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Comparison of reactive gaseous mercury measured by KCl-coated denuders 
and cation exchange membranes during the Pacific GEOTRACES 
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H I G H L I G H T S  

• Hg speciation in the MBL over the Pacific was quantified during 2018 GEOTRACES GP15. 
• A comparison measurement of RGHg by a KCl-coated denuder and CEM showed differences. 
• RGHg measured by CEM was on average 5 times higher than the value from the denuder. 
• This study suggested RGHg was underestimated using the KCl-coated denuder over MBL. 
• High RGHg was found with low ozone and there was a diurnal cycle in the tropics.  
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A B S T R A C T   

Reactive gaseous mercury (RGHg) over the marine boundary layer (MBL) has been investigated in many oceans, 
such as the North Atlantic, Arctic and Antarctic using the KCl-coated denuder, as deployed in the Tekran in
strument. Given recent concerns on the suitability of the denuder for capturing RGHg, we initiated a comparison 
study of RGHg concentrations measured by the KCl-coated denuder and with cation exchange membranes (CEM) 
during the Pacific GEOTRACES GP15 cruise between Alaska and Tahiti along 152◦W from 18 September to 
November 24, 2018. RGHg concentrations measured by the KCl-coated denuder showed a strong variability 
along the cruise and ranged from 0.2 to 42.2 pg/m3 (average 7.2 pg/m3), while RGHg collected by the CEM 
similarly showed a large variability with a range from 10.7 to 143.3 pg/m3. However, a different pattern 
spatially and temporally was seen with the two measurement devices. Overall, RGHg concentrations measured 
by the CEM were, on average, 5 times higher than those measured by the KCl-coated denuder. In addition, the 
Tekran data suggest that occasional daily peaks of RGHg were associated with ozone depletion providing evi
dence for the formation of RGHg by reactions with reactive halogen species. A diurnal cycle in the RGHg con
centration was observed in the low latitude tropical regions, likely caused by these photochemical reactions. 
Although the measurements by the denuder have better time resolution, and allow for examination of processes 
for RGHg formation, their efficiency of capture of RGHg needs to be further considered. This study suggested that 
using the KCl-coated denuder led to an underestimation of RGHg over the MBL, as found in previous studies. 
Therefore, further studies should be made to examine the measured RGHg concentrations over the MBL using 
different quantification approaches to further examine the distribution of RGHg.   

1. Introduction 

Due to rapidly increased human activity, such as coal combustion, 
gold mining and industrial production, the amount of mercury (Hg) 
released to the biosphere has been substantially enhanced since 

antiquity (Driscoll et al., 2013; Engstrom et al., 2014; Lamborg et al., 
2014). In the atmosphere, three major species of inorganic Hg are 
defined by their chemical and physical properties as elemental Hg (Hg0), 
reactive gaseous Hg (RGHg) and particulate Hg (HgP), with some frac
tions being operationally defined (Landis et al., 2002; Laurier et al., 
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2003; Sheu and Mason, 2001). Mercury speciation fluctuates dramati
cally in the environment as the dominant species vary with medium and 
location, and this results in a diverse fate for atmospheric deposition 
within the global Hg cycle. Usually, Hg0, as the main species in the at
mosphere (~97% of the total atmospheric Hg), has a long atmospheric 
lifetime with the range of six months to one year (Holmes et al., 2006). 
The resultant long-range atmospheric transport of emitted Hg0 from 
natural and anthropogenic sources, contrasts with that of RGHg and 
HgP, which have relatively short lifetimes of about 1–10 h in the 
near-surface atmosphere, due to their reactivity, and they are readily 
deposited by wet or dry deposition mechanisms (Holmes et al., 2009). 
Generally, RGHg is less than 10 pg/m3 and comprises just around 1% of 
atmospheric Hg in the lower troposphere (Lindberg et al., 2007). 
However, due to its high reactivity with water, it can deposit within a 
100 km radius of its production location, and become a major contrib
utor to Hg in wet deposition, even given its low concentration (Holmes 
et al., 2009). So, the local formation of RGHg could become a critical 
local Hg component of air-sea exchange and should be considered in any 
calculations. Several cruises have investigated the composition of at
mospheric gaseous Hg across the oceans by using the Tekran speciation 
system, as it simultaneously can determine the three species of inorganic 
Hg (Landis et al., 2002). Laurier et al. (2003) showed RGHg concen
trations varied from 0.15 to 92.4 pg/m3 with an average of 9.5 pg/m3 in 
the North Pacific and the negative relationship with ozone strongly 
suggested the in-situ formation of RGHg by photochemical reaction with 
halogens which was also observed in the year-round measurements in 
the MBL over the Galápagos Islands in the equatorial Pacific (Wang 
et al., 2014). Aspmo et al. (2006) showed that RGHg concentrations 
ranged from 0 to 22 pg/m3 with an average of 2.4 pg/m3 in the North 
Atlantic. Temme et al. (2003) reported RGHg concentrations over the 
South Atlantic with a range of 1–30 pg/m3 with the mean concentration 
as 8 pg/m3. Also, Soerensen et al. (2010) suggested a global mean of 
RGHg in the free marine boundary layer (MBL) was 3.1 ± 11 pg/m3, 
based on the data from prior studies. 

At present, a controversy has re-emerged regarding the precision of 
measuring RGHg by using the Tekran speciation system, which mea
sures RGHg based on trapping it with a potassium chloride (KCl)-coated 
denuder as the first separation step (Landis et al., 2002). The trapping 
efficiency of the denuder for all components that make up RGHg has 
been questioned and oppugned (Huang et al., 2013; Jaffe et al., 2014) 
and concerns raised that environmental variables (i.e., ozone and hu
midity) could also impact the suitability of measuring RGHg by a 
KCl-coated denuder (Huang and Gustin, 2015). Concerns over the effi
ciency of the denuders for trapping RGHg were also raised in earlier 
studies (Sheu and Mason, 2001). Some evidence suggests that absolute 
humidity and ozone have an inverse correlation with RGHg recovery by 
the denuder, examined using a known source of RGHg (i.e., HgBr2). 
These studies inferred that the KCl-coated denuder method could un
derestimate RGHg concentrations in the atmosphere (Huang and Gustin, 
2015; McClure et al., 2014). An alternative method has been proposed to 
capture RGHg by using in-line filters with cation exchange membranes 
(CEM), which have been used already to determine RGHg concentra
tions in ambient air in previous studies (Ebinghaus et al., 1999; Huang 
et al., 2013, 2017; Mason et al., 1997b; Sheu and Mason, 2001). In one 
international field inter-comparison at Mace Head, Ireland, RGHg 
collected by a series of two CEMs with an up-front quartz fiber filter was 
determined to range from 13 to 23 pg/m3 while RGHg collected by the 
KCl-coated denuder showed a higher concentration range from 41 to 94 
pg/m3, but it was thought that this was due to potential aerosol influ
ence (Ebinghaus et al., 1999). Another field campaign in the Chesapeake 
Bay area measuring the speciation of atmospheric Hg, compared using a 
five-stage Teflon filter pack (one quartz fiber filter and four CEMs in 
sequence), a denuder and refluxing mist chambers, suggested that the 
denuder could be underestimating the RGHg concentration, although 
the differences were not always consistent (Mason et al., 1997a; Sheu 
and Mason, 2001). In addition, Huang et al. (2013) suggested that the 

CEM, and additionally a nylon filter, measured 1.3 to 3.7 times higher 
RGHg than the KCl-coated denuder in both laboratory and field exper
iments, further demonstrating the underestimation of RGHg concen
trations by the denuder. However, despite these field and lab 
experiments on the comparison, the potential limitations and concerns 
associated with the CEM have not been conclusively demonstrated for 
active sampling. Several studies have mentioned the concern of the 
re-oxidization of HgP captured on the upstream particulate filters then 
being captured on the downstream CEM as RGHg and alternatively, 
possible adsorption of RGHg to the particulate filters (Gustin et al., 
2015; Miller et al., 2019). In addition, the CEM could have an artifact as, 
under high relative humidity, the condensation of water vapor on the 
CEM surface, could absorb ozone from the atmosphere during the 
sampling period, which would cause additional RGHg formation on the 
CEM from the passing Hg0. Such reactions could also occur on an up
stream particulate filter. These limitations and concerns were still un
solved prior to the cruise. 

Given the recent concern about the efficiency of the KCl-coated 
denuder and the previous experiments using alternative methods, in 
this study we examined the speciation of atmospheric Hg over the ma
rine boundary layer where few comparisons have been made with 
multiple approaches. For measuring RGHg, the Tekran speciation sys
tem and the multistage filter pack were used during the GEOTRACES 
Cruise to help us better understand the RGHg concentrations in the MBL. 
This paper focuses on the comparison of measuring RGHg between these 
two approaches and compares the results with data from other studies. 

2. Materials and methods 

2.1. Cruise information 

The U.S. GEOTRACES GP15 cruise (Pacific Meridional Transect), 
which is a section of the U.S. GEOTRACES program, was conducted in 
the central Pacific Ocean along 152◦W from 56◦N to 20◦S between 
Alaska and Tahiti (Fig. 1a). The R/V Roger Revelle (Fig. 1c; https 
://scripps.ucsd.edu/ships/revelle) departed from Washington (Seattle) 
on September 18, 2018 and sailed northwest up to the Alaska shelf and 
then headed south, with a two-day stop at Hawaii (Hilo) from 21 to 24 
October, until reaching Tahiti (Papeete) on November 24, 2018. The 
cruise supported a large amount of individual scientific projects study
ing the biogeochemical interactions of trace elements and isotopes 
(TEIs), not only in the ocean, but also in the near-surface atmosphere 
(https://www.geotraces.org/gp15-geotraces-cruise). 

2.2. RGHg measurement by the KCl-coated denuder 

2.2.1. Sampling on ship 
Measurements of Hg speciation in the near-surface atmosphere were 

made by using the Tekran speciation system (2537B/1130/1135; Tek
ran Inc.) for determination of Hg0, RGHg and HgP, respectively, which 
was also used on the 2015 U.S. Arctic GEOTRACES cruise (DiMento 
et al., 2019) and the 2002 Intergovernmental Oceanographic Commis
sion (IOC) cruise transect over the North Pacific Ocean (Laurier et al., 
2003). The Tekran speciation system was deployed on the front rail of 
the 03 deck of the ship at a height of approximately 10 m above sea level 
to minimize the influence from the stack (Fig. 1b; Fig. 2; Supporting 
Information S1). After the initial instrument external calibration using 
the Tekran 2505 calibration unit while in the port, manual injections 
were repeated to check the calibration on the Tekran 2537B biweekly 
and the recovery was between 95% and 107%, with the average of 98%. 
In addition, the internal permeation source calibrations of Tekran 2537B 
were performed every 25 h, so it was calibrated at different times every 
day. The detection limits for the Tekran speciation system were esti
mated at < 0.1 ng/m3, 1.0 pg/m3 and 1.0 pg/m3 for Hg0, RGHg and HgP, 
respectively (Landis et al., 2002; Tekran, 2005). The Tekran speciation 
system was typically set up for a sampling time of 1 h for all species and a 
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desorption time of 1 h for RGHg and HgP, so a full cycle of sample 
duration was 2 h. By pumping the ambient air through the inlet with a 
heated impactor (removal of the coarse particle fraction > 2.5 μm), 
RGHg and HgP were then absorbed firstly onto the KCl-coated denuder 
and then on the particulate trap of the Tekran 1130/1135, respectively, 
while Hg0 was quantified with a Tekran 2537B, with a 5 min time 

resolution. After a 1 h sampling period, the pyrolyzer, particulate trap 
and denuder were heated to 800 ◦C, 800 ◦C and 500 ◦C, respectively, 
while pumping zero-air into the system. Subsequently, RGHg and HgP 

were thermally desorbed and decomposed and transported into zero air 
and analyzed as Hg0 by the Tekran 2537B. 

Fig. 1. The U.S. Pacific GEOTRACES GP15 cruise and Tekran speciation system on the front rail of R/V Roger Revelle. (a) The U.S. GEOTRACES GP15 cruise track 
shown as the grey line in the central Pacific Ocean along 152◦W from 56◦N to 20◦S between Alaska and Tahiti, 18 September - November 24, 2018. The colored dots 
along the cruise track represent the daily averaged atmospheric Hg0 measured by Tekran 2537B; (b) the Tekran speciation system mounted on the front rail of the 03 
deck of the ship at a height of approximately 10 m above sea level; and (c) The R/V Roger Revelle (https://scripps.ucsd.edu/ships/revelle). 

Fig. 2. Schematic diagram of the apparatus for 
measuring atmospheric mercury speciation by the 
Tekran speciation system, and particulate and reac
tive gaseous mercury (RGHg) by the Teflon multi
stage filter pack. In the top panel, ambient air intake 
through the Tekran 1130/1135 mounted outside on 
the front rail of the 03 deck of the ship and passed 
through the 10 m heating line to the Tekran 2537B 
inside the ship’s lab. In the bottom panel, the Teflon 
multistage filter pack mounted outside with four fil
ters. Ambient air drawn through the filter pack using 
a diaphragm pump with a mass flow controller to 
determine air flow.   
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2.2.2. Data analysis of atmospheric RGHg 
Prior to analyzing the data generated from Tekran speciation system, 

a data validation process has been applied to remove the data corre
sponding to the following conditions: 1) the ship was stopped at the 
vertical profile stations during the transect, 2) the wind direction was 
relative to the ship’s bow within ±30◦. These conditions stated above 
could allow compounds from ship’s chimney into the inlet of Tekran 
speciation system, leading to the samples being contaminated. At each 
step within the cycle of the Tekran speciation system sample duration, 
an event flag number was associated with each step as 0, 1, 2 and 3 for 
sample duration, zero air flush, particulate trap heat and denuder heat, 
respectively. The regular calculation of RGHg concentrations for each 
15 min heating cycle was derived by summing up the three concentra
tions for the 5 min timesteps and subtracting three times the averaged 
blank concentrations, calculated from averaging the five concentrations 
during the system blanking period (flag number as 1), then multiplying 
by the conversion factor. Usually, the five concentrations with the flag 
number as 1 (blanks) were similar to each other, from 0.1 to 0.5 ng/m3. 
However, during the cruise, some cycles showed two higher flush blank 
concentrations, with one at the beginning of the zero-air flush into the 
system and the other one following the denuder heating step (Support
ing Information S2; Fig. S1), which also happened before the cruise 
when we tested the Tekran speciation system at University of Con
necticut, Avery Point campus. If we included these two higher flush 
blank concentrations, which likely reflected Hg0 released from the 
speciation units, in the regular calculation of RGHg concentrations, it 
would likely overestimate the blank concentrations and underestimate 
the RGHg concentrations. To address this issue, an adjustment was 
applied in the regular calculation by ignoring the first blank concen
tration and treating the second blank concentration as additional RGHg 
from the denuder heating. Additional analytical details are included in 
the Supporting Information S2. 

2.3. RGHg measurement by the CEM 

2.3.1. Sampling on ship 
According to our experience from previous studies (Mason et al., 

1997b; Sheu and Mason, 2001), the multistage Teflon filter pack was 
deployed and mounted close to the inlet of Tekran speciation system to 
make the datasets comparable to each other (Fig. 2). The multistage 
Teflon filter holder included four filters in order from the air intake: one 
quartz fiber filter (0.2 μm pore size, 47 mm dia.) to remove particles and 
three polyethersulfone acidic negatively charged cation exchange 
membranes (CEM; I.C.E. 450, 0.45 μm pore size, 47 mm dia., Pall Corp.) 
– as the capture RGHg filter, a backup filter to assess for “breakthrough” 
of RGHg from the previous filter, and a filter to stop any back contam
ination from the pump and Teflon tubing when the pump is switched 
on/off during sampling. Ambient air was drawn through the filter pack 
using a diaphragm pump with a mass flow controller (MFC; GFC3, 
Aalborg Inc.) to determine the air flow. The Teflon tubing (about 10 m) 
ran from the front rail of the 03 deck and down a gooseneck conduit into 
the ship’s interior connected to the pump. The air flow rates were 
around 2 L/min and each filter pack was deployed for a total sampling 
period of 2–3 days to obtain a detectable signal above the detection limit 
(DL) of 90 pg, which is equivalent to 10 pg/m3 RGHg given the typical 
volumes collected. Deployment details for each filter pack, and more 
QA/QC information are included in the Supporting Information S1 
(Table S1). Filter packs were acid cleaned in a procedure described by 
Landis and Keeler (1997) and double-bagged for storage and transfer, 
and sample filters were stored frozen in polystyrene petri dishes (Fish
erbrand, Fisher Scientific Co.) and acid digested prior to analysis for Hg, 
as detailed below. Filters were loaded into and unloaded from the filter 
pack in a High Efficiency Particulate Air (HEPA) filter blower within a 
plastic bubble clean space constructed in the laboratory of the ship to 
avoid any potential contamination from the lab air. In addition, the 
pump was controlled by an automated sector-control system to prevent 

contamination from the ships’ emissions, with the cycling between on 
and off being determined by the wind speed/direction relative to the 
ship speed/direction. Therefore, the pump was activated at periods 
when the relative wind direction was from within ±60◦ of the ship’s bow 
and a relative wind speed was above 0.5 m/s, for at least five continuous 
minutes to avoid the ship’s stack exhaust (Marsay et al., 2018). In 
addition, deployment blanks of the filter pack were collected during the 
cruise by loading but not deploying the filter packs and they were stored 
in the same manner as sample filters. As noted above, the CEM filters 
were used and compared to the Tekran speciation system prior to the 
cruise at the University of Connecticut, Avery Point campus to ascertain 
the differences between the two collection methods for marine air, and 
the results are detailed in the SI. 

2.3.2. Analysis of the CEM 
All filters were stored frozen in polystyrene petri dishes which were 

double-bagged and shipped to University of Connecticut, Avery Point 
campus for the analysis of total Hg concentrations. Details of the 
analytical method is provided in the Supporting Information S3 and is 
summarized here. Each CEM was transferred to an individual 15 ml 
polypropylene centrifuge tube (Fisherbrand, Fisher Scientific Co.) and 
digested with 4.5 M nitric acid (HNO3; TraceMetal Grade, Fisher 
Chemical, Fisher Scientific Co.) in a covered water bath (Precision 
Model 184, GCA Corp.) at about 60 ◦C for 12 h. The digested solution 
was further oxidized with bromine monochloride (BrCl) to convert all 
Hg species to divalent Hg (HgII) and subsequently pre-reduced with 
hydroxylamine hydrochloride (NH2OH•HCl) to consume the excess 
BrCl. The solution was then further reduced with stannous chloride 
(SnCl2) to convert all HgII to Hg0

, which was quantified by dual gold- 
amalgamation with cold vapor atomic fluorescence detection (CVAFS) 
using an automated Tekran 2600 system, in accordance with U.S. EPA 
Method 1631 Revision E (Bloom and Fitzgerald, 1988; DiMento et al., 
2019; Fitzgerald and Gill, 1979; U.S. Environmental Protection Agency, 
2002). The system background Hg was checked for each analytical run 
by analyzing the solution with only pure reagents in the same vials for 
each batch of 5 filters sample, analyzed in triplicate. The precision and 
recovery were determined by analyzing total Hg standards before and 
after each batch, and the mean recovery for all Hg standards was 101.2 
± 7.1%, and the detection limit (DL) was 0.25 pM. 

Also, as done in other studies, so-called filter breakthrough was 
calculated for each filter pack by comparing total Hg concentrations on 
the first and secondary CEM using Eq. (1). 

Breakthrough(%)=
CEM2nd − CEMBlank

(CEM1st − CEMBlank) + (CEM2nd − CEMBlank)
× 100

(1) 

While high concentrations on the backup (second) filter has been 
attributed to the lack of capture of RGHg on the first CEM filter, we 
discuss other explanations for the presence of RGHg on the second filter. 
CEM blanks were collected, stored and analyzed in the same manner 
with every set of sample filters, and each CEM sample subtracted the 
corresponding CEM blank to calculate the final blank corrected con
centration for data analysis. 

2.4. Ozone and auxiliary data for the atmosphere 

In order to understand the extent of halogen chemistry and ozone 
depletion in the MBL (Holmes et al., 2009), ozone was quantified using 
an UV photometric ozone analyzer (Model 49i, Thermo Fisher Scientific 
Inc.), which was calibrated prior to the cruise at port and during the 
cruise on a weekly basis. Unfortunately, the analyzer had analytical is
sues after the ship stopped at Hawaii (Hilo), therefore, ozone data for 
Leg 2 is not available. In addition, the Shipboard Meteorological 
Acquisition System (MetAcq) measured and recorded a wide variety of 
meteorological data: air temperature, barometric pressure, wind 
speed/direction, relative humidity, photosynthetically active radiation 
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(PAR), seawater temperature and seawater conductivity (Fig. S4). At
mospheric meteorological sensors were generally located on the forward 
part of the ship or above the ship’s upper bridge deck. Details about the 
sensor types could be found at the R/V Roger Revelle main website (https 
://scripps.ucsd.edu/ships/revelle). 

3. Results and discussion 

3.1. Spatial and temporal variation of RGHg in the Pacific 

3.1.1. Tekran speciation system results 
According to the meridional transect, trends of RGHg concentration 

in the Pacific Ocean can be divided into five zones based on geographical 
and hydrographical settings (Soerensen et al., 2014) – the coastal region 
(47◦N - 56◦N - 50◦N), the North Pacific (50◦N - 13◦N), the intertropical 
convergence zone (ITCZ; 13◦N - 5◦N), the equatorial zone (5◦N - 1◦S) 
and the South Pacific (1◦S - 20◦S). Generally, RGHg concentrations 
varied spatially and temporally throughout the cruise, as shown in 
Fig. 3, from the coastal region to the open ocean. In this study, RGHg 
data showed a strong variability along the cruise track, and ranged from 
0.2 to 42.2 pg/m3, with averaged value of 7.2 pg/m3. Overall, the data 
suggested the in-situ production of RGHg by photochemical processes 
with reactive halogen species. 

Within the coastal region zone, during the first two weeks of the 
transect, when the ship was near to the coast of Alaska, RGHg concen
trations measured by the Tekran speciation system were 8.8 ± 2.8 pg/ 
m3, with a small and stable variation compared to the results from the 
other zones. In agreement, Laurier et al. (2003) also reported that the 
RGHg concentrations near the coast of Japan during the 2002 IOC cruise 
ranged from 0.2 to 10.7 pg/m3, which were comparable to the mea
surements in this study, while measurements made within the Arctic 
region showed a much lower mean of RGHg concentrations about 1.7 
pg/m3 (DiMento et al., 2019). In addition, there was a small diurnal 
cycle, characterized by increased midday maxima, near the coast of 

Alaska. The weather was windy and cold, and cloudy conditions pre
vailed. Ozone concentrations were variable, with a range from 2 to 20 
ppbv. 

At the end of the first two weeks, the ship encountered a significant 
storm, which eliminated the power supply for the Tekran speciation 
system, and therefore, no measurements by the Tekran were made 
during and after the storm for one week. However, the measurements by 
the CEM were continued during the storm. RGHg concentrations showed 
significantly lower values after the storm to the north of the North Pa
cific zone (Wilcoxon Rank Sum Test, p-value < 0.001), which suggested 
that the higher wet deposition during this time had removed the RGHg 
from the atmosphere. Also, in this zone, between 47◦N and 34◦N, RGHg 
concentrations were the lowest among the whole transect, with a mean 
value as 2.3 pg/m3. 

Between 34◦N and 13◦N, RGHg concentrations showed a higher 
variability, with a range in concentration from 0.5 to 32.6 pg/m3 

(average 9.1 pg/m3). Also, some instances of increased RGHg were 
associated with apparent ozone depletion (Fig. S3), which suggested the 
in-situ formation of RGHg by halogen reactions (Holmes et al., 2009). 
However, the overall trend of ozone concentrations had no significant 
correlation with the RGHg concentrations, which suggests that other 
processes also influenced the RGHg, besides reactions that produced 
ozone depletion. Near the island of Hawaii, higher RGHg concentrations 
and variability were found, which were comparable to the measure
ments made around the Hawaiian Islands during the 2002 IOC cruise 
(Laurier et al., 2003). These data suggested potential RGHg sources from 
the islands. 

Within the ITCZ, where a higher frequency of rain events happened, 
RGHg concentrations were low and varied from 2.8 to 15.5 pg/m3, with 
an averaged value of 7 ± 2.6 pg/m3. Therefore, we propose that RGHg 
was being actively removed from the atmosphere to the surface ocean by 
wet deposition, which supported an enhanced Hg pool at the ocean 
surface, and which could support the higher evasion of dissolved Hg0 

back to the atmosphere (Soerensen et al., 2014). In correspondence with 

Fig. 3. Atmospheric RGHg concentrations measured by the Tekran (left axis scale) and the CEM (right axis scale) during the U.S. Pacific GEOTRACES GP15 cruise. 
Reactive gaseous mercury concentrations in atmosphere are plotted against the sample date and latitude. Original RGHg concentrations and daily averaged RGHg 
concentrations measured by the Tekran are shown in grey dots and the yellow line is the daily average, respectively. RGHg concentrations measured by the CEM are 
shown as a green horizontal bar representing the sample duration. The dashed line represents the equator. The different background colors represent the five zones 
along the cruise track, as described in the text. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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a higher wet deposition for RGHg, an increased formation rate for RGHg 
would also be needed to sustain the RGHg concentration in the atmo
sphere. Unfortunately, ozone data was not available after the ship 
passed the Hawaiian Islands. A previous cruise, from 50◦N to 15◦S along 
170◦W, showed that ozone concentrations had a dramatic decrease at 
the ITCZ from around 20 ppb–2 ppb (Johnson et al., 1990), suggesting 
the influence of reactive halogen reactions on both ozone depletion and 
on RGHg production. 

In the equator zone and the South Pacific zone, RGHg concentrations 
were 8.4 ± 8.1 pg/m3 and 8.4 ± 5.8 pg/m3, respectively, and showed no 
significant difference between each other (Wilcoxon Rank Sum Test, p- 
value = 0.35). For these low latitude regions, typical tropical areas, the 
measurements characterized that RGHg concentrations had a diurnal 
cycle corresponding to the photochemical reactions, as indicated by the 
solar radiation, with a RGHg peak at midday (Fig. S2), which was also 
observed by previous studies (Laurier and Mason, 2007; Laurier et al., 
2003; Soerensen et al., 2010). A recent study reported year-round 
measurements of Hg0 and RGHg along with ozone and halogen oxides 
in the MBL over the Galápagos Islands in the equatorial Pacific showed 
that higher level of RGHg occurred around the midday and suggested an 
additional oxidant was needed to reproduce the high midday RGHg 
concentrations, which was also generated by photochemistry (Wang 
et al., 2014). 

3.1.2. CEM results 
To better compare the CEM RGHg results with those from the Tekran 

speciation system, all RGHg concentrations were plotted together in 
Fig. 3, with a three times larger scale for the CEM data than the Tekran 
speciation system data. Generally, RGHg collected by the CEM showed a 
larger variability spatially and temporally with a range from 10.7 to 
143.3 pg/m3 but seemed to display a unique pattern compared to the 
Tekran results. 

According to previous studies, several environment variables and the 
functioning of the CEM filters should be discussed before considering 
any further explanation of the RGHg pattern. Uptake of Hg0 by the CEM 
during active sampling must be ruled out for successfully using them for 
ambient RGHg measurements, as even a small amount of Hg0 uptake 
(1%–2%) would easily overwhelm the detection of ambient RGHg. 
However, Stratton et al. (2001) found when using the refluxing mist 
chamber to collect RGHg that the presence of a filter upstream of the 
device had no impact on the RGHg concentration. Some studies have 
also shown that Hg0 uptake on CEM material was negligible, even under 
a high Hg0 exposure ranging from 1.43 × 106 to 1.85 × 106 pg/m3 

(Miller et al., 2019), which means that during the lower Hg0 exposure 
during the Pacific sampling (i.e. sampling in the open ocean), Hg0 

trapping was not an issue. 
In addition, there was a constant high humidity condition on the ship 

during the sampling with the relative humidity values often over 80%. 
Previous studies have shown that the recovery of RGHg concentrations 
measured on the CEM positively correlated with the atmospheric rela
tive humidity, up to 91% at high relative humidity (>45%) (Huang and 
Gustin, 2015). However, a shortcoming was also noted corresponding to 
the high relative humidity, which caused a higher RGHg collection on 
the CEM. This effect is thought to occur from the condensation of water 
vapor on the CEM surface, which could absorb ozone from the atmo
sphere during the sampling period, which could result in additional 
RGHg formation on the CEM by the passage of Hg0 over them. This could 
lead to the potential overestimation of RGHg on the CEM. Also, water 
vapor could induce condensation even on the downstream filters, which 
also could have caused higher concentrations on this filter, and which 
could result in a high “breakthrough” on the second CEM in some in
stances. Thus, if such reactions did occur, then the high concentration on 
the second filter is not from breakthrough, but from chemical reactions 
occurring on the membrane. In this study, most of the breakthrough 
values were 0–30% of the values on the first CEM, with three extremes 
over 40%, which were much higher compared to previous studies 

(Huang et al., 2013; Miller et al., 2019). The results with the high 
relative values on the second filter are not plotted in Fig. 3, but the in
formation is reported in Table S1. 

The trend of RGHg concentrations measured by the CEM showed low 
values near the coast of Alaska, with a range from 29.2 to 33.5 pg/m3, 
and higher values, with a range from 10.7 to 143.3 pg/m3, toward the 
open ocean, showing a similar trend to the Tekran data. However, the 
RGHg concentrations measured by the CEM showed no rain removal 
effect after the storm, nor within the ITZC, compared to the Tekran 
measurements. We hypothesize that this is due to the possible in-situ 
formation of RGHg on the CEM during the sampling at high relative 
humidity/wet conditions. Comparing our data to the global mean RGHg 
concentration in the free MBL, estimated as 3.1 ± 11 pg/m3 based on the 
data from previous studies (Soerensen et al., 2010), RGHg concentra
tions measured by the CEM in the Pacific were much higher and not in a 
comparable range. Other measurements made by the CEM in the 
Atlantic Ocean showed a high range of RGHg concentrations from 50 to 
700 pg/m3 (Mason et al., 2001), which suggested a higher estimation of 
RGHg in the MBL using the CEM. 

3.2. Comparison of RGHg based on the two methods 

For better comparison between the RGHg concentrations measured 
by the CEM and the Tekran, RGHg concentrations from the Tekran were 
averaged over the same period during the CEM sampling. In this study, 
RGHg concentrations measured by the CEM were constantly higher than 
those measured by the Tekran. At the lower RGHg range (<45 pg/m3) 
measured by the CEM, RGHg concentrations were 1–4 times higher than 
those measured by the KCl-coated denuder, while a lower ratio was 
apparent with higher RGHg concentrations (>45 pg/m3), as shown in 
Fig. 4, which indicates a lower collection efficiency for the KCl-coated 
denuder. Also, RGHg measurements from this study were comparable 
to previous studies that compared these sampling devices, with the same 
linear trend (Gustin et al., 2019; Huang et al., 2013; Luippold et al., 

Fig. 4. Comparison of RGHg measured by the Tekran speciation system (left 
axis) with that measured by the CEM filters (bottom axis). Blue cycle, red 
square, purple diamond and green triangle denote the data from this study, 
Huang et al. (2013), Gustin et al. (2019) and Luippold et al. (2020), respec
tively. The solid line is the 1:1 comparison. Two dash lines represent the 50% 
and 25% comparison. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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2020), for which the linear correlation, including all the previous data, 
was: 

RGHgDenuder = 0.17 × RGHgCEM + 2.0  

with r2 = 0.62 (p-value < 0.001). As the linear regression should pass 
through the origin, theoretically if the blanks are properly determined 
for each instrument, this relationship would be: 

RGHgDenuder = 0.19 × RGHgCEM  

with r2 = 0.60 (p-value < 0.001). The coefficients of this linear corre
lation indicated that the CEM measured 5 times higher RGHg than the 
KCl-coated denuder in these field experiments, on average, which con
curs with the other studies that also inferred the underestimation of 
RGHg concentrations by the denuder. 

It should be stated that the differences between the two devices 
cannot be accounted for by the potential artifact of RGHg collection by 
the CEM from high humidity conditions during the cruise. As noted 
above, these so-called breakthrough values were mostly <30% of that on 
the primary CEM filter. Even if we assume that all this RGHg is due to 
formation on the moist filter surface due to ozone reactions, this is a 
small difference that cannot account for the much larger differences in 
the values recorded by the CEM and the Tekran denuder. However, it is 
clear that further testing is needed to get a better estimation of the po
tential for this artifact to influence measurements with the CEM. 

3.3. Comparison of RGHg based on adjusted Tekran data 

As stated in Section 2.2.2, a high flush blank was observed after the 
denuder heat step in a full cycle on some occasions, which indicated the 
potential underestimation of calculated RGHg by the regular calculation 
process. An adjusted calculation process, taking into account the po
tential for low reporting of RGHg by the denuder, has been applied and 
compared to the regular calculation process, as detailed in the Methods. 
There was some improvement in the comparison, as shown in Fig. 5. By 

characterizing the improvement as the relative change in the ratios 
between RGHg concentrations measured by KCl-coated denuder and 
CEM, the overall improvement was 80 ± 106%, which indicated the 
regular calculation process may miss quantifying RGHg to a substantial 
degree on some occassions. Within the low RGHg range (<45 pg/m3), as 
indicated by the CEM measurements, the adjusted process showed an 
increased estimated capture of RGHg of about 90 ± 120%, while at the 
high RGHg range (>45 pg/m3), the adjusted process only increased the 
estimated capture of RGHg by about 50 ± 14%. Although the adjusted 
calculation process improved the results from the Tekran, the capture 
efficiency, assuming the CEM capture was 100%, was still not compa
rable to the CEM measurements. 

Overall, while the CEM approach provides a higher estimate of the 
RGHg concentration in the boundary layer, the Tekran speciation system 
has the advantage of allowing the examination of changes on short time 
scales. On this cruise, the long collection time of the CEM cannot allow 
for any investigation of the diurnal variation in RGHg, and the causes for 
such changes, and does not allow for a detailed examination of the 
relationship between RGHg and other environmental variables. A much 
shorter sampling time for the CEM or another alternative approach is 
clearly a needed goal for their future use in environmental studies of 
RGHg concentrations and the controlling factors. Additionally, further 
studies are needed to examine both collection methods to further 
characterize potential artifacts with the methods, such as the potential 
for formation of RGHg on the CEM surfaces when sampling under con
ditions of high humidity. 

4. Conclusion 

Comparison of RGHg measurements collected using the KCl-coated 
denuder, as deployed in the Tekran instrument, and the CEM during a 
research expedition in the Pacific Ocean provided new evidence on the 
validity of previous estimations of RGHg concentrations within the MBL. 
RGHg data measured by the Tekran showed a strong variability along 
the cruise and ranged from 0.2 to 42.2 pg/m3 (average 7.2 pg/m3), 
which suggested that in-situ production of RGHg by photochemical 
processes with halogens was occurring in this region, as suggested by 
other field studies and modeling (Holmes et al., 2009; Laurier et al., 
2003; Soerensen et al., 2010). The decrease of RGHg concentrations 
after the storm and during rain events indicated its high reactivity with 
water, and its importance as a contributor to Hg in wet deposition, as 
previously suggested (Laurier and Mason, 2007). By inspecting the 
ozone data along with the RGHg data, some increases of RGHg were 
associated with ozone depletion supporting the notion for the formation 
of RGHg by reactive halogen compounds. However, the overall trend of 
ozone concentrations had no significant correlation with the change of 
RGHg concentrations, which suggests other processes, such as mixing 
and deposition (wind speed), temperature, or heterogeneous reactions 
on surfaces, affect the RGHg concentration so that its concentration 
doesn’t correspond closely with the ozone depletion, as noted by others 
(Laurier and Mason, 2007). For the low latitude regions, as typical 
tropical areas, the measurements were characterized by a diurnal cycle 
of RGHg, which was in correspondence with the photochemical re
actions indicated by the solar radiation, with a RGHg peak at midday. 

In comparison to the denuder collections, RGHg collected by the 
CEM showed a larger variability with a range from 10.7 to 143.3 pg/m3. 
Overall, however, there was a different pattern spatially and temporally 
compared to the Tekran results. Due to the constant high humidity 
during the sampling, RGHg could have been produced at the CEM filter 
surface, which could have made the reported RGHg concentrations 
higher than the actual values. Also, a higher breakthrough was noted on 
the backup filter under these circumstances, suggesting the potential for 
Hg reactions on the filter surface. 

This study showed that RGHg concentrations measured by the CEM 
were, on average, 5 times higher than those measured by the KCl-coated 
denuder, which suggested the underestimation of RGHg by the Tekran, 

Fig. 5. Comparison of RGHg measured by Tekran speciation system with and 
without the adjusted calculation process (left axis) with that measured by the 
CEM (bottom axis). Blue and yellow circles represent the data without and with 
the adjusted calculation process for RGHg concentration measured by the 
Tekran. The lines are as in Fig. 4. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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as the potential artifact with the CEM under high humidity conditions 
cannot account for the large differences in values. By using the adjusted 
process for calculating the RGHg concentrations from the Tekran, the 
relative changes on the ratios between RGHg concentrations measured 
by KCl-coated denuder and CEM improved to 80% overall, but the im
provements were not large enough to make the measurements compa
rable, and still suggests the insufficient trapping efficiency of the 
denuder. Therefore, this study inferred that an underestimation of RGHg 
over the MBL could happen in this region if the Tekran is used, and this 
should be considered when evaluating previous studies using the KCl- 
coated denuder. However, the longer sampling time of the CEM sys
tem did not allow these data to be used to examine the processes 
affecting RGHg concentration, which could be assessed with the Tekran 
data. Overall, more investigation of RGHg over the MBL should be made 
using various techniques and further studies are needed using the two 
approaches, and other techniques, in the future. Our understanding will 
be hampered until a reliable and robust technique is developed for the 
accurate and precise measurement of RGHg in the marine and terrestrial 
boundary layer. 
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