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Abstract. To quantify mercury dry deposition, the Atmo- 1 Introduction

spheric Mercury Network (AMNet) of the National Atmo-

spheric Deposition Program (NADP) was established re-Atmospheric mercury (Hg) is operationally defined as
cently to monitor the speciated atmospheric mercury (i.e.gaseous elemental Hg (GEM), gaseous oxidized Hg (GOM),
gaseous elemental mercury (GEM), gaseous oxidized merand particulate-bound Hg (PBM). Such a classification prac-
cury (GOM) and particulate-bound mercury (PBM)). How- tice has been used in field data collections as well as in
ever, the spatial coverage of AMNet is far less than theHg transport models simulations. Speciated atmospheric Hg
long-established Mercury Deposition Network (MDN) for data are useful in studies on various topics, for example,
wet deposition monitoring. The present study describes thédentifying Hg source—receptor relationships (Lynam et al.,
first attempt linking ambient concentration of the oxidized 2006; Swartzendruber et al., 2006; Choi et al., 2008; Rutter
mercury (GOM + PBM) with wet deposition aiming to esti- €t al., 2009; Weiss-Penzias et al., 2009; Huang et al., 2010;
mate GOM + PBM roughly at locations and/or times where Sprovieri et al., 2010; Cheng et al., 2012, 2013), understand-
such measurement is not available but where wet deposiing Hg cycling and partitioning (Engle et al., 2008; Steffen et
tion is monitored. The beta distribution function is used al., 2008; Amos et al., 2012), evaluating Hg transport models
to describe the distribution of GOM + PBM and is used to (Baker and Bash, 2012; Zhang et al., 2012a), and quantifying
predict GOM +PBM from monitored wet deposition. The Hg dry deposition budget (Engle et al., 2010; Lombard et al.,
mean, median, mode, standard deviation, and skewness @011; Zhang et al., 2012b).

the fitted beta distribution parameters were generated using T0 enhance the estimation of Hg dry deposition on a re-
data collected in 2009 at multiple monitoring superstations.gional scale in North America, a new monitoring network
The established beta distribution function from the 2009— the Atmospheric Mercury Network (AMNet) — was estab-
GOM + PBM data is used to construct a model that predicts"Shed recently within the National Atmospheric Deposition
GOM + PBM from wet deposition data. The model is vali- Program (NADP) (Gay et al., 2013). However, the spatial
dated using 2010 data at multiple stations, and the predictegoverage of AMNet, which has around 20 monitoring sites
month|y GOM + PBM concentrations agree reasonab|y We||in USA and Canada, is far less than the Iong-established
with measurements. The model has many potential applicaNADP’s Hg wet deposition network — the Mercury Deposi-

tions after further improvements and validation using differ- tion Network (MDN) — which has more than 100 monitoring
ent data sets. sites. While most Hg transport models could produce rea-

sonable GEM values on various spatial and temporal scales,
they frequently failed to capture the magnitudes of GOM and
PBM values at both urban and rural locations (Baker and
Bash, 2012; Zhang et al., 2012a).
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The motivation of this study came from a recent mercury able, were selected for this study to establish the statistical
transport model evaluation study (Zhang et al., 2012a) inregression model. The first step was to generate the distribu-
which the modelled surface concentrations for oxidized mer-tion density functions including their fittings and input pa-
cury were found to be 2—-10 times higher than the monitoredrameters for GOM + PBM concentration and wet deposition.
concentrations at multiple locations. Thus, if using modelledThe second step was to establish the statistical relationship
dry deposition or using modelled surface concentration to esbetween GOM + PBM concentration and wet deposition and
timate dry deposition, the results would be biased high signif-precipitation. This model can then be used to approximately
icantly. Considering that mercury collected in precipitation estimate GOM + PBM from wet deposition. It is noted that
is mainly from oxidized mercury (GOM and PBM), it might AMNet only collects a fine fraction of PBM (Ph%) while
be possible to generate some statistical relationships betweemet deposition should have included all sizes of PBM. Al-
the ambient concentration and the wet deposition. Because dhough a rough assumption can be made for the coarse frac-
the many factors (such as in-cloud and under-cloud scavengion of PBM, this will further introduce more uncertainties.
ing) affecting the wet deposition, it is not realistic to expect Because we used statistical distribution approach to estimate
a very simple relationship. The goal is to develop a methodthe relationship between the ambient and wet Hg, we simply
that might generate reasonable GOM and PBM concentraused the monitored GOM + PBM without the complication
tions from wet deposition over a relatively long period (e.g. of the coarse PBM.
monthly or longer periods). The present study aims to de-
velop a method linking ambient GOM and PBM concentra- o
tions with Hg wet deposition for the above-mentioned po-3 Statistical model for GOM + PBM
tential application. Monitored data from AMNet for ambient
GOM and PBM concentrations and MDN for wet deposition
were applied to the study.

Statistical experiments suggest that GOM + PBM concentra-
tion (referred to as ambient concentratiofelow) can be
described as a normalized random variallesing beta dis-
tribution between zero and one:

2 Relationship between ambient concentration and wet

deposition co~ Blae, Be),ae > 1, B > 1. (3)
Mercury wet depositionw measured in a collector follows a Depending on different parameters af and g, this uni-
balance equation (Amos et al., 2012): modal beta distribution could skew left or right, and could

be flat or steep, hence capable of capturing many different
w=Frpm+ Fppl, (1)  ambient concentration distributions.
m=PVc, 2) Weekly GOM +PBM concentrations in 2009 at 11 AM-

_ _ Net sites were used to estimatg and g.. These sites are
whereFrp and F;, are fractions of mercury from ambient MDO08, NH06, MD97, NJ30, NJ32, NJ54, NY06, NY20,
scavengea: and from exogenous souréearried by water  Ny43, OHO2 and VT99 and were described in Zhang et
droplets in clouds through long-range transport. Both frac-5|. (2012b). By the method of moments, we obtained the
tions are functions of the local temperatdteand precipita-  gstimates oy, = 1.28 andB, = 72.48. The mean, median,
tion P as specified in Appendix A. Especially, both fractions mode, and standard deviation (std) of this fitted beta distri-
are zero wherp is zero. Furthermore, the scavengeds  pytion are given in Table 1. The normalized histogram of
a function of the mercury ambient concentratiorprecip-  GOM + PBM is shown in Fig. 1 along with the fitted density
itation P and the under cloud air colum as indicated in  fynction. We can see that using a beta distribution can rea-

Eq. (2). For Egs. (1) and (2),can be measured at an ambient sonably describe the distribution of ambient concentration.
monitoring station, andv can be measured at a wet depo-

sition station. However, there is considerable uncertainty re-

garding the atmospheric redox chemistry of Hg (Hynes etal. 4  Statistical model with wet deposition

2009), and atmospheric measurement methods are subject to )

artefacts (Gustin and Jaffe, 2010). Hence the above balandérom Eq. (1) we can get% + FZ—fl Both terms on

equation serves as a guideline (Appendix A). Clearly, it isthe right-hand side must be positive, and they can be inter-

impossible to solve Egs. (1) and (2) feisincel/ andV are  preted as the fraction of wet deposition. Siricand V are

unknown. Hence we are interested in a more realistic goalunknown, we are not able to solve this equation for ambient

improving the mean estimate ofby using the wet deposi- Hg concentratior. On the other hand, because the ambient

tion informationw through a statistical method. To simplify Hg concentration statistically fits beta distribution very well

the case further, GOM and PBM are lumped together as th@s described in the previous section, the ratio t&@fﬂ

total of the ambient oxidized Hg. could be statistically modelled as a random variable with beta
Data collected at AMNet and MDN collocated sites, where distribution. SinceV is unknown, statistical fitting practice

both wet deposition and ambient concentrations are availshould be focused oﬁ%’%, where Frp can be estimated

FTPPVL‘
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bution (red curve) for ambient concentration (GOM + ) Table 2. Fitted beta distribution of the ratiodefined in Eq. (4).

Table 1.Fitted beta distribution of the dry ambient concentration. Mode  Std

0.0034 0.0080

Skewness

1.5833

Median

0.0079

Mean

Skewness 0.01
1.6848

Mode Std
0.004 0.0151

Mean Median

0.0174 0.0133

5 Estimate of ambient Hg concentration from wet

. ) i o deposition
using Eg. (19) in Appendix A. By examining both Hg wet
depositionw and ambient concentratierfrom weekly 2009 To estimate ambient Hg concentratiofrom wet deposition
monitoring data, we observed that the total ambient dry con+, and precipitation?, we can apply Eq. (4) to get
centratiorc is not linear to the wet depositian and the pre-
cipitation P. Instead, a highly nonlinear relationship appears. . _ Fu? ()
With a number of fitting and experimenting practice by using FrpPa’

2009 weekly data from three superstations — MDO08, OHozwherea —1/3 andb = 1/5. Note that the mean valie—

and VT99 (where both wet deposition and dry ambient “O"001 is applied in the formula derived by the beta fitting

centration were monitored) — we define a random variable inex eriment in Table 2. The scatter plot between observed
beta distribution-, which is a function of P : P

monthly GOM + PBM from the three superstations and the
corresponding estimations from Eq. (5) is shown in Fig. 3.
The plot shows that most points are centred around the 1
line with a correlation coefficient of 0.43.

To analyse errors further, we define the error as

FrpP%
r= e~ Bl ). 4

wherea = 1/3 andb = 1/5 are empirical constants based on
the fitting experiment. By the method of moments, we got
the following estimates for beta fitting of o, = 0.8396 and

B = 617909. Based in the fitted, and g,, we obtain the ) )
mean, median, mode, std, skewness of the fitted beta distril '€ PO plot and the normality plot of the estimate error are

bution as shown in Table 2. Figure 2 suggests that the fitteOWn in Fig. 4. We can see that the error has nearly zero
density function for the ratio is a close fit to the distribu- ~ M€an, and is symmetric in Fig. 4a; the error distribution is

tion generated from the measured data. approximately normal in Fig. 4b. The lower end of Fig. 4b
shows a certain deviation from normal distribution, which

might due to difficulty in obtaining accurate measurement of
extremely small mercury concentrations. The middle part of
Fig. 4b also shows a near-perfect fit of normality. Figure 4a
shows the majority of variations are in the 0.02 to 0.04 in-
terval, and our statistical method yields approximately half
higher estimates and half lower estimates, which accounts

€ = Cobs — Cestimated (6)
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for the high variation in this region. For large concentration .| = .
values, upper end of Fig. 4b shows a near-perfect fit of nor- > ‘
mality. This resultimplies that the method is robust. Ourval- 2 /| - .
idation using 2010 data confirms this observation. 8
a : :
6 Model validations 010f oy ke _ :
The purpose of this study is to develop a statistical model 5 . : ;
allowing us to use Hg wet deposition to estimate ambient ox- ng’,
idized Hg concentration on monthly or a longer period basis. al : : ; . : : : ;
To validate the model, data from a different year 2010 than -004 -003 -002 -001 O 001 D002 003 004

that used for model development (2009) and at more sites Error

were used. Monthly average Hg wet depositiorand pre-

cipitation P in 2010 at seven sites — MD08, MD99, NJ30, Fig. 4. (a_) Statistics of error estimaFe for the data shown in Fig. 3._

NY06, NY20, NY43 and OHO2 — were applied to Eq. (5) The_medlan, 25th and 7_5th percentlles and tl_we range are s_hovx_/n with

to estimate monthly GOM + PBM. The mean value 0.01, giuctggz zﬁcgl:gz(ﬂ(;)stf iit:jrt?:rt:on error normality, a straight line in-

a=1/3 andb = 1/5 generated from 2009 data were used. '

The scatter plot between modelled and measured monthly

concentration in 2010 at the seven stations shows a better

fit than 2009 results with a correlation coefficient£ 0.69  with 2009 data. This also confirms the quality of the con-

(Fig. 5). The scatter plot suggests a promising estimate obtructed estimate for describing the dry and wet ratio for

ambient Hg concentrations by wet deposition data. Furtherboth years.

more, the box plot and the normality plot of estimate error Especially, we observe that Fig. 5 shows an even better

show that the error has nearly zero mean and is symmetrig;lustering around 11 line than Fig. 3, which indicates that

which is similar but better than 2009 results (Fig. 6). our method performs better on the 2010 validating data than
We further validate that the 2010 dry and wet Hg data fol- on the 2009 data. A close look at the data shows that 2010

low the same beta distribution pattern as in 2009. On the 201@ata contain some higher values around 0.06 ng,rmand our

validating data set, we use the same approach and find thaethod estimates these values are close to reality. This con-

beta distribution accurately describes ambient Hg concentrafirms our observation from Fig. 4 that for large concentration

tion distribution as shown in Fig. 7. This confirms our choice values, the underlying normality assumption of our statistical

of beta distribution as a proper statistical model for describ-model is satisfied well. Hence our method is able to generate

ing the ambient Hg concentration. Similarly, we apply the a highly accurate estimate in this region. The 2010 data also

statistical model with 2010 wet deposition information that do not have a large number of concentration values in the re-

the constructed ratio estimatdollows a beta distribution as  gion from 0.02 to 0.04 ng ré, which constitute the majority
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7 Conclusions and recommendations 040k i

We proposed a new approach to estimate ambient oxi- ook P B R g

dized mercury concentration by using mercury wet depo-
sition information. Several superstations were selected for

. . . 0.003
this study to establish the regression model. We found that -0,025 =002 -0.015 =0.01 =0.005 0 0.005 0.01 0015 0.02 0.025
GOM +PBM concentratior is not linear to the wet depo- Error
sition w and the precipitatiorP. Instead, a highly nonlinear
relationship appears. For example, a higher value of wet deFig. 6. Same as in Fig. 4 except for 2010 data.
positionw typically associates with a moderate increase of
concentration. With beta distribution fitting experiment, and
using 2009 data, we fit, and 8, and get the mean, median,
mode, std, skewness of the fitted beta distribution. Compar
ing the normalized histogram and the fitted density function,

the empirical and fitted beta distributions of the rat&how a _ | X
PBM (e.g. using the method described in Amos et al., 2012).

very close fit. The fitting model is further validated using data i : . _ .
at a different number of sites and in a different year. The esWe did not iterate this method here because we think there is

timated monthly data of the ambient oxidized Hg agree rea./00M t0 improve the method to include coarse PBM, which

sonably well compared with monitored data. contributes to wet deposition. Also, more knowledge of the
There are areas to improve the statistical model. For exPartitioning between GOM and PBM is needed to improve
ample, we observe that wet deposition due to the washout efthe method. We are investigating these areas ar?d will present
fect is less evident in the later period of a precipitation event.n€ results separately. The method developed in the present
Hence the monthly result of this section could not reflect theStUdy after further improvements and validation, is expected
temporal changes in wet and dry ambient concentration durl® Pe useful in many applications (e.g. to estimate monthly

ing a given precipitation period. Furthermore, the parameter"‘,‘mbie”t cpncentration on continental spales for dry deposi-
«, andg, and the definition of ratio are not optimized, 110N Mapping purposes or to compare with mercury transport

and 8, were obtained by the method of moments in the cur-Model results).
rent study, which could be improved by the maximum likeli-
hood method. The definition of ratids experimental, which

could also be optimized by more observation data and a more

advanced model of nonlinear optimization with constraints.
The estimated ambient concentration is for the total of

GOM and PBM and can be further partitioned into GOM and

www.atmos-chem-phys.net/13/11287/2013/ Atmos. Chem. Phys., 13, 1128293 2013
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60 . . r : . Table Al. List of nomenclature.

AHz%s enthalpy change of formation for Hg equals

(o1}
o

—90.83;
R universal gas constant, equals
4 8.32x 10~ 2atm M~1K~1; see Liu et al. (2001);
K* Henry's law constant (water solution) for mercury,

equals 0.142344424, follows Eqg. (Al); see Eq. (8)
in Liu et al. (2001);

precipitation (cr water cn 2 surface 51);
Temperature in kelvin;

areal fraction of the grid box experiencing precipita-
tion, equals 1;

=
~Nv

Probability distribution function (%)
w
o

3,
s

Ly the time-integrated rain water content in the precipi-
tating fraction of the grid box;
00 0 65 0'1 0 |15 0I2 0 |25 0.3 Al e s.tep, eq”f’*'s L
' ‘ ‘ ‘ ‘ ‘ AZ the grid box thickness (cm), equals 1;
Measured ambient GOM+PBM concentration (ng m3) k' washout rate constant, equa|s ]__C:Irnsee Table 2 of

) o . Levine and Schwartz (1982);

Fig. 7. Same as in Fig. 1 except for 2010 data at seven sites. I the cumulative mass of gas scavenged via precipita-
tion from clouds;

. Am the change in mass of the soluble gas due to washout;
Appendix A Aw the change in wet deposition in the rain gauge due to

washout;
Fmax the maximal value of” based on detailed mass trans-
fer calculation by Levine and Schwartz (1982);

Formulation of wet deposition change

HO Ffhax the re-evaporation and partial shrinkage fraction con-
— K _ 298 1 _ i stant based on Liu et al. (2001).
K* = K395€Xp (A1) , , -
R T Ty Frp fraction of gas scavenged from air as a functiorf'of
K*L,RT andp;
= *—p (A2) F}P fraction of gas scavenged from exogenous cloud as a
14+ K*L,RT function of T and P;
= P At (A3) s, t index of sites and time stamps
fAZ
Fmax= fI[1 K P A A4
max= f[1—exp(— 7 0] (A4) Hence the Egs. (17) and (18) are unified into
F
Am:Fm—i—(l—?)l (A5) Aw = Frpm+ Fypl. (A10)

Equation (A1) follows Liu et al. (2001). Equations (A2) and AcknowledgementsVe appreciate all the people who have
(A6) follow the Appendix in Amos et al. (2012), where we contributed to the data collection and quality control for the AMNet
let f =1, Ar =1, andA Z =1 since our data set contains uni- and MDN data sets that are used in the present study.
formly weekly data with the rain gauge as the grid box. Con-
sequently, we assume the coefficidiff, = 1 in Eq. (A6).  Edited by: J. H. Seinfeld
We note that the change of wet deposity is complemen-
tary to the change of soluble gasn. The sum ofAw + Am
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equalsmy, which is exogenous. Hence the mass balance
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