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remains poorly understood. We use multiyear gaseous elemental Hg (Hg0) concentration 

measurements at two rural sites and two urban sites in the northeastern US coordinated by the 

National Atmospheric Deposition Program (NADP) together with models to identify drivers of 

diel variability. We observe that Hg0 concentrations have similar magnitude and variability 

between measurement sites within urban or rural regions, with highest concentrations in the urban 

region. Concentrations within the rural and urban regions tend to converge at midday, reaching a 

maximum at rural sites and a minimum at urban sites, particularly in summer. Using a boundary 

layer box model and the GEOS-Chem chemical transport model, we show that this midday 

convergence is driven by the combined influence of regional surface fluxes and the entrainment of 

free tropospheric air, rather than in-situ chemical fluxes. Our results demonstrate that diel Hg0 

concentration variability can serve as a constraint on free tropospheric loadings of Hg0 and can 

help identify biases in regional and global atmospheric budgets of Hg.  

1 Introduction 

Mercury (Hg) is a globally distributed neurotoxic pollutant which is subject to complex 

atmospheric processing that determines its deposition to vulnerable ecosystems1–3. Historical and 

ongoing anthropogenic activities have introduced significant quantities of Hg to the environment 

over the last four millennia, leading to an eightfold increase in its atmospheric burden4,5. The rate 

at which Hg is removed from the atmosphere is largely determined by its chemical speciation, 

which includes gaseous elemental Hg (Hg0, >90% of tropospheric burden) along with gaseous and 

particulate-bound oxidized Hg (HgII, <10% of tropospheric burden)6–8. Hg0 has a long atmospheric 

lifetime and is removed by vegetative uptake or oxidation to HgII 8,9, while HgII is highly soluble 

and readily removed from the atmosphere via wet or dry deposition10,11, or may be converted to 
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Hg0 via photoreduction8,12. In addition to direct anthropogenic and geogenic Hg emissions, 

previously deposited mercury can be reemitted from surfaces, leading to its continual recycling in 

the environment5. Therefore, the atmospheric concentration of Hg at a given location will be 

determined by the combined influence of emission, deposition, chemistry, and atmospheric 

transport processes that act on local to global scales. 

Global growth in the number of atmospheric Hg monitoring sites over the last three decades has 

helped researchers investigate its spatial and temporal variability, though mechanisms remain 

contested. Long term Hg0 measurements made possible by national and international monitoring 

networks have shown that average Hg concentrations in urban regions are often higher than rural 

regions, consistent with the expected impact of anthropogenic emissions13,14. These observations 

have also shown that diel variations of atmospheric Hg0 in urban and rural regions are effectively 

out of phase with one another, with Hg0 lowest at midday at urban sites and highest at midday at 

rural sites. Early studies observed that this daytime decline of Hg0 at urban sites coincided with a 

daytime maximum in HgII and argued that this variability could be explained by O3-mediated 

oxidation in polluted regions15,16. However, a recent study using robust HgII measurements found 

that these elevated HgII concentrations were likely driven by free tropospheric input rather than in-

situ oxidation17. In contrast to urban areas, Hg0 concentrations in vegetated rural areas are typically 

highest at midday and lowest before dawn18–20. This pattern is counterintuitive given the growing 

consensus that vegetation acts as a net sink of Hg0, where photosynthetically-driven uptake should 

be strongest at midday21,22. Studies have argued that daytime Hg0 concentration peaks may be 

driven by the reemission of Hg from short-term reservoirs, including previously deposited HgII on 

cuticular surfaces23, or the uptake and subsequent reemission of Hg by dew formation and 

evaportation23,24. However, hypothesized reemission pathways were not observed in ecosystem-
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scale flux measurements carried out at two rural sites in the northeastern US, instead showing that 

underlying forests act as a strong sink during daylight hours and a slight sink overnight during 

vegetatively active seasons25. A recent controlled experiment found that tropical vegetation also 

acted as a strong sink during daylight hours and a weak sink overnight, though mechanisms for 

this variability remain unclear26. 

Previous studies have also argued that diel Hg0 variability could be explained by boundary layer 

processing. Nair et al.19 compared Hg0 concentrations at urban, rural, and suburban sites in the 

southeastern US and used correlation-based arguments to conclude that boundary layer 

entrainment was a key driver of differences in diurnal variations across sites, rather than chemical 

fluxes. More recently, Roy et al.20 compared the seasonal and diel variation of Hg0 concentrations 

and Hg0 ecosystem uptake fluxes at two rural forests in the northeastern US, finding that 

concentrations are highest when uptake fluxes are strongest, and argued that the out-of-phase 

behavior could be explained by the combined influence of variations in surface fluxes and the 

downwelling of free tropospheric air. Despite ample discussion in observational literature, the 

relative contribution of chemistry, surface fluxes, and transport fluxes (i.e., boundary layer 

entrainment, horizontal advection) to diel variability has not been extensively studied in existing 

chemical transport models (CTMs). 

Here, we investigate the drivers of spatial and diel variation of Hg0 concentrations at four 

measurement sites (two urban, two rural) in the northeastern US coordinated by the National 

Atmospheric Deposition Program (NADP) Atmospheric Mercury Network (AMNet). We first 

characterize the diel variation across the sites in both June and December, representing summer 

and winter months, respectively. We then use a boundary layer box model adapted from Denzler 

et al.27 that is driven by observationally derived meteorology to calculate the regional surface 
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fluxes that reproduce observed Hg0 concentrations at rural and urban sites for a given set of 

boundary conditions. Finally, we compare the range of calculated regional surface fluxes to those 

used by the GEOS-Chem CTM and explore the relative sensitivity of modeled concentration 

variability to regional surface and transport fluxes. 

2. Methods 

We first describe the four measurement sites evaluated in this study (section 2.1), and then 

discuss the simple boundary layer box model that we use to investigate the drivers of concentration 

variability (section 2.2). Finally, we describe our implementation of the GEOS-Chem CTM and 

list the sensitivity simulations discussed in this paper (section 2.3).  

2.1 Measurement Sites 

Formally launched in 2009, NADP AMNet was designed to provide concentration 

measurements of Hg0 and HgII (gaseous and particulate-bound) that could be used, in part, to infer 

the dry deposition of Hg to North America13. We use Hg0 measurements from four sites in the 

northeastern US that were active for at least one year between 2011 and 2019 (inclusive) and 

exclude analysis of HgII based on its secondary contribution to atmospheric Hg burdens, along 

with the growing consensus that HgII measurement techniques used by current networks exhibit a 

significant and spatially variable low bias28. We select the New Brunswick, NJ (NJ30) and The 

Bronx, NY (NY06) sites to represent urban conditions, located approximately 45 km SW and 15 

km NE of midtown Manhattan, respectively. Measurements taken at the Huntington Wildlife 

Forest, NY (NY20) and on the slopes of Mt. Mansfield in Underhill, VT (VT99) are located 

approximately 400 km N of Manhattan and represent rural conditions (Figure 1). These sites were 

selected, as they exhibit seasonal and diel concentration variations that are consistent with previous 

regional analyses. While observations are also available for the Elizabeth, NJ site (NJ54) since 
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2015, we exclude this site from our analysis due to extremely high average concentrations, which 

suggest that this site is influenced by local pollution sources (Figure S1). One potential source is 

the Phillips 66 oil refinery that is located approximately 1 km WSW of NJ54, which is listed as 

the 7th largest Hg source in New Jersey by the 2020 EPA National Emission Inventory29, among a 

number of other local sources that were identified by Aucott et al.30. 

 

Figure 1. Location of rural (Underhill, VT and Huntington, NY) and urban (The Bronx, NY and 

New Brunswick, NJ) NADP sites explored in this study. Shading refers to the annual 

anthropogenic emissions predicted by the GMA emission inventory31. Major ticks represent the 

bounds of GEOS-Chem 2° latitude by 2.5° longitude grid boxes and minor ticks represent bounds 

of GEOS-Chem 0.5° latitude by 0.625° longitude grid boxes. Inset: The solid box represents the 

northeastern US domain, while the dashed box represents the entire domain covered by nested 

GEOS-Chem simulations. 
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2.2 Box model 

We define a simple boundary layer box model following the approach of Denzler et al.27 to 

model Hg0 concentrations within the PBL (𝑐!"#) at rural and urban sites. The change in Hg0 

concentration within the PBL over time (ng m-3 hr-1) is defined by equation 1: 

 

1. 𝑑𝑐!"#
𝑑𝑡 =

𝑢(𝑐$% − 𝑐!"#(𝑡))
𝑥 +

𝑤!"#(𝑐&' − 𝑐!"#(𝑡))
𝑧 +

𝐹
𝑧 + 𝐹()*+ 

 

where 𝑢 is the horizontal wind magnitude within the planetary boundary layer (PBL, m hr-1), 𝑤!"# 

is the growth rate of the PBL (m hr-1), 𝑥 is the horizontal extent of the box (m), 𝑧 is the vertical 

extent of the box (PBL height, or PBLH, with units m), 𝐹 is the surface flux within the box (ng m-

2 hr-1), 𝐹()*+ is the net production of Hg0 within the box (ng m-3 hr-1), and 𝑐$% and 𝑐&' represent 

the upwind and free tropospheric concentrations of Hg0, respectively. From left to right, the four 

terms of equation 1 represent the horizontal advection flux, entrainment flux, the net surface 

exchange flux, and net chemical production. We neglect 𝐹()*+ in our box model and test this 

assumption in section 3.1 by comparing its magnitude in the GEOS-Chem CTM within the PBL 

to net surface fluxes. 

We configure the box model to capture the average regional variability given an average set of 

meteorological conditions and fluxes, similar to the typical configuration of global CTMs. We first 

define 𝑥 to be 100 km, which is approximately equivalent to a 0.9° latitude by 0.9° longitude grid 

in this region. We then define 𝑢, 𝑧, and 𝑤!"# using a previously published dataset that provides 

hourly vertical profiles of horizontal windspeeds and PBLH calculated using aircraft data available 

at 50 airports within the continental US between 2010 and 202032,33. We only use 2017 

meteorological data due to interannual variations in the quantity and quality of aircraft-derived 
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profiles. Regionally representative meteorological conditions are defined as the average of profiles 

collected at Newark Liberty International Airport (Newark, NJ) and Bradley International Airport 

(near Hartford CT). We then select the month of interest and calculate the average PBLH and 

horizontal windspeed for each respective hour, resulting in a single 24 hour diurnal cycle that is 

repeated for each day of the month. Due to the limited amount of data that are used to calculate 

these cycles (n £ 31 data points for each hour), we apply a centered rolling average with a five 

hour window to define the average boundary layer variation for this region (Figure S2), which we 

find to be similar to the PBLH from the MERRA2 reanalysis product that drives GEOS-Chem 

(Figure S3). Using this smoothed profile, we calculate 𝑤!"# as the hourly change in PBLH. The 

entrainment term is nonzero only when 𝑤!"# is positive (i.e., dawn-midday)27,34, as the 

communication of CPBL and CFT is mediated by convective thermals that overshoot the previous 

PBLH during periods of growth, while PBLH declines are caused by weakening convective 

thermals that do not reach the existing PBLH. We follow a similar approach to calculate a smooth, 

daily repeating pattern for 𝑢, which represents the average wind magnitude at each profile level 

that is below the PBLH (Figure S4). 

We identify constant surface fluxes that minimize the difference between the boundary layer 

box model and the observed average Hg0 concentration for the month and region of interest. We 

calibrate 𝐹 to minimize the residual between the box model average Hg0 concentration and the 

observed monthly average Hg0 concentration for a given combination of 𝑐$% and 𝑐&'. This 

exercise is conducted for both June and December to isolate seasonal impacts. We use constant 

values of 𝐹 in our model based on previous studies that have shown that Hg0 fluxes are generally 

unidirectional over day and night periods20,25. This is further justified in supplemental section S3, 
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where we reevaluate this optimization while allowing fluxes to vary diurnally, which does not 

notably change the average surface flux and leads to overfitting of the model (Figures S5-S8). 

2.3 GEOS-Chem 

We simulate the atmospheric concentration of Hg0 using the GEOS-Chem CTM (v14.1) to 

investigate its treatment of spatial and temporal variability at regional scales. This version of the 

model leverages the three-step oxidation mechanism described by Shah et al.8 and the updated dry 

deposition scheme introduced by Feinberg et al.6. We drive the model with 2015 anthropogenic 

emissions produced for the 2018 Global Mercury Assessment31 (Figure 1). Each simulation is run 

for 2018 and 2019, where 2018 data is discarded as model initialization. The model is run at its 

standard spatial resolution (2° latitude by 2.5° longitude with 47 vertical layers), which we refer 

to as the STND simulation. We then use this simulation to produce boundary conditions for a 

nested simulation (0.5° latitude by 0.625° longitude with 47 vertical layers) spanning eastern North 

America (20°-70° N, 50°-100° W, dashed box in Figure 1), allowing us to evaluate the impact of 

horizontal resolution on simulated Hg0 concentrations, which we refer to as NEST.  

We conduct eight sensitivity simulations based on the NEST simulation described above to 

evaluate the impact of enhancements to regional anthropogenic emission and free tropospheric 

loadings on surface concentrations at these sites (Table S1). We first assess the impact of 

anthropogenic emissions with three simulations where GMA emissions are scaled by factors of 3, 

7 and 10 within the domain bounded by Figure 1 (70°W-80°W, 40°N-50°N), referred to as ANT3, 

ANT7, and ANT10, respectively. We specifically select enhancements of 3 and 7 based on the 

recommendations of an existing study of the Greater Boston area35. We run an additional three 

sensitivity simulations where emissions throughout the nested domain are scaled by 3, 7, and 10 

to evaluate the impact of enhancing emissions across most of eastern North America, referred to 
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as ANT3-ENA, ANT7-ENA, and ANT10-ENA, respectively. The two remaining sensitivity 

simulations use standard GMA anthropogenic emissions but uniformly increase free tropospheric 

Hg0 concentrations throughout the nested domain to approximately 1.4 ng m-3 (CFTSCAL) and 

1.8 ng m-3 (CFTSCALMAX), respectively, allowing us to assess the impact of free tropospheric 

loadings on surface concentrations.  

3. Results and discussion 

We first compare measured concentrations at the four sites to simulations of the GEOS-Chem 

model and our boundary layer box model, and discuss the possible contribution of chemistry, local 

surface fluxes, and transport fluxes to observed Hg0 concentrations and their variability (section 

3.1). We then conduct a sensitivity analysis to identify the relative contribution of regional surface 

fluxes and transport fluxes on biases in the GEOS-Chem model (section 3.2). After diagnosing the 

sensitivity of diel concentration variability to enhancements of regional surface fluxes and 

transport fluxes in the rural and urban regions (section 3.3), we discuss implications for Hg 

modeling and monitoring efforts (section 3.4). 

3.1 Measured and modeled Hg0 concentrations 
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Figure 2. (a) Hourly concentrations at The Bronx (orange), New Brunswick NJ (red), Underhill 

VT (blue), and Huntington NY (green). (b) Average hourly concentrations for all four sites in June 

(solid lines, colors correspond with panel a), along with the diurnal cycles predicted by STND 

(dash) and NEST (dash-dot) simulations. Orange and green shading represent the range of 

observed concentrations at the urban and rural sites, respectively. (d) June diurnal cycles predicted 

by box model with CUW=1.7 and CFT=1.1 (triangle), and CUW=1.1 and CFT=1.7 (circle) are overlayed 
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on average urban and rural concentrations (black line) and their range (orange and green shading). 

Panels (c) and (e) are the same as (b) and (d), except for December. 

The magnitude and variability of hourly Hg0 concentrations are largely consistent within urban 

or rural regions but differ notably across region types at the four NADP sites considered (Figure 

2a). Concentrations at urban sites are typically higher than rural sites, with the highest values 

observed at The Bronx and the lowest observed at Huntington. Concentrations at the rural sites 

exhibit expected northern hemispheric seasonality, where concentrations are highest in late winter 

and lowest in late summer, consistent with the previously identified vegetative control on Hg0 

concentrations21–23. Seasonality at urban sites is largely masked by strong summertime variability, 

with concentrations occasionally above 6 ng m-3 at both urban sites and as high as 20 ng m-3 at The 

Bronx, highlighting the occasional influence of local pollution sources. Concentrations at rural 

sites rarely exhibit discrete concentration peaks, but are most variable during summer months, 

when values consistently reach as low as 0.5 ng m-3 at Huntington. Interestingly, urban 

concentrations throughout the measurement period appear to reach a lower bound that is nearly 

equivalent to the upper bound of concentrations at rural sites. This convergence point exhibits the 

same previously noted seasonality, except for one three-month period in early 2019 where 

concentrations at Huntington Wildlife exhibit unexpectedly high values. 

Diel variations of Hg0 concentrations at sites within a given region and month are similar, but 

variations at rural and urban sites are out-of-phase (Figures 2b, 2c). Concentrations at urban sites 

are highest at night and lowest at midday, while rural sites have the lowest concentrations before 

dawn and highest concentrations at midday. The consistency of concentration variations within 

regions provides confidence that these variations are regionally representative. A large 

concentration difference exists between urban and rural sites, with concentrations at rural sites 20-
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45% lower than the values measured at urban sites for respective hours. We observe a notable 

convergence of Hg0 concentrations at urban and rural sites at midday, similar to a previous 

multisite comparison in the southeastern US19. Spatial gradients persist in December, with 

concentrations remaining the lowest at Huntington and highest at The Bronx and rural 

concentrations 12-18% lower than urban values, however diel variation at all sites is negligible 

(Figure 2c). While concentrations at rural sites are between 10% (midday) and 21% (night) higher 

in December than in June, concentrations at the urban site are only 3% higher in December at 

midday and 20% lower on average during nocturnal hours. This seasonal difference largely reflects 

seasonal shifts in meteorological ventilation in the northeastern US, where stagnation and strong 

nocturnal inversions dominate during the summer and horizontal advection increases in the winter, 

thereby limiting the nocturnal buildup of concentrations (Figure S4). These differences in 

seasonality are also consistent with previous findings that seasonal variability may reflect the 

influence of regional surface fluxes and meteorology20. 

Both STND and NEST simulations fail to capture the strong spatial and diel variability observed 

at these four sites. In June, STND and NEST simulations underestimate observed concentrations 

at all four sites during the day, and underestimate concentrations at urban sites at all hours, 

exhibiting a negligible spatial gradient and minimal diel variation that is inconsistent with observed 

patterns (Figure 2b). In December, STND and NEST simulations exhibit a muted diel variation 

that is consistent with observations, however urban concentrations are underestimated at all hours 

(Figure 2c). The STND and NEST simulations also predict a seasonal variation in concentration 

magnitude that is generally consistent with average concentrations at rural sites. The nearly 

identical performance of STND and NEST simulations indicates that biases are not driven by the 

spatial smoothing induced by large grid cells. 
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We find that the contribution of chemical fluxes to diel variability in these regions is minor by 

comparing simulated net and gross chemical fluxes within the PBL to net surface fluxes for the 

NEST, ANT3, ANT7, and ANT10 simulations (Figure S9). These simulations estimate that net 

chemical fluxes of Hg within the PBL in June are 36-875 times smaller than net surface fluxes 

(normalized by average PBLH) at the rural sites and 21-30 times smaller at urban sites, 

underscoring the secondary role of chemical fluxes on the short-term Hg0 concentration variability 

in this region. This is unsurprising given the long global lifetime Hg0 against oxidation, which has 

ranged between 2.3-4.5 months in recent versions of GEOS-Chem6–8. 

The secondary contribution of in-situ chemical processing to diel variability is further supported 

by simulations of our boundary layer box model, which can capture the qualitative characteristics 

of diel variations in both urban and rural regions without considering fluxes from chemistry or 

short term reservoirs (Figures 2d and 2e). In June, we find that a constant surface flux of 12.6 ng 

m-2 hr-1 can best reproduce the observed monthly average urban concentration given CUW=1.7 ng 

m-3 and CFT=1.1 ng m-3, while a constant flux of -26.9 ng m-2 hr-1 best reproduces the observed 

average rural concentration. In December, we find that the box model bounded by the same values 

of CUW and CFT best reproduces observed monthly average urban concentration with a constant 

flux of -1.8 ng m-2 hr-1, while a flux of -30.5 ng m-2 hr-1 is required to reproduce the observed 

average rural concentration (Figure 2e). Although surface fluxes are only optimized to reproduce 

the monthly average regional concentration for the respective month, the boundary layer box 

model qualitatively reproduces dominant characteristics of diel variability at both sites in both 

months, with previously noted out-of-phase behavior in June and muted variations in December. 

The diurnal convergence of Hg0 concentrations across rural and urban regions in June highlights 

the important influence of boundary layer entrainment on surface concentration variability. Given 
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that net chemical fluxes in the rural and urban regions considered are 2-3 orders of magnitude 

smaller than net surface fluxes, we confirm the diminished role of in-situ chemical fluxes on diel 

Hg0 variability suggested by other studies17,27. The diurnal convergence of Hg0 concentrations at 

urban and rural sites is most easily explained by atmospheric mixing, however this cannot be 

explained by horizontal advection given the distance between our regions (approximately 400 km). 

In the absence of horizontal mixing, Hg0 concentrations aloft that have a smooth spatial variation 

would result in a similar midday convergence, as entrainment during morning PBL growth would 

dilute or enhance concentrations within the PBL depending on underlying surface fluxes. This is 

confirmed by our boundary layer box model, which qualitatively reproduces expected diel 

variations when forced by temporally invariant surface fluxes that are calibrated to reproduce 

monthly average concentrations. These results further suggest that similar adjustments to fluxes 

within the GEOS-Chem model could address biases in diel variations in STND and NEST 

simulations, without considering in-situ chemical fluxes or short-term reservoirs of Hg. 

3.2. Solution spaces of optimized fluxes in urban and rural regions 

To account for the unknown magnitude of CFT and CUW, we repeat the box model optimization 

across a conservative range of CFT and CUW estimates (1-2 ng m-3) for rural (Figure 3a) and urban 

(Figure 3b) regions. The shading in Figure 3 represents the constant surface flux that minimizes 

the residual of the model and the average monthly concentration in the respective region for a 

given combination of CFT and CUW, where blue colors indicate a negative (deposition) flux, and 

reds indicate a positive (emission) flux. The transition between positive and negative fluxes occurs 

at lower CFT and CUW for the rural case than the urban case, and in both cases follows a slope that 

suggests greater sensitivity to CUW than CFT at both sites. In both regions, larger emission fluxes 
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are required when boundary concentrations are low, while larger deposition fluxes are required 

when boundary concentrations are high.  

Observational constraints can be used to identify reasonable areas of the solution spaces. For 

instance, if the midday convergence of Hg0 concentrations in June is driven by the entrainment of 

free tropospheric air during PBL growth, then the midday extrema in rural and urban sites should 

approach the average regional value of CFT. This allows us to ignore regions of the solution space 

where CFT is smaller than 1.25 ng m-3 or larger than 1.55 ng m-3 (Figure 3). We further constrain 

the reasonable solution space by selecting areas where the diel concentration amplitude simulated 

by the box model is within 50% of the average observed diel amplitude, which is indicated by the 

dashed outlined regions (Figure 3). Finally, we restrict the observationally-constrained solution 

space to negative values for the rural region and positive values for the urban region based on 

source and sink behavior established by existing literature22,30. The final observationally-

constrained solution space for the rural region includes CUW ranging from 1.0 to 1.5 ng m-3, which 

covers optimal fluxes between 0 – -15 ng m-2 hr-1, while the urban case includes upwind 

concentrations from 1.3-1.9 ng m-3 and average surface fluxes of 0-30 ng m-2 hr-1.  

The observationally constrained solution spaces described above indicate that NEST 

underestimates transport fluxes in both rural and urban regions. We estimate CFT, CUW, and F for 

the NEST simulation following the approach described in supplemental section S6 and plot the 

location of this simulation within the solution space as the circular point in both panels of Figure 

3. In the rural region, GEOS-Chem predicts a net average surface flux of -2.6 ng m-2 hr-1, which is 

consistent with the range of fluxes in the observationally constrained solution space. However, 

NEST predicts CUW=1.06 ng m-2 and CFT=1.09 ng m-2, which lie well outside of the observationally 

constrained solution space. Similarly, the NEST simulation predicts an average surface flux of 1.4 
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ng m-2 hr-1 for the urban region that is consistent with the constrained solution space but has 

boundary concentrations of CUW=1.1 ng m-3 and CFT=1.1 ng m-3, again lying well outside of the 

observationally constrained solution space. We discuss sensitivity simulations that explore this 

solution space in section 3.3.  

 

Figure 3. Solution space of the optimal flux for combinations of CUW and CFT from 1 ng m-3 to 2 

ng m-3 in June for (a) rural and (b) urban regions. Horizontal solid lines refer to the likely bounds 

of CFT, while dashed lines encompass the portion of the space where simulated diurnal amplitude 

is within 50% of the observed value. Gray shading outlines the observationally constrained 

solution space, with the heavy shading indicating the region with highest confidence. GEOS-Chem 

simulation results are overlaid based on estimated values CFT and CUW and F for the respective 

region. 

We also use the box model to evaluate solution spaces for rural (Figure 4a) and urban (Figure 

4b) sites in December.  The threshold between positive and negative fluxes in the box model occurs 

at higher values of CUW in the rural region and lower values of CUW at the urban region. The flux 

threshold is also steeper than in June, suggesting a diminished influence of CFT that is consistent 

with increased stability and stronger horizontal advection typical during midlatitude winter 
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(Figures S2-S4). The observationally constrained solution space is smaller than in June, which is 

driven by the limited diel variation of concentrations in December. Interestingly, average midday 

concentrations (i.e., our CFT constraint) are notably higher in December at the rural sites but are 

only slightly higher at urban sites, suggesting that CFT varies spatially. As in June, the average net 

flux within each region suggested by NEST is consistent with the observationally constrained 

solution space in both rural and urban regions, however CUW and CFT are notably lower than those 

in the constrained space. 

 

Figure 4. Solution space of the optimal flux for combinations of CUW and CFT from 1 ng m-3 to 2 

ng m-3 in December for (a) rural and (b) urban regions. Horizontal solid lines refer to the likely 

bounds of CFT, while dashed lines encompass the region of the space where simulated diurnal 

amplitude is within 50% of the observed value. Gray shading outlines the observationally 

constrained solution space, with the heavy shading indicating the region with highest confidence.  

GEOS-Chem simulation results are overlaid based on estimated values CFT and CUW and F for the 

respective region. 
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3.3. Impact of flux enhancement on diel variability 

We evaluate a series of sensitivity simulations to determine whether enhancements to regional 

surface fluxes (i.e., F) or transport fluxes (i.e., CFT and CUW) can allow GEOS-Chem to satisfy the 

observationally constrained solution space in June (Figure 3). We first evaluate the impact of 

regional surface flux enhancements using the ANT3, ANT7, and ANT10 simulations. These 

simulations scale anthropogenic emissions throughout the northeastern US (Figure 1, solid box), 

meaning that F, CUW, and CFT may be sensitive to changes (see supplemental section S6). We find 

that enhancing anthropogenic emissions by a factor of ten has little effect on the net regional flux 

in the rural region since there are limited anthropogenic emissions in this area (Figure 1) and 

surface fluxes are dominated by vegetative uptake. However, we find that this emission 

enhancement does lead to a 9% and 3% increase in the rural CUW and CFT, respectively. The same 

factor of ten anthropogenic emission enhancement has a larger effect on the net regional flux 

(encompassing all emission and deposition processes) in the urban region, increasing the net flux 

by a factor of 17 (23.9 ng m-2 hr-1) and CUW and CFT by 27% and 7%, respectively. However, the 

CUW and CFT increases caused by this regional emission enhancement are insufficient to satisfy the 

observationally constrained solution space. 

We also evaluate the impact of enhancements to regional CFT in June using the CFTSCAL and 

CFTSCALMAX simulations in this region (Figure 3). CUW is remarkably sensitive to CFT in both 

urban and rural regions, and net surface fluxes are not notably impacted in either simulation. Our 

CFT enhancements overshoot the constrained solution space for the rural region, however the strong 

linear response of the two simulations suggest that a value of CFT that is higher than NEST but 

lower than CFTSCAL in this region would move GEOS-Chem into the observationally 

constrained solution space. We observe a similar linear response to CFT enhancements in the urban 
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region and find that the CFTSCAL simulation moves GEOS-Chem into the optimally constrained 

solution space, albeit with a regional surface flux that is inconsistent with the underlying solution 

space. 

We find that regional anthropogenic emission enhancements are also insufficient for GEOS-

Chem to satisfy the observationally constrained solution space in December. Additionally, we find 

that CFT has lower sensitivity to regional emission enhancements in December than in June, which 

is consistent with increased atmospheric stability in winter. As in June, CFT enhancements also 

influence CUW, with CFTSCAL shifting GEOS-Chem to the constrained solution space in rural and 

urban areas. However, net GEOS-Chem fluxes do not correspond with the underlying solution 

space, having the opposite sign in the rural case (Figure 4a) and being too weak in the urban case 

(Figure 4b). 

We evaluate the impact of enhancements to regional emissions or CFT at urban and rural sites on 

diel variability in both June and December and find that neither are sufficient to reproduce 

observed patterns (Figures 5, S18). For instance, the regional emission enhancement explored in 

the ANT7 simulation increased F, CUW, and CFT in the urban region (Figure 3), which we find 

results in a stronger diel variation with amplitude that is comparable to observations in June (Figure 

5a), though this same simulation overestimates diel amplitude in December (Figure 5b). 

Meanwhile, the CFTSCAL simulation increases transport fluxes without affecting regional surface 

fluxes, which results in a uniform enhancement to concentrations in both June and December 

(Figures 5c and 5d, respectively, Figure S18). This adjustment does not notably affect the 

concentration difference between rural and urban concentrations but has a strong impact on overall 

average concentrations. This highlights that neither regional emission enhancements nor CFT 

enhancements alone can allow GEOS-Chem to reproduce observed spatial and diel variability. 
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Instead, our modeling results demonstrate the complementary effects of these key fluxes, with 

surface fluxes primarily responsible for setting the amplitude of diel variations and CFT primarily 

responsible for setting the daytime convergence point of concentrations. 

 

Figure 5. Comparison of diel variation of average regional observations (black lines) and NEST 

simulations with respective predictions from the ANT7 (panels a and b) and CFTSCAL (panels c 

and d) sensitivity simulations.  Green and orange represent rural and urban regions, respectively. 

Colored shading around regionally averaged observations represents the hourly average 

concentrations at the two sites within the respective region. 

It is worth noting that each GEOS-Chem simulation fails to reproduce the nocturnal 

concentration minimum observed at rural sites. This is likely caused by the existing 
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parameterization of Hg0 uptake in GEOS-Chem which is largely driven by incoming solar 

radiation6, preventing the simulation of net nocturnal uptake suggested by recent 

observations22,25,26,36. As a result, modeled concentrations remain constant or increase slightly 

overnight, unlike declines implied by observations. 

3.4. Implications for atmospheric modeling and monitoring 

Our analysis shows that diel variations of Hg0 concentrations can serve as a useful constraint on 

magnitude and temporal variation of regional free tropospheric concentrations, for which there are 

limited observations. The ranges of CFT suggested by midday concentrations at urban and rural 

sites in June and December (1.25-1.55 ng m-3 and 1.35-1.60 ng m-3, respectively) are consistent 

with vertical profiles taken during an aircraft campaign in Tennessee in 2012 and 201337, where 

summertime concentrations in the lower 5 km of the atmosphere ranged between 1.0-1.4 ng m-3 in 

June and 1.25-1.6 ng m-3 in November and January. Given the expense of aircraft-based 

measurements, we argue that existing ground-based measurements can be used to identify a useful 

estimate of this concentration, which we show is critical for accurate representation of spatial and 

temporal variability in CTMs.  

The spatial and temporal variability of surface Hg0 concentrations at regional scales can be 

largely explained by processes that should be able to be captured by global CTMs. Our simple 

modeling exercise demonstrates that the daily variation of concentrations can be explained by the 

interaction of regional surface fluxes and transport fluxes, rather than previously hypothesized 

short-term reservoirs or local redox chemistry, which we would not expect to capture with 

currently available CTMs. Therefore, we suggest that diel variability can serve as an additional 

constraint to evaluate the mechanistic performance of CTMs. 
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The biases that we observe in urban and rural regions in our GEOS-Chem simulations imply that 

the free tropospheric burden of Hg0 in GEOS-Chem is underestimated, which may be addressed 

by enhancing key global sources (emissions, reduction of HgII) or reducing key global sinks 

(deposition, oxidation of Hg0). While enhancing HgII reduction or reducing Hg0 oxidation could 

increase free tropospheric burdens of Hg0, Shah et al.8 found that the chemical mechanism 

currently used in GEOS-Chem also underestimates HgII loadings in the free troposphere, leading 

to underestimates of wet deposition. Hg0 underestimates are also unlikely to be driven by excessive 

Hg0 vegetative uptake, as a subsequent update to the GEOS-Chem model using direct 

observational constraints on this flux increased simulated annual Hg0 deposition by 84%6 when 

compared to the Shah et al. model.  

Given these constraints, broadly distributed emission enhancements are the most likely 

explanation for the underestimate of the free tropospheric burden. We evaluate the impact of 

emission enhancements across broader spatial scales using the ANT3-ENA, ANT7-ENA, and 

ANT10-ENA sensitivity simulations, where emissions are scaled across eastern North America 

(Figure 1, Figures S16-S17). Using the strong linear response of CFT to regional emission 

enhancements, we calculate the net regional flux required to reproduce the lower bound and central 

estimate of CFT in June (1.25 and 1.45 ng m-3, respectively). For sensitivity simulations where 

emission enhancements are only applied to the northeast US, emissions would need to be enhanced 

by a factor of 16 and 32 to reach these CFT values, while emissions would need to be enhanced by 

a factor of 8 and 16 if enhancements are applied across eastern North America. Given the unlikely 

emission enhancements required over the northeastern US or eastern North America to satisfy 

observational constraints on CFT, along with the associated unlikely enhancements to CUW, smaller 

emission enhancements across continental or hemispheric scales are likely required.  
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Our findings demonstrate that diel variability can serve as a critical constraint on tropospheric 

Hg loadings in CTMs that are used to evaluate environmental policy effectiveness, motivating 

continued support of temporally resolved Hg monitoring networks. 

 

CODE AND DATA AVAILABILITY 

All code and model data required to reproduce the results presented in this study are published on 

Zenodo (10.5281/zenodo.20432685)38. 
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Section S1. Hg0 Concentrations at Elizabeth, NJ (NJ54) 

 

Figure S1. (top) Hourly concentrations at the four sites of interest, here including measurements 
at Elizabeth, NJ. Concentrations are notably higher at this site, even compared to The Bronx and 
New Brunswick. Average concentrations for each hour of the day during June (bottom left) are 
more than twice as high as other urban sites. Hourly average concentrations during December do 
not exhibit any notable diel cycle but remain notably higher than all other sites, further 
underscoring the likelihood that local sources exert a dominating influence on variability. 
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Section S2. Evaluation of PBLH data used to drive boundary layer box model 

 

Figure S2. Comparison of PBLH from hourly data from Newark-Liberty International Airport 
(EWR) and Bradley International Airport (BDL) for June (left) and December (right) 2017. 
Average monthly PBLH is defined as the five-hour centered rolling average of these data, plotted 
as the solid black curve. 

 

Figure S3. Average diurnal variation of planetary boundary layer height (PBLH) in smoothed 
observationally derived dataset and MERRA2 reanalysis for June (left) and December (middle). 
The regions represented by each of the MERRA2 variations are shown in the right panel. 
Observationally derived PBLH is similar in magnitude and diel variation to MERRA2, which does 
not exhibit large spatial variation. In June, observationally derived profile is slightly lower than 
MERRA2 during midday. 
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Figure S4. Comparison of average windspeed within the PBL from hourly data from Newark-
Liberty International Airport (EWR) and Bradley International Airport (BDL) for June (left) and 
December (right) 2017. Average monthly windspeed for the box model (𝑢) is defined as the five-
hour centered rolling average of these data. Winds are notably higher in December than in June, 
which is consistent with seasonal shifts of synoptic-scale weather patterns in the northeastern US. 

 

Section S3. Comparison of calibrated solution spaces with constant and temporally varying 
surface fluxes 

Here, we demonstrate the negligible effect of allowing fluxes to vary temporally in our box model 
optimization to justify our use of constant fluxes in the main text. Over a limited number of 
combinations of CFT and CUW, we recalculate the optimal average flux in our box model when 
driven by a constant flux. Then, across the same domain, we repeat the same optimization while 
allowing the flux to vary in four hour segments. We find that average net fluxes are similar in both 
cases at both rural and urban sites (Figures S5, S7). We find that diurnally varying fluxes do reduce 
the difference between the observed diel variation when compared to the constant flux cases by 
reducing the extent of extremes (right panels, Figures S6 and S8). However, this is likely driven 
by overfitting, as we observe that this agreement is achieved unreasonably sharp temporal shifts 
in Hg fluxes that are not supported by any existing mechanisms (left panels, Figures S6 and S8). 
Furthermore, the diel average of these fluxes are similar in magnitude to the optimal fluxes 
obtained using constant values. The close correspondence of average fluxes from both methods, 
coupled with our overarching goal of finding the dominant drivers of diel variations in this region 
support our choice to drive our box model with temporally invariant surface fluxes in the main 
text.  
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Figure S5. Comparison of optimal average surface flux at the rural sites predicted by box model 
with constant surface flux (left) or a diurnally-varying surface fluxes (middle), and their difference 
(right). Both approaches result in a qualitatively similar solution space, where the diurnally varying 
flux approach predicts larger average positive and negative fluxes. Blue and orange points 
represent concentration and flux combinations that are further explored in figure S6. 

 

 

Figure S6. Comparison of the optimal constant flux and optimal diurnally varying flux for the two 
combinations of CFT and CUW shown in figure S5 (left) and the respective concentration 
variation (right). In both cases, the constant flux is similar in magnitude to the average of the 
temporally varying flux. The temporally varying flux simulates concentrations that lie closer to 
observations than the constant flux case. 
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Figure S7. Comparison of optimal average surface flux at the urban sites predicted by box model 
with constant surface flux (left) or a diurnally-varying surface fluxes (middle), and their difference 
(right). Both approaches result in a qualitatively similar solution space, where the diurnally varying 
flux approach predicts larger average positive and negative fluxes. Blue and orange points 
represent concentration and flux combinations that are further explored in figure S8. 

 

 

Figure S8: Comparison of the optimal constant flux and optimal diurnally varying flux for the two 
combinations of CFT and CUW shown in figure S6 (left) and the respective concentration variation 
(right). In both cases, the constant flux is similar in magnitude to the average of the temporally 
varying flux. Interestingly, for the case where CFT = 1.5 (orange), the optimal fluxes from both 
methods have different signs on average, as the variable optimal predicts positive nighttime fluxes 
and negative daytime fluxes.   
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Section S4. List of GEOS-Chem simulations 

Table S1. List of GEOS-Chem simulations used 

Simulation Resolution Domain Emission notes 

STND 2°x2.5° Global GMA emissions 

NEST 0.5°x0.625° 20°-70° N, 60°-100° W GMA emissions 

ANT3 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 3 (domain: 40°-
50° N, 70°-80° W) 

ANT7 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 7 (domain: 40°-
50° N, 70°-80° W) 

ANT10 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 10 (domain: 
40°-50° N, 70°-80° W) 

ANT3-ENA 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 3 across entire 
nested domain that covers eastern North 
America (see Fig. 1) 

ANT7-ENA 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 7 across entire 
nested domain that covers eastern North 
America (see Fig. 1) 

ANT10-ENA 0.5°x0.625° 20°-70° N, 60°-100° W GMA scaled by factor of 10 across entire 
nested domain that covers eastern North 
America (see Fig. 1) 

CFTSCAL 0.5°x0.625° 20°-70° N, 60°-100° W GMA emissions, CFT increased to 
approximately 1.4 ng m-3 by applying 
spatially and temporally uniform 
emission source of 5 x 10-15 kg m-2 s-1 at 
3500 m above ground level 

CFTSCALMAX 0.5°x0.625° 20°-70° N, 60°-100° W GMA emissions, CFT increased to 
approximately 1.8 ng m-3 by applying 
spatially and temporally uniform 
emission source of 1 x 10-14 kg m-2 s-1 at 
3500 m above ground level 
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Section S5. Relative contribution of chemical processing to Hg0 fluxes within the PBL in 
GEOS-Chem 

 

Figure S9. The relative magnitude of net surface fluxes and chemical fluxes within the planetary 
boundary layer in rural (left panels) and urban (right panels) regions, according to nested GEOS-
Chem simulation in June (upper panels) and December (lower panels). Surface fluxes are 
normalized to represent their effect on average boundary layer concentrations by dividing by the 
average modeled PBLH for the respective month (see Fig S2). Regardless of the magnitude of 
anthropogenic emissions in this region, the magnitude of surface fluxes is 36-875 times larger than 
net chemical fluxes in the rural area and 21-30 times larger in the urban area. 

 

Section S6. Estimating CFT and CUW from GEOS-Chem simulations 

We describe our approach for estimating CFT and CUW from GEOS-Chem output below. We first 
define broad upwind domains for the rural and urban regions (green and orange boxes, left panel 
of Figures S10-S15). The broad horizontal extents of the upwind domains are selected to dampen 
the occasional effect of temporally varying winds that may occasionally pass through areas that 
are strong sources or sinks. Additionally, their locations are selected to be representative of the 
respective region, with mixed urban and suburban areas in New Jersey and Pennsylvania 
representing the upwind region for urban sites and upstate New York representing upwind region 
for rural sites. CUW is calculated for each region as the average concentration within the upwind 
domains from the surface to the PBLH indicated by MERRA2 reanalysis. We define CFT as the 
average hourly concentration of the column extending from the PBLH to 700 hPa above the 
midpoint between the measurement sites for respective regions (right panels of Figures S10-S15). 
The vertical extent of the PBLH exhibits hourly variation, however there is little difference in the 
average PBLH and its extent between urban and rural sites, supporting our use of spatially 
aggregated profiles for box model simulations described in Section 2.2 of the main text. 
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The NEST, ANT7, and CFTSCAL simulations in June show the impact of enhancing 
concentrations on spatial and vertical distribution. In the NEST simulation, concentrations 
throughout the domain are low and are highest over the ocean (Figure S10). Concentrations at 
urban centers including NYC and Boston do not notably deviate from lower concentrations in rural 
areas of the Northeastern US. A similar vertical distribution of Hg is observed at both urban and 
rural regions, with lower concentrations near the surface and higher concentrations aloft. In the 
ANT7 simulation, concentrations at urban centers are noticeably higher than in rural areas of the 
northeastern US, illustrating expected differences between known sink and source regions (Figure 
S11). This is also observed in vertical cross-section plots, where concentrations in the urban 
upwind domain are notably higher near the surface, while there is little impact in the rural areas. 
Notably, concentrations aloft are far less sensitive to regional emission enhancements than surface 
concentrations. In the CFTSCAL simulation, we find that direct enhancements to CFT can 
effectively scale the surface features observed in the NEST simulation, with highest concentrations 
over the ocean and lower concentrations over land, consistent with the dominant influences of 
vegetative uptake fluxes and oceanic emissions in the model (Figure S12). 

We also evaluate the vertical and horizontal distribution of Hg in the December sensitivity 
simulations (Figures S13-S15). Unlike June, there isn’t a noticeable difference in Hg0 
concentrations between land and ocean in the NEST simulation (Figure S13). However, 
concentrations throughout the domain are notably higher in both horizontal and vertical 
dimensions in December, with highest concentrations in the southwestern portion of the domain 
(Figure S13). This is consistent with a lack of vegetative uptake in winter, resulting in a terrestrial 
shift from a summertime sink to wintertime source. We find that ANT7 results in large 
concentration enhancements near the surface that are more pronounced than in summer, which is 
likely driven by the combined influence of lower daytime PBLH and a lack of vegetative uptake 
to dampen this source (Figure S14). As in June, we find that the CFTSCAL simulation effectively 
enhances the existing spatial distribution of concentrations throughout the domain (Figure S15). 
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Figure S10. (left panel) Average surface concentration in June for the NEST simulation, where 
the green and orange boxes show the spatial region used to define CUW for rural and urban sites, 
respectively. The upper and lower right panels show a horizontal cross section of the rural and 
urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 

 

 

 
Figure S11. (left panel) Average surface concentration in June for ANT7 simulation, where the 
green and orange boxes show the spatial region used to define CUW for rural and urban sites, 
respectively. The upper and lower right panels show a horizontal cross section of the rural and 
urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 
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Figure S12. (left panel) Average surface concentration in June for the CFTSCAL simulation, 
where the green and orange boxes show the spatial region used to define CUW for rural and urban 
sites, respectively. The upper and lower right panels show a horizontal cross section of the rural 
and urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 

 

 
Figure S13. (left panel) Average surface concentration in December for the NEST simulation, 
where the green and orange boxes show the spatial region used to define CUW for rural and urban 
sites, respectively. The upper and lower right panels show a horizontal cross section of the rural 
and urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 
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Figure S14: (left panel) Average surface concentration in December for the ANT7 simulation, 
where the green and orange boxes show the spatial region used to define CUW for rural and urban 
sites, respectively. The upper and lower right panels show a horizontal cross section of the rural 
and urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 

 

 
Figure S15: (left panel) Average surface concentration in December for the CFTSCAL simulation, 
where the green and orange boxes show the spatial region used to define CUW for rural and urban 
sites, respectively. The upper and lower right panels show a horizontal cross section of the rural 
and urban latitudes to illustrate the average vertical distribution. The solid white boxes show the 
average height of the grid cells used to calculate CFT in both regions, while the dashed lines show 
the range over which the lower bound of this region extends during the month. 
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Section S7. Impacts of anthropogenic emission scaling across eastern North America 

 

Figure S16. Same as figure 3 of main text, here including results from the ANT3-ENA, ANT7-
ENA, and ANT10-ENA sensitivity simulations as dashed outline boxes. By expanding the region 
over which emissions are scaled, CFT and CUW also increase, with the latter having more 
sensitivity. 

 

 

Figure S17. Same as figure 4 of main text, here including results from the ANT3-ENA, ANT7-
ENA, and ANT10-ENA sensitivity simulations as dashed outline boxes. By expanding the region 
over which emissions are scaled, CFT and CUW also increase, with the latter having more 
sensitivity. 
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Figure S18: Seasonal variation of surface and free tropospheric concentrations (CPBL and CFT, 
respectively) at rural (green) and urban (orange) regions in NEST, ANT7, and CFTSCAL 
simulations. Black bars represent observational constraints on CFT  in June and December discussed 
in the main text. As previously discussed, NEST underestimates urban and rural CPBL in June and 
December. ANT7 improves the expected spatial gradient of CPBL but has limited impact on CFT, 
which remains lower than observational constraints. Only the CFTSCAL simulation can satisfy 
observationally inferred constraints on CFT, while also increasing the concentrations observed at 
the surface at these sites. 
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