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Atmospheric Mercury Basics
• Chemical forms: Hg°, RGM (HgCl2 + HgBr2+ HgOBr+ …),

and HgP

• Marine: 1.6 ng m-3 over the North Atlantic [Laurier et al.,
2007], 1.6 - 4.7 ng m-3 over the North Pacific [Laurier et
al., 2003], and 0.4 - 11.2 ng m-3 over the Mediterranean
Sea [Sprovieri et al., 2003]

• Land: 1.6 - 5.1 ng m-3 [Sigler and Lee, 2006; Valente et
al., 2007; Kim et al., 2005]

• Diurnal – annual variability is the key to understanding
the regional budget of mercury.

• Dry depositional and chemical loss of Hg° are highly
uncertain.



Lamprey River Symposium, January 16, 2009

Farmington TowerFarmington Tower

Presenter
Presentation Notes
The sites are 185 (PM) and 25 (TF) km inland from the Atlantic Ocean, and 10 km off the shore (AI) in the Gulf of Maine.  They form a unique west-east oriented transect with surrounding environments of heavily forested, coastal, and marine boundary layer.  Moreover, due to the remote central location of PM in New England and its 700 m elevation (i.e., above the nocturnal inversion and in the middle of the daytime boundary layer), the site is ideally located to determine regional trends in trace gases, including Hg.

At each site ambient air is delivered to the instruments through a 10 cm OD PFA Teflon-coated aluminum manifold operated at 1500 standard liters per minute.  The inlets to the manifolds are located 15 m above ground level at TF and PM, just above the surrounding canopy, while that at AI is located at the top of a WWII-era surveillance tower about 40 m above sea level.  The data are obtained as one minute averages for CO, O3, NO, and NOy. 
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Measurements and Data
• Hg°, CO, O3, NO, NOy, CO2, SO2, and CH4 measured at Thompson 

Farm, Pac Monadnock and Appledore Island. 
• Tekran model 2537A cold vapor atomic fluorescence spectrometer, 

5-minute time resolution, LOD of 5-10 ppqv. 
• An internal permeation tube calibration (±5% reproducibility) verified 

every six months using syringe injection from the headspace of a 
thermoelectrically cooled Hg° reservoir (Tekran model 2505).

• Standard additions of Hg° performed on ambient air during day and 
night to capture variations in temperature and specific humidity.  

• Hg0: TF - starting on 01 November 2003; PM - 28 February 2005; AI 
- 08 July 8 - 06 September 2005. Data presented in UT.

• Daily VOCs measurements at TF during Jan. 2004 – present.
• Hourly VOCs measurements at TF and AI in summers 2004 and 

2005.
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Seasonal and Diurnal Variation is Pronounced
(1 ng m-3 = 112 ppqv)

Presenter
Presentation Notes
Mixing ratios of Hg at TF exhibited a distinct and recurring seasonality with an annual maximum in late winter - early spring and a minimum in early fall.  This long-term variation was accompanied by precipitous day-to-day dips and peaks that were accentuated during the warmer season.  For example, Hg mixing ratios in early fall were as low as ~50 ppqv compared to the highest levels exceeding 300 ppqv.  
In comparison, Hg at the PM inland site exhibited much smaller daily-to-annual variations and much higher minimum values.  At this site, the daily mixing ratio maximum rarely exceeded 250 ppqv while the minimum was typically ~100 ppqv. 
The annual maximum mixing ratios derived from the 10-day moving averages were similar at both sites while the minimums were higher by 30 - 40 ppqv at PM.  
Mixing ratios of Hg rose rapidly from these values in early November to wintertime levels and hovered around these levels until early springtime.  Note the sudden excursion at TF to an upward trend from the annual minimum, which apparently initiated the rapid increase in Hg mixing ratios in fall.  We attribute this to a sharp decline in both halogen chemistry impacts on Hg and a decreased frequency of nocturnal inversions.  A similar trend occurs across New England for O3, with the most extensive nighttime depletion occurring during the summer/fall months.
The warm season (March – September) decline in Hg at TF is seemingly indicative of a season-long strengthening in its removal processes, as evidenced by significant almost daily downward propagation in its mixing ratio. At PM the downward trend was much less pronounced, which may suggest the presence of a stronger natural source strength or less efficient loss of Hg, assuming a similar regional anthropogenic contribution at the two sites.  
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Thompson Farm 

(24 m, 25 km form ocean)

Pac Monadnock 

(700 m, 185 km from ocean)

Presenter
Presentation Notes
Seasonally averaged diurnal cycles of Hg at TF exhibited noticeable daily patterns in summer and fall with amplitudes of 20-25 ppqv and 15-20 ppqv respectively.  These fluctuations were insignificant in winter and spring with amplitudes <10 ppqv.  
These seasonal characteristics are likely attributable to the presence and frequency of the occurrence of the nocturnal inversion at altitudes below ~300 m in New England.  During summer and fall the inversion can be present on as many as 50% of the nights, and like O3, it inhibits near-surface replenishment of Hg by limiting exchange with remnant boundary layer air aloft.  Beneath the inversion, Hg can be effectively removed from the atmosphere by dry deposition, causing the observed nighttime dips in Hg mixing ratios at TF.  The daily minimum in Hg mixing ratios occurred between 1000-1100 in summer and ~1100 in fall, which correspond to sunrise and initiation of vertical mixing driven by diurnal heating. 
In contrast, predominant features at PM included the absence of an Hg diurnal cycle and little seasonal variation in its mixing ratio (160 – 175 ppqv) except for a moderate decrease to ~150 ppqv in fall (both years) and a more significant one to ~140 ppqv in summer 2006.  Comparison of Hg seasonality at PM and TF indicates that mixing ratios were similar in winter and spring, but lower at TF in summer and fall with the largest differences of 20-50 ppqv occurring near the hour of 1200 in fall.
 It should be pointed out that at TF there was considerable interannual variability in the seasonally averaged diurnal cycle of Hg for all seasons but summer (Figure 2a).  This difference was most pronounced during the fall season.  
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Nighttime 
Depletion and 

Estimation of Dry 
Depositional 

Losses –
Important Removal
Pathways Poorly 

Characterized

Presenter
Presentation Notes
Time series of O3 and Hg mixing ratios for August 2004, 2005, and 2006 show synchronized depletion in the early morning hours.
The occurrence of O3 depletion, due to titration by NO and dry deposition, is a good indicator of the presence of a capped nocturnal inversion layer and subsequent lack of exchange with the residual layer aloft.
The coincident depletion of Hg and O3, and enhancement in CO2 suggests a net sink of Hg at TF at night. 
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Investigation of nighttime
removal.

ΔHgo/ΔNOy = 3.2 ppqv/ppbv

Presenter
Presentation Notes
The loss of Hg via dry deposition can be better inferred from its relationship with NOy.  There was a striking positive correlation between NOy and Hg along the lower boundary (denoted as the Hg-NOy lower boundary) of the scatter plot using all 3.5 years of data.  For the NOy mixing ratio > 40 ppbv on this boundary, the data points were mostly collected in winter (December – February) consisting of samples on the higher end of NOy levels.
We found that mixing ratios of NOy < 40 ppbv mostly occurred before sunrise in fall to early December.  We picked out all the days including these points and plotted the diurnal cycles of O3, NOy and Hg0 averaged on these days. 
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Linear decreasing 
trends in Hg and NOy
at night indicates a 
common loss 
mechanism. 

– Dry deposition

ΔNOy = 6 ppbv

ΔHgo/ΔNOy = 3.2 ppqv/ppbv

→ ΔHgo ~ 20 ppqv

← net of anthrop., chem., dry 
dep.

2004

2005

2006

Presenter
Presentation Notes
On these days, the O3 mixing ratio decreased from 15-20 ppbv at midnight UTC quickly to single digits in <4 hours and then continued to fall at a much slower rate to ≤5 ppbv at the hours before sunrise.  Rather differently did the levels of NOy and Hg fell at more constant rates over the same time period of the day, implying common loss mechanisms for the two compounds. 
The differing nighttime  depletion rate of NOy and Hg from that of O3 may stem from sources coexisting with sinks for NOy and Hg as opposed to little to none nighttime O3 production at all.  Therefore, NOy appears to be a better proxy than O3 to be used to understand the nighttime loss mechanisms of Hg. 
Nighttime loss of NOy is mainly via the dry deposition of HNO3 and NOx. The dry depositional loss of HNO3+NOx was rather fast at night, and thus the resemblance of the decreasing trend at night between NOy and Hg alludes to the possibility of faster dry deposition of TGM than suggested in previous studies. 
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• Total annual emission of mercury in the Strafford County, 
NH (1000 km2) was 6848.38 g [NESCAUM, 2005]  ~ 9 
ppqv Hg0 (assuming PBL=125 m)

• The dry deposition velocity of Hg° was estimated to be 
0.17 cm s-1 in 2004 and 0.20 cm s-1 in 2005.
 Compare to 0.01 cm s-1 in literature

7.5x10-19 cm3 molecule-1 s-1

3.2x10-20 cm3 molecule-1 s-1

  Daytime Night Daily 
O3

1 4.16 2.66 7.82 
O3

2 0.17 0.11 0.28 
OH 0.50 - 0.50 
NO3  -  3.5 3.5 

0.78
8.32
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Contrasting Interannual Variability
Steeper warm season decline rate in 2005 than in 2004

Processes on time scales 
>weekly might account for 
the more pronounced 
decreasing trend in 2005. 

Hypothesis:

The dry conditions in summer 
2005 may have contributed to 
the stronger decreasing trend .

Presenter
Presentation Notes
Effects of precipitation on Hg levels are threefold: 
a short-lived (~hours) burst in emissions from soils usually occurs (Lindberg et al., 1999), 
the dry deposition flux to a wet canopy can be enhanced up to 3-fold compared to a dry one (Lindberg et al., 1998) and, 
reduced uptake/emission as forest stomatal exchange decreases strongly under dark conditions and drought stress (Lindberg et al., 1998).  

Recently, Bash et al. (2007) found, based on flux measurements, that mercury evasion was greatest during periods when the canopy was wet from either dew or rainfall.  This result suggests that depositional losses are more than offset by release of Hg from the canopy, possibly due to lack of RGM which is more soluble than Hg, or enhanced mobility and reduction of divalent mercury bound in soils or the canopy under wet conditions.  It is possible that the dry conditions in summer 2005 may have contributed to the stronger decreasing trend that year.  

Measurements of RGM mixing ratios and both soil and canopy Hg flux information are needed to conduct a robust assessment of these processes. 
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