in Manhattan 500 

m north of the ASRC site and (ii) Cornwall (41.82134°N, 73.29726°W) located in Connecticut ~125 km northeast of the other 

sites (Fig. S1). The CCNY site uses a Teledyne API 300EU analyzer, which has a detection limit of 20 ppb and is calibrated 120 

weekly. The Cornwall site uses a Thermo Scientific 48i-TLE analyzer, which has a detection limit of 40 ppb and is auto-

calibrated daily. EPA CO observations are calibrated to the National Institute of Standards and Technology (NIST) scale, 

which is within 5 ppb of the NOAA/WMO calibration scale at ambient dry-mole fractions (Lee et al., 2017). Neither time-

specific uncertainties nor sub-hourly observational variability were reported at either site. The CCNY site is located 45 m ASL 

and is classified by the EPA AQS as an urban-scale site measuring within 4-50 km, while the Cornwall site is located 505 m 125 

ASL and is a regional-scale site sampling air within 50–100s km of the site. 
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2.3 Isolation of City-scale Measurements 

We use the proximity of the ASRC and CCNY sites (0.5 km apart) to separate the CO measurements representative of the city 

scale, which we are interested in for characterizing the CO variability of the NYCMA, from the local scale, emissions from 

nearby sources like buildings or roads. Based on the assumption that city-scale observations should be similar at both sites, we 130 

define city-scale measurements at each site as any hourly CO observation less than or equal to 3 times the standard deviation 

() added to the daily mean of the other site. In contrast, local-scale observations have variability greater than the mean + 3 

of the other site. In this categorization, we only use hours when both ASRC and CCNY provide CO observations. 

 

The hourly observed CO mole fractions are highly variable and range from 100 ppb to 3000 ppb at the ASRC site, while the 135 

CCNY site observes fewer high peaks (maximum 2000 ppb) (Fig. 1). Our categorization scheme indicates that many of these 

observed peaks are from local sources nearby to the measurement sites, rather than representative of the broader city scale. As 

with the observed peaks, these local-scale measurements are more prevalent at ASRC than at CCNY, especially during 2020–

2022. A comparison of the city-scale CO observations shows good correlation (R2=0.61, slope=0.82) between the sites, 

consistent with using the 3 filter (Fig. S2). The local-scale observations are clearly outliers in this relationship, especially the 140 

high CO mole fractions at ASRC. We exclude the local-scale observations from the subsequent city-scale analysis. This simple 

filtering approach is conservative and retains ~80% of the hourly CO measurements at city scale. 

2.4 Background Estimation 

To characterize and quantify CO from the NYCMA, we must account for the atmospheric CO entering the domain without 

impact from the study area (“the background”). Following methods developed in Ammoura et al. (2016) and Lopez-Coto et 145 

al. (2022), we estimate the hourly background CO at the ASRC and CCNY sites as the fifth percentile of mole fractions from 

the previous and following five days (ten days total) using only the city-scale CO observations. The background CO mole 

fractions are only calculated for hours with at least 50% valid CO data in the ten-day window (i.e., at least 120 valid hours). 

 

Given its location on the edge of the NYCMA domain and status as a regional measurement site, we use the hourly CO mole 150 

fractions from the Cornwall site as an independent estimation of the background CO into the NYCMA domain. The hourly 

background CO at Cornwall is defined as the mean of the CO observations from the previous and following five days (ten 

days total). As done for the ASRC and CCNY site backgrounds, the Cornwall background CO mole fractions are only 

calculated for those hours with at least 50% valid CO data in the ten-day window. 

 155 

The background CO mole fractions are variable but tend to peak in late winter (Fig. S3). Differences in the background CO 

calculated from the various sites for a given time (i.e., the uncertainty) may be up to 50 ppb but are often much lower (~5–10 

ppb). Some CO emitted from the NYCMA may be sampled at Cornwall on days with strong southwest winds, but the 125 km 
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distance allows for dilution of any plumes. Using Cornwall as a background may lead to a slight underestimate in the magnitude 

of the observed CO enhancements (Sect. 2.5). 160 

 
Figure 1. Time series of hourly CO observations used in the analysis categorized as city-scale (black) and local-scale (red) at the ASRC 

(left) and CCNY (right) sites for January–June 2019–2022 (top to bottom). 
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2.5 Calculation of Observed CO Enhancements 165 

We define the observed CO enhancement (ΔCO) generated by the NYCMA for each hourly city-scale observation as in Eq. 1: 

 

  observed ΔCO = observed CO – background CO     (1) 

 

where the observed ΔCO (units: ppb) is the observed CO dry-mole fraction with the background CO removed. Observed ΔCO 170 

is calculated for each of the ASRC and CCNY sites using the observed CO from those sites and both the fifth percentile 

background for that site and the Cornwall background. We only calculate observed ΔCO for hours with valid background CO 

from both locations to quantify the background uncertainty. 

 

From the hourly observed ΔCO, we calculate: (i) the 10-day mean observed ΔCO centered on each day of the study period to 175 

assess sub-monthly CO variability while removing variability on synoptic timescales and (ii) the mean observed ΔCO for each 

two-hour period throughout the day (a diurnal pattern) over the weekdays (Monday–Friday) and weekends (Saturday–Sunday) 

of various periods of at least 30 days to assess sub-daily CO variability. In each case, the mean observed ΔCO is only calculated 

for periods with at least 50% valid hourly observed ΔCO. 

2.6 Emissions Inventory 180 

We use anthropogenic CO emissions from v6.1 of the Emissions Database for Global Atmospheric Research (EDGAR) 

inventory for air pollutants, which are available monthly for 2018 at 0.1°x0.1° spatial resolution (Crippa et al., 2018, 2020). 

EDGAR CO emissions are greatest in the center of the NYCMA (NYC in Fig. S1), where the combustion from the building 

energy (12% of January–May total), road transportation (43%), manufacturing (16%), and power generation (11%) sectors 

combine to produce substantial CO emissions for the region. Transportation emissions follow along the road network outward 185 

to the rest of the domain. Monthly totals for the study domain show peak emissions in February dropping to lowest emissions 

in May, with April close to the annual mean (Table S1). These month-to-month CO emissions changes are mostly due to the 

seasonal pattern in building energy usage (i.e., heating). Monthly variability in the EDGAR CO emissions is also spatially 

explicit, with a larger absolute change month-to-month in the NYC core region of the domain, where the absolute emissions 

are also largest (Fig. S4). However, the outer areas of the domain with lower emissions totals experience a greater relative 190 

change since a larger portion of the CO emissions there are from building energy.  

 

Compared to previous versions, EDGAR v6.1 extends activity data through 2018 and updates emissions factors for combustion 

and evaporative sources due to road transportation technology improvement. In the NYCMA, total CO emissions in EDGAR 

v6.1 decline by 25% from 2012 to 2018. EDGAR v6.1 CO emissions are also 26% lower in our domain compared to EDGAR 195 

v5.0 for 2015, the latest year available for that version. We do not apply any interannual emissions scaling to the EDGAR 
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inventory for our study period due to the high uncertainty of sub-national variability, especially during the COVID-19 

shutdown periods, and due to inconsistencies between reported trends in EDGAR and NEI (Plant et al., 2022). EDGAR 

provides emissions uncertainty on a national basis, which most recently is cited as 44% for US CO emissions in 2012 from 

EDGAR v4.3.2 (Crippa et al., 2018). While Crippa et al. (2020) suggest methods to implement diurnal variability in EDGAR 200 

using nationwide sector-specific scale factors, we choose to leave emissions constant throughout the day. Instead, we use the 

observations to define a city-specific diurnal emissions scaling (see Sect. 2.9). 

 

CO emissions from biomass burning sources are very limited during the winter and spring in the NYCMA, and we do not 

consider them here. For example, total CO emissions for January–May (for each year in 2012–2018) from the Global Fire 205 

Emissions Database v4 with small fires (GFED4s, van der Werf et al., 2017) are less than 1% of the total EDGAR CO emissions 

during these months. 

2.7 Transport Model 

The Stochastic Time-Inverted Lagrangian Transport (STILT) model simulates the impact surface fluxes have on the 

atmospheric mole fraction at a given time and place (Fasoli et al., 2018; Lin et al., 2003). STILT moves idealized particles 210 

backward in time with their 3-dimensional movement determined by large-scale winds and random turbulence. Contribution 

of the surface flux to the atmospheric mole fraction (the surface influence) occurs when any particle resides within the lower 

half of the planetary boundary layer. The surface influence accumulated by each particle is interpolated to a regular grid based 

on their locations in time to derive a “surface influence footprint”.  

 215 

We drive STILT using NOAA High-Resolution Rapid Refresh (HRRR) meteorology (3 km horizontal, hourly temporal 

resolution) (Benjamin et al., 2016) and refer to the two components together as HRRR-STILT. We configure HRRR-STILT 

to calculate the surface influence footprint (0.01° horizontal, hourly temporal resolution) for the NYCMA domain (Fig. S1), 

initiated for each hour of the study period, by running 500 particles backward for 24 hours from the ASRC observation site. 

Using these surface influence footprints, we also calculate the relative NYC surface influence (unitless) by normalizing the 220 

summed 24-hour footprints for the NYC subdomain. 

 

STILT was previously used by Miller et al. (2008) to assess CO emissions across North America. More recently, STILT has 

been widely used in anthropogenic greenhouse gas studies in various regions (e.g., Floerchinger et al., 2021; Turner et al., 

2016; Lin et al., 2021; Sargent et al., 2018), and the HRRR-STILT coupling has been used in several urban areas (e.g., Turner 225 

et al., 2020; Ware et al., 2019). Footprints from the HRRR-STILT setup described here were previously used by Tzortziou et 

al. (2022), Tao et al. (2022), Wei et al. (2022), and Cao et al. (2023) to investigate NO2, ozone, CO2, and VOCs, respectively, 

in the NYCMA. 
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2.8 Calculation of Simulated CO Enhancements 

We determine the simulated CO enhancement (ΔCO) generated by the NYCMA for each hour of the study period as in Eq. 2: 230 

 

  simulated ΔCO = inventory CO emissions flux × surface influence footprint  (2) 

 

where the simulated ΔCO (units: ppb) is the EDGAR inventory CO emissions flux (units: nmol m–2 s–1) multiplied by the 24-

hour HRRR-STILT surface influence footprint covering the NYCMA (units: ppb (nmol m–2 s–1)–1). Given the lifetime of CO 235 

in the atmosphere (~1 month), very limited chemical loss is expected over this 24-hour period, so all surface CO emissions 

intercepted by the footprint will reach the observation site. 

 

Each hour produces a single simulated ΔCO, which we sample to match the valid hourly observed ΔCO for each observation 

site and background combination. Mean simulated ΔCO is also calculated from the hourly simulated ΔCO as described above 240 

for the mean observed ΔCO. To assess the sensitivity of our methods, addressed below, we retain the unsampled simulated 

ΔCO and also calculate hourly and mean simulated ΔCO using the annual mean EDGAR CO emissions. We also test the 

sensitivity of simulated ΔCO to the STILT configuration settings impacting mixing (horizontal turbulence, minimum mixing 

height, and vertical mixing scheme) and to the choice of meteorological product (NAMS (North American Mesoscale Forecast 

System at 12 km horizontal resolution), GFS (Global Forecast System at 0.25°), and GDAS (Global Data Assimilation System 245 

at 1°) for a subset of the study period (January–February 2022) that shows high variability in observed ΔCO. The impact of 

mixing scheme and meteorological product selection were previously assessed in GHG studies by Sargent et al. (2021), Hajny 

et al. (2022), and Tomlin et al., (2023). 

2.9 Observed Relative Emissions (ORE) 

Given the lack of sub-monthly and sub-daily variability in the inventory CO emissions from EDGAR, any variability in the 250 

mean simulated ΔCO is attributed to variability in the surface influence footprint (i.e., transport meteorology). The remaining 

variability in mean observed ΔCO that is not captured by the simulated variability is likely then to be due to changes in the 

CO emissions not included in the inventory. We normalize the observed ΔCO by the simulated ΔCO to calculate the observed 

relative emissions (ORE, unitless) as in Eq. 3, which removes the impact of meteorology and isolates the observed change in 

CO emissions for any period: 255 

 

  ORE = 
observed ΔCO 

simulated ΔCO 
        (3) 

 

The ORE also represents the relative bias in the CO inventory compared to the CO observations, where ORE greater than 1 

indicates the CO inventory needs to be increased to match the observations, while ORE less than 1 indicates the inventory is 260 
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biased high. Sensitivity experiments (not shown) indicate that on average emissions changes suggested by the ORE reach the 

ASRC site via transport within 2 hours, so CO emissions and enhancements can be considered to occur simultaneously even 

at the shortest diurnal timescale examined here. 

3 Results and Discussion 

We use our observations to quantify the magnitude and variability of the city-scale observed CO enhancements (ΔCO) from 265 

the NYC metropolitan area (NYCMA). Then, we use our simulations to infer CO emissions variability, identify bias in the CO 

emission inventory, and quantify the observed relative emissions (ORE) for the region. Finally, we identify the impacts of the 

COVID-19 shutdowns on CO emissions. 

3.1 City-scaled Observed ΔCO 

The observed ΔCO from the NYCMA varies substantially on sub-monthly timescales throughout the winter and spring and 270 

across all years of the study (Fig. 2). Mean 10-day observed ΔCO ranges from ~75 ppb to ~275 ppb, excluding the 2020 

COVID-shutdown period (see Sect. 3.3). The winters of 2019, 2020, and 2022 experienced extended large peaks (>100 ppb) 

in observed ΔCO with general declines toward spring, while in 2021 the large peak occurs in late March (after COVID-19 

related school closures ended), at the beginning of the transition to spring, and observed ΔCO increased again by May. In 2019 

and 2020, there is less variability outside of these extended peaks as compared to 2021 and 2022, which show several additional 275 

small episodes of more elevated ΔCO (~50 ppb). 

 

Figure 2. Timeseries of 10-day mean observed (black/grey) and simulated (red/pink) ΔCO for the New York City Metropolitan Area 

(NYCMA) domain at the ASRC (black/red) and CCNY (grey/pink) sites during January–May 2019–2022. The observed ΔCO vertical range 

represents the uncertainty in the background CO. ΔCO are plotted at the center of the 10-day averaging period. The COVID-19 shutdown 280 
periods are shaded in blue: peak (darker, 15 March–15 May 2020) and residual (lighter, 16 May 2020–15 March 2021). 
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Observed ΔCO at the ASRC and CCNY sites are generally consistent and highly correlated, indicating observed ΔCO 

presented here is representative of city-scale ΔCO. The observed ΔCO at the two sites overlap within the uncertainty presented 

by the background CO methods, except for slight deviations (~25 ppb) observed in February 2020 and March–April 2022. 285 

 

There is a clear diurnal pattern in the observed ΔCO, which is largely consistent between the ASRC and CCNY sites (Figs. 

3a, S5). Weekday (Monday–Friday) observed ΔCO peaks in the mid-to-late morning (6–12h EST), falls off in the early 

afternoon (12–15h EST), and peaks again in the evening (16–21h EST). Weekend (Saturday–Sunday) observed ΔCO tends to 

have a lower peak (or no peak at all) in the late morning. The magnitude and amplitude of the diurnal pattern varies between 290 

year and season. 

 

Figure 3. (a) Diurnal timeseries of mean observed (black) and simulated (red) ΔCO for the NYCMA domain at the ASRC site. ΔCO are 

separated by weekday (Monday–Friday, M–F; circles) and weekend (Saturday–Sunday, S–S; triangles) and then averaged every two hours 

for the pre-shutdown 2020 (1 January–14 March 2020, top) and peak COVID-19 shutdown (15 March–15 May 2020, bottom) periods. 295 
Observed ΔCO is plotted as the mean using the two background CO methods, with the vertical bars representing their range. (b) Diurnal 

time series of observed relative emissions (ORE), where ORE is the ratio of observed ΔCO to simulated ΔCO using EDGAR from (a) for 

each period. ORE is plotted in the same matter as the observed ΔCO in (a). 

 

The uncertainty in the observed ΔCO derived from the different background CO calculation methods spans near 0 ppb to 50 300 

ppb for the 10-day means, with most uncertainties ~10–25 ppb. This uncertainty varies between period and site. For example, 

the range of background CO is consistently larger for the CCNY site than the ASRC site in 2019, but the CCNY background 
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range is smaller than ASRC in 2021. The uncertainty is notably small at both sites during the maximum observed ΔCO of 

early winter 2020 and throughout the peak COVID-19 shutdown, while the largest uncertainty occurs during May 2022 at the 

ASRC site. The uncertainty in observed ΔCO associated with the mean diurnal patterns is the same as noted for the 10-day 305 

means. 

3.2 Inferred CO Emissions and Variability 

Clearly there is more variability in the observed ΔCO than can be explained by the expected changes in the EDGAR CO 

emissions alone, which drop only 22% from February to May. To interpret the variability of the observed ΔCO and to evaluate 

the inventory, we compare the observed ΔCO from the NYCMA with the simulated ΔCO, which combines emissions with 310 

transport meteorology (Fig. 2). The 10-day mean simulated ΔCO is always low (slope=~0.3) in magnitude compared to the 

observations and shows moderate variability (Figs. 4a–b), except for during and after the 2020 COVID-shutdown period (see 

Sect. 3.3). The simulated ΔCO spans only 50 to 100 ppb, resulting in a consistent underestimate of 50 ppb that can reach 150 

ppb during times of peak observed ΔCO. This strong bias is present regardless of the observation site to which the simulated 

ΔCO is sampled (or left unsampled) and despite the use of annual mean instead of monthly varying CO emissions (Fig. S6). 315 

The underestimation is also larger than the interannual variability of simulated ΔCO to changing meteorological conditions, 

which suggests the CO emissions from the inventory are the cause of the negative bias, rather than errors in the transport (Fig. 

S6). Results from sensitivity tests for January–February 2022, a period of highly variable observed ΔCO, further indicate that 

the uncertainty in transport does not account for the underestimate in simulated ΔCO (Fig. S7). We find that lowering the 

minimum mixing height in STILT from 250 m to 150 m increases simulated ΔCO by only ~20 ppb and changes due to the 320 

alternative horizontal turbulence and vertical mixing schemes are near zero. All additional meteorological products we tested 

in STILT are generally consistent with the variability using HRRR but still do not reproduce the large peak in observed ΔCO 

in February 2022. Driving STILT with NAMS rather than HRRR increases simulated ΔCO by up to ~30 ppb during times of 

higher surface influence, and GFS and GDAS either match or are ~30 ppb lower than the simulated ΔCO driven by HRRR. 

 325 

Excluding the COVID-19 shutdown periods, nearly 60% (R2=0.52–0.59) of the variability in observed ΔCO is explained by 

the variability in simulated ΔCO, which is mostly driven by differential meteorology and transport to the ASRC site (Fig. 4a). 

The similar correlation (R2=0.58–0.61) between the observed ΔCO and the relative NYC surface influence from HRRR-

STILT, which is independent from CO emissions, explicitly confirms the impact of transport on observed ΔCO (Fig. 4c). 

These results are consistent with the comparison at the nearby CCNY site (Figs. 4b, 4d). Excluding the 2020 peak and residual 330 

COVID-19 shutdowns, the distribution of relative NYC surface influence spans a large range that matches the full range of 

observed ΔCO at the ASRC and CCNY sites (Figs. 4c–d). This comparison indicates that air measured during times of higher 

observed ΔCO tends to experience more interaction with the NYC surface (and the subdomain’s larger emissions). Therefore, 

the observed ΔCO for the NYCMA is heavily dependent on influence from the NYC subdomain, regardless of CO emissions 
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magnitude or variability. For the 10-day mean comparison, the variability in the simulated ΔCO induced by using monthly 335 

varying rather than mean annual emissions is only 2.4% outside of the COVID-19 shutdowns (Fig. S8). 

 

Figure 4. (a) Comparison of observed and simulated ΔCO at the ASRC site using ΔCO as in Fig. 2 for various periods surrounding and 

during the COVID-19 shutdowns: non-shutdown (2019, 16 March–1 June 2021, 2022; black), pre-shutdown 2020 (1 January–14 March 

2020; yellow), peak shutdown (15 March–15 May 2020; red), residual shutdown 2020 (16 May–1 June 2020; purple), and residual shutdown 340 
2021 (1 January–15 March 2021; blue). Observed ΔCO is plotted as the mean using the two background CO methods, with the horizontal 

bars representing their range. For each period, the linear best fit line and range from the background uncertainty, the slope determined by 

ordinary least squares, the coefficient of determination (R2), and the number of points considered (N) are shown. The 1:1 line is shown in 

dark gray. (b) Same as in (a) but at the CCNY site. (c) Comparison of observed ΔCO at the ASRC site as in (a) and relative NYC surface 

influence at the ASRC site for the periods as in (a). For each period, the coefficient of determination (R2) is shown. (d) Same as in (c) but at 345 
the CCNY site. 

 

The remainder of the variability (~40%) in observed ΔCO is then attributed to actual changes in emissions on sub-monthly 

timescales not included in the EDGAR CO emissions inventory. We can use the observed relative emissions (ORE), which is 

the observed ΔCO normalized by the simulated ΔCO (see Sect. 2.9), to quantify these changes. ORE calculated using the 10-350 

day mean indicates the observed CO emissions are 1–3 times the magnitude in the EDGAR inventory, excluding the 2020 

peak and residual COVID-19 shutdowns, and as with the observed and simulated ΔCO, the ORE is quite variable between 

months and years (Fig. 5). In 2019, ORE is above 2 in winter and gradually declines to ~1.75 by spring. The winters of 2020 

and 2022 experience short-lived peak ORE over 2.5, with a return to high ORE in spring 2022, although this period is more 

uncertain given the range of background CO. The diurnal pattern of ORE shows a clear daytime peak and an even greater 355 
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range than using the 10-day means, with maximum CO emissions nearly 4 times EDGAR CO for weekdays (weekends are 

slightly lower) prior to the peak COVID-19 shutdown in 2020 (Fig. 3b). Substantial variability in CO emissions has been 

observed over short timescales due to variable sampling and is not unexpected given strong diurnal patterns of combustion 

sources (Lopez-Coto et al., 2020; Ren et al., 2018). The diurnal pattern of emissions observed here could be applied as city-

specific scaling factors to CO emissions from all sectors (e.g., Crippa et al. (2020)). 360 

 

Figure 5. Timeseries of observed relative emissions (ORE) for the NYCMA domain at the ASRC (black) and CCNY (grey) sites during 

January–May 2019–2022, where ORE is the ratio of observed ΔCO to simulated ΔCO using EDGAR from Fig. 2. The vertical range 

represents the uncertainty in the background CO. ORE is plotted at the center of the 10-day averaging period. The COVID-19 shutdown 

periods are shaded in blue: peak (darker, 15 March–15 May 2020) and residual (lighter, 16 May 2020–15 March 2021). 365 

 

On average, not including the COVID-19 shutdowns, the observed CO emissions for the NYCMA are 95% (81–109% varying 

the background CO) and 90% (78–102%) higher than in the EDGAR inventory at the ASRC and CCNY sites, respectively. 

These observed CO emissions estimates consistently lie substantially above the EDGAR uncertainty threshold of 44% and 

may be more in line with emissions from NEI, which were previously thought to be too high (e.g., Salmon et al. (2018)). There 370 

is no clear trend in observed CO emissions during our study period between the subsequent winters and springs not impacted 

by COVID-19 shutdowns, which is inconsistent with the US national trend of CO emissions reductions from transportation 

(e.g., Yin et al., (2015)) and suggests other combustion source sectors are a contributing cause of interannual variability. 

3.3 COVID-19 Impacts on NYCMA CO 

The lowest observed ΔCO (~50 ppb) during our study occurs during and after the peak COVID-19 shutdown in March–May 375 

2020 (Fig. 2) and is partly driven by meteorology since the relative NYC surface influence during shutdown is on the lower 
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half of the overall distribution (Figs. 4c–d). Together, the low observed ΔCO and low relative NYC surface influence during 

the peak COVID-19 shutdown correspond to a regime that does not occur in any other years. The 2020 COVID-19 shutdowns 

are also the only period during our study when the magnitude of observed and simulated ΔCO nearly agree (ORE=~1, Fig. 5). 

The large drop in observed CO emissions (38% at the ASRC site) during the peak COVID-19 shutdown compared to non-380 

shutdown periods is consistent with changes in NOx emissions from Tzortziou et al. (2022). Matching the observed 60% 

reduction in mobility requires a doubling of the EDGAR CO on-road transportation emissions, in which case the modified 

inventory still underestimates the magnitude of the observed ΔCO peaks in winter. 

 

A higher proportion of variability within the peak COVID-19 shutdown can be attributed to meteorology (85–90%) than other 385 

times, which implies relatively constant emissions (Figs. 4a–b). Only during the residual shutdown of May 2020 is the 

simulated ΔCO greater than the observed ΔCO (ORE<1), after the loosening of some restrictions (Figs. 2, 5). Here the CO 

emissions remain lower than expected by EDGAR, despite the relative rise in observed and simulated ΔCO due to a turn 

toward greater sampling of the NYC surface (Figs. 4c–d). This result may be due to the transition away from heating as 

temperatures increased in May 2020. 390 

 

We also observe lower CO emissions compared to other years during the less severe residual COVID-19 shutdown in winter 

2021, when observed CO emissions are only 59% greater than the EDGAR inventory at the ASRC site, a 16% drop from non-

shutdown periods. This result is consistent with lingering restrictions on mobility and reduced observed NO2 (-30% compared 

to 2018–2019). The larger relative reduction of NO2 compared to the expected emissions changes is due to favorable wind 395 

conditions, according to Tzortziou et al. (2022). However, the distribution of relative NYC surface influence from our study 

during the residual shutdown of winter 2021 is not particularly different from during the peak shutdown (Figs. 4c–d). This 

example highlights the importance yet difficulty of considering meteorology when connecting emissions changes to 

atmospheric measurements, especially during periods of rapid change. 

 400 

There is a clear reduction in magnitude and distinct flattening of the observed and simulated ΔCO diurnal patterns during the 

COVID-19 shutdowns compared to non-shutdown periods (Figs. 3a, S5). Much of this magnitude change is due to transport 

differences, and so the ORE is particularly useful here to see the relative change in emissions (Fig. 3b). The peak COVID-19 

shutdown leads to a decrease of ~35% in maximum weekday daytime CO emissions (ORE drops from 4 to 2.5), likely due to 

reduced traffic emissions, and extends elevated emissions compared to the overnight minimum an hour earlier and later, 405 

indicating a longer rush hour in the city. The weekend daytime maximum emissions reduction during the peak COVID-19 

shutdown is even greater, nearly 50%. Only during the overnight hours during this peak shutdown do the observed CO 

emissions consistent with the EDGAR CO emissions magnitude. 
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4 Conclusions 

Continuous in-situ observations are useful to quantify and characterize highly variable ΔCO from urban domains such as the 410 

NYCMA, especially during emission-source transition periods between winter and spring. This observed ΔCO variability is 

heavily dependent on meteorology and transport, and these factors must be accounted for in air quality studies that try to 

connect atmospheric observations with emissions changes. In the NYCMA, we found a substantial portion of observed ΔCO 

changes caused by emissions variability after removing this weather dependence. 

 415 

Multiple years of observations capture different seasonal and diurnal patterns in inferred CO emissions that are generally not 

accounted for in CO emission inventories. More variability is needed in these inventories, which could reasonably be developed 

and implemented for diurnal patterns using city-specific observations. However, large variability in day-to-day vehicle 

emissions seems unlikely outside of weekday/weekend effects and extraordinary events such as the COVID-19 pandemic. 

Therefore, at least in the NYCMA, the combustion source variability on the seasonal and sub-monthly scale lies elsewhere, 420 

from sectors such as building heating/cooling and electricity generation, although the latter is tightly monitored for 

inefficiencies at large power plants. 

 

The EDGAR CO emissions evaluated here for the NYCMA are greatly underestimated. Studies that scale greenhouse gas 

emissions by combining observed CO2:CO or CH4:CO with CO inventories could also be underestimating those emissions by 425 

2–3 times. We encourage evaluating the emissions inventory magnitude itself, rather than only the ratios, for the specific study 

period and location, since the emissions ratios and their trends are uncertain and can vary between inventory year and version. 

 

The COVID-19 shutdowns removed substantial vehicle traffic from the NYCMA, and only then did the inventory match the 

CO emissions inferred from observations. When the observed drop in transportation during the peak shutdown is reproduced 430 

in the inventory, the required increase in CO emissions is still not enough to match the observed ΔCO peaks, which shows that 

other non-transportation emissions (e.g., stationary sources) are larger than currently accounted for in this inventory. These 

sources must be addressed in the NYCMA if there is any hope of reducing carbon fuel combustion emissions for air quality 

improvement (CO) and to meet greenhouse gas emission targets (co-emitted CO2 and CH4). 

Data availability 435 

Data that support the findings of this study are available as listed below: 

ASRC Rooftop CO observations, NYCMA observed and simulated ΔCO, and relative NYC surface influence: 

https://datadryad.org/stash/share/d8sHZ76SE5JcNHozuCYLt0vquwkfhbea5WVKFURu9Aw 

EPA CO observations: https://aqs.epa.gov/aqsweb/airdata/download_files.html 

EDGAR CO emissions: https://edgar.jrc.ec.europa.eu/index.php/dataset_ap61 440 
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STILT model: https://uataq.github.io/stilt/#/ 

HRRR ARL files: https://www.ready.noaa.gov/archives.php 

Author contributions 

LDS and RC designed the study. RC and AHD provided calibrated ASRC CO measurements. CC and RTC supported ASRC 

CO measurements. LDS performed STILT simulations and primary analysis of observation-model comparison. RC and BD 445 

assisted the analysis. LDS wrote the paper. All co-authors contributed to the preparation of the manuscript. 

Competing interests 

Authors declare that they have no competing interests. 

Acknowledgements 

This work was funded by NOAA research grants (LDS, RC, CC: NA20OAR4310306; LDS, RC: NA21OAR4310235). LDS 450 

and RC were also funded by support from the Columbia University Department of Earth and Environmental Sciences. The 

authors thank J. Mak for instrumentation and the Advanced Science Research Center (ASRC) for hosting the measurements 

at the ASRC Rooftop Observatory. We also thank the STILT development team and the R Project community for analysis and 

plotting tools, especially the ggplot2, ggpattern, magick, anytime, lubridate, raster, and cowplot packages. 

References 455 

Ammoura, L., Xueref-Remy, I., Vogel, F., Gros, V., Baudic, A., Bonsang, B., Delmotte, M., Té, Y., and Chevallier, F.: 

Exploiting stagnant conditions to derive robust emission ratio estimates for CO2, CO and volatile organic compounds in Paris, 

Atmos. Chem. Phys., 16, 15653–15664, https://doi.org/10.5194/acp-16-15653-2016, 2016. 

Anderson, D. C., Loughner, C. P., Diskin, G., Weinheimer, A., Canty, T. P., Salawitch, R. J., Worden, H. M., Fried, A., 

Mikoviny, T., Wisthaler, A., and Dickerson, R. R.: Measured and modeled CO and NOy in DISCOVER-AQ: An evaluation 460 

of emissions and chemistry over the eastern US, Atmos. Environ., 96, 78–87, https://doi.org/10.1016/j.atmosenv.2014.07.004, 

2014. 

Benjamin, S. G., Weygandt, S. S., Brown, J. M., Hu, M., Alexander, C. R., Smirnova, T. G., Olson, J. B., James, E. P., Dowell, 

D. C., Grell, G. A., Lin, H., Peckham, S. E., Smith, T. L., Moninger, W. R., Kenyon, J. S., and Manikin, G. S.: A North 

American Hourly Assimilation and Model Forecast Cycle: The Rapid Refresh, Mon. Wea. Rev., 144, 1669–1694, 465 

https://doi.org/10.1175/MWR-D-15-0242.1, 2016. 

Bishop, G. A. and Stedman, D. H.: A Decade of On-road Emissions Measurements, Environ. Sci. Technol., 42, 1651–1656, 

https://doi.org/10.1021/es702413b, 2008. 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.



18 

 

Brioude, J., Kim, S.-W., Angevine, W. M., Frost, G. J., Lee, S.-H., McKeen, S. A., Trainer, M., Fehsenfeld, F. C., Holloway, 

J. S., Ryerson, T. B., Williams, E. J., Petron, G., and Fast, J. D.: Top-down estimate of anthropogenic emission inventories 470 

and their interannual variability in Houston using a mesoscale inverse modeling technique, J. Geophys. Res. Atmos., 116, 

https://doi.org/10.1029/2011JD016215, 2011. 

Brioude, J., Angevine, W. M., Ahmadov, R., Kim, S.-W., Evan, S., McKeen, S. A., Hsie, E.-Y., Frost, G. J., Neuman, J. A., 

Pollack, I. B., Peischl, J., Ryerson, T. B., Holloway, J., Brown, S. S., Nowak, J. B., Roberts, J. M., Wofsy, S. C., Santoni, G. 

W., Oda, T., and Trainer, M.: Top-down estimate of surface flux in the Los Angeles Basin using a mesoscale inverse modeling 475 

technique: assessing anthropogenic emissions of CO, NOx and CO2 and their impacts, Atmos. Chem. Phys., 13, 3661–3677, 

https://doi.org/10.5194/acp-13-3661-2013, 2013. 

Buchholz, R. R., Worden, H. M., Park, M., Francis, G., Deeter, M. N., Edwards, D. P., Emmons, L. K., Gaubert, B., Gille, J., 

Martínez-Alonso, S., Tang, W., Kumar, R., Drummond, J. R., Clerbaux, C., George, M., Coheur, P.-F., Hurtmans, D., 

Bowman, K. W., Luo, M., Payne, V. H., Worden, J. R., Chin, M., Levy, R. C., Warner, J., Wei, Z., and Kulawik, S. S.: Air 480 

pollution trends measured from Terra: CO and AOD over industrial, fire-prone, and background regions, Remote Sens. 

Environ., 256, 112275, https://doi.org/10.1016/j.rse.2020.112275, 2021. 

Cao, C., Gentner, D. R., Commane, R., Toledo-Crow, R., Schiferl, L. D., and Mak, J. E.: Policy-Related Gains in Urban Air 

Quality May Be Offset by Increased Emissions in a Warming Climate, Environ. Sci. Technol., 57, 9683–9692, 

https://doi.org/10.1021/acs.est.2c05904, 2023. 485 

Castellanos, P., Marufu, L. T., Doddridge, B. G., Taubman, B. F., Schwab, J. J., Hains, J. C., Ehrman, S. H., and Dickerson, 

R. R.: Ozone, oxides of nitrogen, and carbon monoxide during pollution events over the eastern United States: An evaluation 

of emissions and vertical mixing, J. Geophys. Res. Atmos., 116, https://doi.org/10.1029/2010JD014540, 2011. 

Commane, R., Hallward-Driemeier, A., and Murray, L. T.: Intercomparison of commercial analyzers for atmospheric ethane 

and methane observations, Atmos. Meas. Tech., 16, 1431–1441, https://doi.org/10.5194/amt-16-1431-2023, 2023. 490 

Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener, F., van Aardenne, J. A., Monni, S., Doering, U., Olivier, J. G. 

J., Pagliari, V., and Janssens-Maenhout, G.: Gridded emissions of air pollutants for the period 1970–2012 within EDGAR 

v4.3.2, Earth System Sci. Data, 10, 1987–2013, https://doi.org/10.5194/essd-10-1987-2018, 2018. 

Crippa, M., Solazzo, E., Huang, G., Guizzardi, D., Koffi, E., Muntean, M., Schieberle, C., Friedrich, R., and Janssens-

Maenhout, G.: High resolution temporal profiles in the Emissions Database for Global Atmospheric Research, Sci. Data, 7, 495 

121, https://doi.org/10.1038/s41597-020-0462-2, 2020. 

Fasoli, B., Lin, J. C., Bowling, D. R., Mitchell, L., and Mendoza, D.: Simulating atmospheric tracer concentrations for spatially 

distributed receptors: updates to the Stochastic Time-Inverted Lagrangian Transport model’s R interface (STILT-R version 2), 

Geosci. Model Dev., 11, 2813–2824, https://doi.org/10.5194/gmd-11-2813-2018, 2018. 

Floerchinger, C., Shepson, P. B., Hajny, K., Daube, B. C., Stirm, B. H., Sweeney, C., and Wofsy, S. C.: Relative flux 500 

measurements of biogenic and natural gas-derived methane for seven U.S. cities, Elementa, 9, 000119, 

https://doi.org/10.1525/elementa.2021.000119, 2021. 

Forster, P. M., Forster, H. I., Evans, M. J., Gidden, M. J., Jones, C. D., Keller, C. A., Lamboll, R. D., Quéré, C. L., Rogelj, J., 

Rosen, D., Schleussner, C.-F., Richardson, T. B., Smith, C. J., and Turnock, S. T.: Current and future global climate impacts 

resulting from COVID-19, Nat. Clim. Change, 10, 913–919, https://doi.org/10.1038/s41558-020-0883-0, 2020. 505 

Gately, C. K., Hutyra, L. R., Peterson, S., and Sue Wing, I.: Urban emissions hotspots: Quantifying vehicle congestion and air 

pollution using mobile phone GPS data, Environ. Pollut., 229, 496–504, https://doi.org/10.1016/j.envpol.2017.05.091, 2017. 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.



19 

 

Gaubert, B., Worden, H. M., Arellano, A. F. J., Emmons, L. K., Tilmes, S., Barré, J., Martinez Alonso, S., Vitt, F., Anderson, 

J. L., Alkemade, F., Houweling, S., and Edwards, D. P.: Chemical Feedback From Decreasing Carbon Monoxide Emissions, 

Geophys. Res. Lett., 44, 9985–9995, https://doi.org/10.1002/2017GL074987, 2017. 510 

Goldberg, D. L., Anenberg, S. C., Griffin, D., McLinden, C. A., Lu, Z., and Streets, D. G.: Disentangling the Impact of the 

COVID-19 Lockdowns on Urban NO2 From Natural Variability, Geophys. Res. Lett., 47, e2020GL089269, 

https://doi.org/10.1029/2020GL089269, 2020. 

Gonzalez, A., Millet, D. B., Yu, X., Wells, K. C., Griffis, T. J., Baier, B. C., Campbell, P. C., Choi, Y., DiGangi, J. P., 

Gvakharia, A., Halliday, H. S., Kort, E. A., McKain, K., Nowak, J. B., and Plant, G.: Fossil Versus Nonfossil CO Sources in 515 

the US: New Airborne Constraints From ACT-America and GEM, Geophys. Res. Lett., 48, e2021GL093361, 

https://doi.org/10.1029/2021GL093361, 2021. 

Hajny, K. D., Floerchinger, C. R., Lopez-Coto, I., Pitt, J. R., Gately, C. K., Gurney, K. R., Hutyra, L. R., Jayarathne, T., Kaeser, 

R., Roest, G. S., Sargent, M., Stirm, B. H., Tomlin, J., Turner, A. J., Shepson, P. B., and Wofsy, S.: A spatially explicit 

inventory scaling approach to estimate urban CO2 emissions, Elementa, 10, 00121, 520 

https://doi.org/10.1525/elementa.2021.00121, 2022. 

Hall, D. L., Anderson, D. C., Martin, C. R., Ren, X., Salawitch, R. J., He, H., Canty, T. P., Hains, J. C., and Dickerson, R. R.: 

Using near-road observations of CO, NOy, and CO2 to investigate emissions from vehicles: Evidence for an impact of ambient 

temperature and specific humidity, Atmos. Environ., 232, 117558, https://doi.org/10.1016/j.atmosenv.2020.117558, 2020. 

Hassler, B., McDonald, B. C., Frost, G. J., Borbon, A., Carslaw, D. C., Civerolo, K., Granier, C., Monks, P. S., Monks, S., 525 

Parrish, D. D., Pollack, I. B., Rosenlof, K. H., Ryerson, T. B., von Schneidemesser, E., and Trainer, M.: Analysis of long-term 

observations of NOx and CO in megacities and application to constraining emissions inventories, Geophys. Res. Lett., 43, 

9920–9930, https://doi.org/10.1002/2016GL069894, 2016. 

He, H., Stehr, J. W., Hains, J. C., Krask, D. J., Doddridge, B. G., Vinnikov, K. Y., Canty, T. P., Hosley, K. M., Salawitch, R. 

J., Worden, H. M., and Dickerson, R. R.: Trends in emissions and concentrations of air pollutants in the lower troposphere in 530 

the Baltimore/Washington airshed from 1997 to 2011, Atmos. Chem. Phys., 13, 7859–7874, https://doi.org/10.5194/acp-13-

7859-2013, 2013. 

Hedelius, J. K., Toon, G. C., Buchholz, R. R., Iraci, L. T., Podolske, J. R., Roehl, C. M., Wennberg, P. O., Worden, H. M., 

and Wunch, D.: Regional and Urban Column CO Trends and Anomalies as Observed by MOPITT Over 16 Years, J. Geophys. 

Res. Atmos., 126, e2020JD033967, https://doi.org/10.1029/2020JD033967, 2021. 535 

Hsu, Y.-K., VanCuren, T., Park, S., Jakober, C., Herner, J., FitzGibbon, M., Blake, D. R., and Parrish, D. D.: Methane 

emissions inventory verification in southern California, Atmos. Environ., 44, 1–7, 

https://doi.org/10.1016/j.atmosenv.2009.10.002, 2010. 

Jiang, Z., McDonald, B. C., Worden, H., Worden, J. R., Miyazaki, K., Qu, Z., Henze, D. K., Jones, D. B. A., Arellano, A. F., 

Fischer, E. V., Zhu, L., and Boersma, K. F.: Unexpected slowdown of US pollutant emission reduction in the past decade, 540 

PNAS, 115, 5099–5104, https://doi.org/10.1073/pnas.1801191115, 2018. 

Konovalov, I. B., Berezin, E. V., Ciais, P., Broquet, G., Zhuravlev, R. V., and Janssens-Maenhout, G.: Estimation of fossil-

fuel CO2 emissions using satellite measurements of &quot;proxy&quot; species, Atmos. Chem. Phys., 16, 13509–13540, 

https://doi.org/10.5194/acp-16-13509-2016, 2016. 

Le Quéré, C., Jackson, R. B., Jones, M. W., Smith, A. J. P., Abernethy, S., Andrew, R. M., De-Gol, A. J., Willis, D. R., Shan, 545 

Y., Canadell, J. G., Friedlingstein, P., Creutzig, F., and Peters, G. P.: Temporary reduction in daily global CO2 emissions 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.



20 

 

during the COVID-19 forced confinement, Nat. Clim. Change, 10, 647–653, https://doi.org/10.1038/s41558-020-0797-x, 

2020. 

Lee, J., Moon, D., Lee, J., Lim, J., Hall, B., Novelli, P., Brewer, P. J., Miller, M., Murugun, A., Minarro, M. D., Qiao, H., 

Shuguo, H., Konopelko, L. A., Kustikov, Y. A., Kolobova, A. V., Pankratov, V. V., Wasserman, I. I., Zav’yalov, S. V., 550 

Efremova, O. V., Pavlov, M. V., Mitchell, G., Guenther, F., Walden, J., Aoki, N., Shimosaka, T., Tatiana, M., Lagler, F., and 

Borowiak, A.: International comparison CCQM-K84—carbon monoxide in synthetic air at ambient level, Metrologia, 54, 

08016, https://doi.org/10.1088/0026-1394/54/1A/08016, 2017. 

Lin, J. C., Gerbig, C., Wofsy, S. C., Andrews, A. E., Daube, B. C., Davis, K. J., and Grainger, C. A.: A near-field tool for 

simulating the upstream influence of atmospheric observations: The Stochastic Time-Inverted Lagrangian Transport (STILT) 555 

model, J. Geophys. Res. Atmos., 108, https://doi.org/10.1029/2002JD003161, 2003. 

Lin, J. C., Bares, R., Fasoli, B., Garcia, M., Crosman, E., and Lyman, S.: Declining methane emissions and steady, high leakage 

rates observed over multiple years in a western US oil/gas production basin, Sci. Rep., 11, 22291, 

https://doi.org/10.1038/s41598-021-01721-5, 2021. 

Liu, Z., Ciais, P., Deng, Z., Lei, R., Davis, S. J., Feng, S., Zheng, B., Cui, D., Dou, X., Zhu, B., Guo, R., Ke, P., Sun, T., Lu, 560 

C., He, P., Wang, Y., Yue, X., Wang, Y., Lei, Y., Zhou, H., Cai, Z., Wu, Y., Guo, R., Han, T., Xue, J., Boucher, O., Boucher, 

E., Chevallier, F., Tanaka, K., Wei, Y., Zhong, H., Kang, C., Zhang, N., Chen, B., Xi, F., Liu, M., Bréon, F.-M., Lu, Y., Zhang, 

Q., Guan, D., Gong, P., Kammen, D. M., He, K., and Schellnhuber, H. J.: Near-real-time monitoring of global CO2 emissions 

reveals the effects of the COVID-19 pandemic, Nat. Commun., 11, 5172, https://doi.org/10.1038/s41467-020-18922-7, 2020. 

Lopez-Coto, I., Ren, X., Salmon, O. E., Karion, A., Shepson, P. B., Dickerson, R. R., Stein, A., Prasad, K., and Whetstone, J. 565 

R.: Wintertime CO2, CH4, and CO Emissions Estimation for the Washington, DC–Baltimore Metropolitan Area Using an 

Inverse Modeling Technique, Environ. Sci. Technol., 54, 2606–2614, https://doi.org/10.1021/acs.est.9b06619, 2020. 

Lopez-Coto, I., Ren, X., Karion, A., McKain, K., Sweeney, C., Dickerson, R. R., McDonald, B. C., Ahn, D. Y., Salawitch, R. 

J., He, H., Shepson, P. B., and Whetstone, J. R.: Carbon Monoxide Emissions from the Washington, DC, and Baltimore 

Metropolitan Area: Recent Trend and COVID-19 Anomaly, Environ. Sci. Technol., 56, 2172–2180, 570 

https://doi.org/10.1021/acs.est.1c06288, 2022. 

McDonald, B. C., Gentner, D. R., Goldstein, A. H., and Harley, R. A.: Long-Term Trends in Motor Vehicle Emissions in U.S. 

Urban Areas, Environ. Sci. Technol., 47, 10022–10031, https://doi.org/10.1021/es401034z, 2013. 

McDonald, B. C., McBride, Z. C., Martin, E. W., and Harley, R. A.: High-resolution mapping of motor vehicle carbon dioxide 

emissions, J. Geophys. Res. Atmos., 119, 5283–5298, https://doi.org/10.1002/2013JD021219, 2014. 575 

McDonald, B. C., McKeen, S. A., Cui, Y. Y., Ahmadov, R., Kim, S.-W., Frost, G. J., Pollack, I. B., Peischl, J., Ryerson, T. 

B., Holloway, J. S., Graus, M., Warneke, C., Gilman, J. B., de Gouw, J. A., Kaiser, J., Keutsch, F. N., Hanisco, T. F., Wolfe, 

G. M., and Trainer, M.: Modeling Ozone in the Eastern U.S. using a Fuel-Based Mobile Source Emissions Inventory, Environ. 

Sci. Technol., 52, 7360–7370, https://doi.org/10.1021/acs.est.8b00778, 2018. 

Miller, S. M., Matross, D. M., Andrews, A. E., Millet, D. B., Longo, M., Gottlieb, E. W., Hirsch, A. I., Gerbig, C., Lin, J. C., 580 

Daube, B. C., Hudman, R. C., Dias, P. L. S., Chow, V. Y., and Wofsy, S. C.: Sources of carbon monoxide and formaldehyde 

in North America determined from high-resolution atmospheric data, Atmos. Chem. Phys., 8, 7673–7696, 

https://doi.org/10.5194/acp-8-7673-2008, 2008. 

Parrish, D. D.: Critical evaluation of US on-road vehicle emission inventories, Atmos. Environ., 40, 2288–2300, 

https://doi.org/10.1016/j.atmosenv.2005.11.033, 2006. 585 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.



21 

 

Plant, G., Kort, E. A., Floerchinger, C., Gvakharia, A., Vimont, I., and Sweeney, C.: Large Fugitive Methane Emissions From 

Urban Centers Along the U.S. East Coast, Geophys. Res. Lett., 46, 8500–8507, https://doi.org/10.1029/2019GL082635, 2019. 

Plant, G., Kort, E. A., Murray, L. T., Maasakkers, J. D., and Aben, I.: Evaluating urban methane emissions from space using 

TROPOMI methane and carbon monoxide observations, Remote Sens. Environ., 268, 112756, 

https://doi.org/10.1016/j.rse.2021.112756, 2022. 590 

Pommier, M., McLinden, C. A., and Deeter, M.: Relative changes in CO emissions over megacities based on observations 

from space, Geophys. Res. Lett., 40, 3766–3771, https://doi.org/10.1002/grl.50704, 2013. 

Ren, X., Salmon, O. E., Hansford, J. R., Ahn, D., Hall, D., Benish, S. E., Stratton, P. R., He, H., Sahu, S., Grimes, C., 

Heimburger, A. M. F., Martin, C. R., Cohen, M. D., Stunder, B., Salawitch, R. J., Ehrman, S. H., Shepson, P. B., and Dickerson, 

R. R.: Methane Emissions From the Baltimore-Washington Area Based on Airborne Observations: Comparison to Emissions 595 

Inventories, J. Geophys. Res. Atmos., 123, 8869–8882, https://doi.org/10.1029/2018JD028851, 2018. 

Salmon, O. E., Shepson, P. B., Ren, X., He, H., Hall, D. L., Dickerson, R. R., Stirm, B. H., Brown, S. S., Fibiger, D. L., 

McDuffie, E. E., Campos, T. L., Gurney, K. R., and Thornton, J. A.: Top-Down Estimates of NOx and CO Emissions From 

Washington, D.C.-Baltimore During the WINTER Campaign, J. Geophys. Res. Atmos., 123, 7705–7724, 

https://doi.org/10.1029/2018JD028539, 2018. 600 

Sargent, M., Barrera, Y., Nehrkorn, T., Hutyra, L. R., Gately, C. K., Jones, T., McKain, K., Sweeney, C., Hegarty, J., 

Hardiman, B., Wang, J. A., and Wofsy, S. C.: Anthropogenic and biogenic CO2 fluxes in the Boston urban region, PNAS, 

115, 7491–7496, https://doi.org/10.1073/pnas.1803715115, 2018. 

Sargent, M. R., Floerchinger, C., McKain, K., Budney, J., Gottlieb, E. W., Hutyra, L. R., Rudek, J., and Wofsy, S. C.: Majority 

of US urban natural gas emissions unaccounted for in inventories, PNAS, 118, e2105804118, 605 

https://doi.org/10.1073/pnas.2105804118, 2021. 

Shi, Z., Song, C., Liu, B., Lu, G., Xu, J., Van Vu, T., Elliott, R. J. R., Li, W., Bloss, W. J., and Harrison, R. M.: Abrupt but 

smaller than expected changes in surface air quality attributable to COVID-19 lockdowns, Sci. Adv., 7, eabd6696, 

https://doi.org/10.1126/sciadv.abd6696, 2021. 

Tao, M., Fiore, A. M., Jin, X., Schiferl, L. D., Commane, R., Judd, L. M., Janz, S., Sullivan, J. T., Miller, P. J., Karambelas, 610 

A., Davis, S., Tzortziou, M., Valin, L., Whitehill, A., Civerolo, K., and Tian, Y.: Investigating Changes in Ozone Formation 

Chemistry during Summertime Pollution Events over the Northeastern United States, Environ. Sci. Technol., 56, 15312–

15327, https://doi.org/10.1021/acs.est.2c02972, 2022. 

Tomlin, J. M., Lopez-Coto, I., Hajny, K. D., Pitt, J. R., Kaeser, R., Stirm, B. H., Jayarathne, T., Floerchinger, C. R., Commane, 

R., and Shepson, P. B.: Spatial attribution of aircraft mass balance experiment CO2 estimations for policy-relevant boundaries: 615 

New York City, Elementa, 11, 00046, https://doi.org/10.1525/elementa.2023.00046, 2023. 

Turnbull, J. C., Sweeney, C., Karion, A., Newberger, T., Lehman, S. J., Tans, P. P., Davis, K. J., Lauvaux, T., Miles, N. L., 

Richardson, S. J., Cambaliza, M. O., Shepson, P. B., Gurney, K., Patarasuk, R., and Razlivanov, I.: Toward quantification and 

source sector identification of fossil fuel CO2 emissions from an urban area: Results from the INFLUX experiment, J. Geophys. 

Res. Atmos., 120, 292–312, https://doi.org/10.1002/2014JD022555, 2015. 620 

Turner, A. J., Shusterman, A. A., McDonald, B. C., Teige, V., Harley, R. A., and Cohen, R. C.: Network design for quantifying 

urban CO2 emissions: assessing trade-offs between precision and network density, Atmos. Chem. Phys., 16, 13465–13475, 

https://doi.org/10.5194/acp-16-13465-2016, 2016. 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.



22 

 

Turner, A. J., Kim, J., Fitzmaurice, H., Newman, C., Worthington, K., Chan, K., Wooldridge, P. J., Köehler, P., Frankenberg, 

C., and Cohen, R. C.: Observed Impacts of COVID-19 on Urban CO2 Emissions, Geophys. Res. Lett., 47, e2020GL090037, 625 

https://doi.org/10.1029/2020GL090037, 2020. 

Tzortziou, M., Kwong, C. F., Goldberg, D., Schiferl, L., Commane, R., Abuhassan, N., Szykman, J. J., and Valin, L. C.: 

Declines and peaks in NO2 pollution during the multiple waves of the COVID-19 pandemic in the New York metropolitan 

area, Atmos. Chem. Phys., 22, 2399–2417, https://doi.org/10.5194/acp-22-2399-2022, 2022. 

Ware, J., Kort, E. A., Duren, R., Mueller, K. L., Verhulst, K., and Yadav, V.: Detecting Urban Emissions Changes and Events 630 

With a Near-Real-Time-Capable Inversion System, J. Geophys. Res. Atmos., 124, 5117–5130, 

https://doi.org/10.1029/2018JD029224, 2019. 

Wei, D., Reinmann, A., Schiferl, L. D., and Commane, R.: High resolution modeling of vegetation reveals large summertime 

biogenic CO2 fluxes in New York City, Environ. Res. Lett., 17, 124031, https://doi.org/10.1088/1748-9326/aca68f, 2022. 

van der Werf, G. R., Randerson, J. T., Giglio, L., Leeuwen, T. T. van, Chen, Y., Rogers, B. M., Mu, M., Marle, M. J. E. van, 635 

Morton, D. C., Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global fire emissions estimates during 1997–2016, Earth 

System Sci. Data, 9, 697–720, https://doi.org/10.5194/essd-9-697-2017, 2017. 

Wunch, D., Wennberg, P. O., Toon, G. C., Keppel-Aleks, G., and Yavin, Y. G.: Emissions of greenhouse gases from a North 

American megacity, Geophys. Res. Lett., 36, https://doi.org/10.1029/2009GL039825, 2009. 

Yin, Y., Chevallier, F., Ciais, P., Broquet, G., Fortems-Cheiney, A., Pison, I., and Saunois, M.: Decadal trends in global CO 640 

emissions as seen by MOPITT, Atmos. Chem. Phys., 15, 13433–13451, https://doi.org/10.5194/acp-15-13433-2015, 2015. 

 

https://doi.org/10.5194/egusphere-2024-83
Preprint. Discussion started: 25 January 2024
c© Author(s) 2024. CC BY 4.0 License.


