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estrial exchange of gaseous
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ecosystem fluxes†
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To simulate global mercury (Hg) dynamics in chemical transport models (CTMs), surface-atmosphere exchange of

gaseous elemental mercury, Hg0, is often parameterized based on resistance-based dry deposition schemes

coupled with a re-emission function, mainly from soils. Despite extensive use of this approach, direct evaluations

of this implementation against field observations of net Hg0 exchange are lacking. In this study, we evaluate an

existing net exchange parameterization (referred to here as the base model) by comparing modeled fluxes of

Hg0 to fluxes measured in the field using micrometeorological techniques. Comparisons were performed in two

terrestrial ecosystems: a grassland site in Switzerland and an Arctic tundra site in Alaska, U.S., each including

summer and winter seasons. The base model included the dry deposition and soil re-emission parameterizations

from Zhang et al. (2003) and the global CTM GEOS-Chem, respectively. Comparisons of modeled and

measured Hg0 fluxes showed large discrepancies, particularly in the summer months when the base model

overestimated daytime net deposition by approximately 9 and 2 ng m�2 h�1 at the grassland and tundra sites,

respectively. In addition, the base model was unable to capture a measured nighttime net Hg0 deposition and

wintertime deposition. We conducted a series of sensitivity analyses and recommend that Hg simulations using

CTMs: (i) reduce stomatal uptake of Hg0 over grassland and tundra in models by a factor 5–7; (ii) increase

nighttime net Hg0 deposition, e.g., by increasing ground and cuticular uptake by reducing the respective

resistance terms by factors of 3–4 and 2–4, respectively; and (iii) implement a new soil re-emission

parameterization to produce larger daytime emissions and lower nighttime emissions. We also compared leaf

Hg0 uptake over the growing season estimated by the dry deposition model against foliar Hg measurements,

which revealed good agreement with the measured leaf Hg concentrations after adjusting the base model as

suggested above. We conclude that the use of resistance-based models combined with the new soil re-

emission flux parameterization is able to reproduce observed diel and seasonal patterns of Hg0 exchange in

these ecosystems. This approach can be used to improve model parameterizations for other ecosystems if flux

measurements become available.
Environmental signicance

In this study, we tested the performance of an existing surface-atmosphere exchange parameterization (base model) of elemental mercury (Hg0) by comparing
model results to whole-ecosystem net exchange uxes measured at a grassland site in Switzerland and at an Arctic tundra site in Alaska, U.S. We found large
discrepancies between base-modeled and measured exchange uxes, particularly in the summer months when the base model substantially overestimated
daytime net deposition at both sites. Another major shortcoming of the base model is its inability to capture a measured nighttime net Hg0 deposition and
wintertime deposition. Through a series of sensitivity tests, we demonstrate that an improved model vs.measurement agreement of exchange uxes is achieved
by (i) adjusting certain stomatal and non-stomatal resistance parameters in the base dry deposition model, and (ii) implementing a new soil re-emission model.
To our knowledge, this is the rst direct performance evaluation of Hg0 net exchange parameterizations commonly used in chemical transport models with
ecosystem level micrometeorological net exchange ux measurements. We conclude that the use of resistance-based deposition models combined with the new
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1. Introduction

Atmosphere-surface exchange of gaseous elemental mercury
(Hg0) is an important component of the global atmospheric and
terrestrial Hg budgets.1–4 Despite advances in Hg0 exchange ux
measurements and their incorporation in chemical transport
models (CTMs),5 there remain large uncertainties with regard to
the magnitudes and mechanistic understanding of bi-
directional terrestrial surface-atmosphere exchange processes
of Hg0.1,3 Hg0 is the dominant form (approximately 95%) of Hg
in the atmosphere and deposition of Hg0 contributes
a substantial fraction of total Hg deposition, particularly to
vegetated ecosystems.4,6 Evidence from stable Hg isotope
studies suggests that atmospheric Hg0 contributes 57–94% of
total Hg to terrestrial ecosystems.7–12 Moreover, geogenic emis-
sions of Hg0 contribute to atmospheric Hg,13 and it is estimated
that up to 65% of total present-day Hg emissions to the atmo-
sphere could be attributed to secondary emission (re-emission)
of Hg0 from previous deposition residing in terrestrial and
aquatic pools (“legacy emissions”).14,15 Given the importance of
atmospheric Hg0 as a source and sink to/from ecosystems and
complex bi-directional exchange behavior,16 an improved
parameterization of atmosphere-surface exchange of Hg0 in
CTMs is necessary.

A resistance-based approach17–20 is commonly used to model
dry deposition of atmospheric constituents. For Hg0, resistance-
based deposition algorithms are implemented in all major
global CTMs including TEAM,21 GRAHM,22 GEOS-Chem,23,24

ECHMERIT,25 GEM-MACH-Hg,26 GLEMOS,27 REMSAD28 and
CAM-Chem.29 Similarly, regional models such as WRF-Chem30

use a resistance-based approach for Hg0 deposition. Only the
regional CMAQ model contains a coupled bi-directional
exchange parameterization (CMAQ-Hem and CCLM-CMAQ).31

General uncertainties inmodeling dry gaseous deposition using
resistance-based algorithms include an inability to fully
describe the physiological processes involved such as vegetation
stomatal responses to environmental conditions,32 lack of
description of terrain complexity,33 and exclusion of fast within-
canopy chemical reactions.19 For example, in an inter-
comparison study of four resistance-based deposition models
for reactive nitrogen species, Flechard et al.34 reported factors of
2 to 3 disagreement between the models. Also, in a recent inter-
comparison study of ve dry gaseous deposition algorithms by
Wu et al.,35 which provided estimates for deposition velocities of
O3 and SO2 over a temperate mixed forest in Canada, differences
between modeled velocities were on the order of a factor of 2. In
addition to model inter-comparisons, there is a need for eval-
uation of dry deposition parameterizations against eld obser-
vations for a suite of atmospheric species32,36 and ecosystems,
which for Hg0 are largely lacking.

To estimate Hg0 emissions from soils and vegetative surfaces
to the atmosphere, several empirical functions andmodels have
been developed.37–43 Parameterizations of soil emissions are
based primarily on measured eld uxes and observed envi-
ronmental drivers such as air and soil temperatures, solar
radiation, soil moisture, and soil Hg content.1 Several of these
Environ. Sci.: Processes Impacts
formulations have been implemented in CTMs, with modica-
tions, for terrestrial surfaces. For example, in GEOS-Chem,23 soil
re-emission is parameterized following Zhang et al.,39 in which
re-emission of Hg0 is a function of incident solar radiation at
the ground surface. Additional approaches, such as that of the
Global Terrestrial Mercury Model (GTMM), simulate Hg0 re-
emission from the soil organic carbon pools with which Hg0

is associated.44 Currently, due to knowledge gaps in a funda-
mental mechanistic understanding of Hg0 exchange between
air and soil and air and vegetation,1,45 it is infeasible to imple-
ment a fully mechanistic surface-atmosphere exchange
parameterization in CTMs.

In this study, we tested existing parameterizations of Hg0

exchange implemented in CTMs by comparing model results to
direct Hg0 ux measurements at the ecosystem level (i.e.,
including both soil and vegetation exchanges) at two sites for
summer and winter seasons. Our comparison focuses on the
commonly used dry gaseous Hg0 deposition scheme from
Zhang et al.20 and a soil re-emission scheme implemented in
GEOS-Chem.24 We evaluated model performance against whole-
ecosystem net exchange uxes measured at a grassland site in
Switzerland and at an Arctic tundra site in Alaska, U.S. The
objectives of this study were to: (1) assess the performance of
the current dry deposition and soil re-emission parameteriza-
tions in modeling net Hg0 exchange uxes; (2) characterize
which model parameters most strongly inuence modeled
uxes and how their adjustment improves agreement with eld
measured uxes; and (3) provide suggestions for future treat-
ment and further development of Hg0 atmosphere-terrestrial
surface exchange parameterizations in CTMs.
2. Parameterizations of Hg0

atmosphere-terrestrial surface
exchange examined

In most CTMs, Hg0 dry deposition to and emission from
terrestrial surfaces is parameterized separately (i.e., de-coupled
treatment). There are two major limitations of the de-coupled
treatment. First, in this approach, dry deposition of Hg0 is
assumed to be independent of Hg content in the surface (top
soils and/or leaves) where it gets deposited. However, coupled
but complex parameterizations31,46,47 are available, which
account for this process by incorporating model parameters
such as compensation point and emission potential of ground
and leaf stomata. Second, photo-reduction of oxidized mercury
(HgII), which enter leaf and ground surfaces via dry and wet
deposition pathways and subsequent re-emission44 in the form
of Hg0 is not taken into account in the de-coupled modeling
framework. Given the lack of land use category (LUC)/site-
specic measured values of the parameters involved the afore-
mentioned processes, our study focuses on investigating the
simpler de-coupled parameterization of Hg0 exchange.

The resistance-based formulations of Zhang et al.20 were
used to model deposition ux of Hg0 because they are the most
up-to-date and widely used resistance-based deposition
parameterizations. The framework of the Zhang et al.20 model
This journal is © The Royal Society of Chemistry 2019
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follows the resistance analogy proposed by Wesely.17 In both
models, three parallel resistances to gaseous deposition are
assumed: aerodynamic, boundary or quasi-laminar, and surface
resistance. The resistance model20 uses leaf area index (LAI) to
scale Hg0 uptake by foliage and uses updated formulations (that
incorporate effects of LAI, relative humidity, and friction
velocity) for non-stomatal (e.g., cuticular) and ground deposi-
tion. The model allows selection of LUC parameters that are
specic for grassland (i.e., long grass), tundra, and other LUCs.
The major resistance expressions in the Zhang et al.20 parame-
terization are described in Section 2.1. To model soil re-
emission of Hg0, the base parameterization used in the
current GEOS-Chem (v9-02) Hg model24 was applied as
described in detail in Section 2.2.
2.1. Modeling dry deposition of Hg0

In global 3-D CTMs, the uptake of gaseous species at the surface
is characterized by a downward dry deposition ux (Fd, ng m�2

h�1) to be applied at the lowest model layer located at nite
distance, z (m), from the surface. Vertical ux in the surface
layer is assumed to be conserved for a species, and its dry
deposition velocity (vd, m s�1 or m h�1) is calculated as vd ¼
Fd(z)/Cz, where Cz (ng m

�3) is gaseous concentration at height z.
In CTMs that employ a resistance-based dry deposition
parameterization, vd for gaseous species such as Hg0 is
parameterized using the electrical resistance analogy20 as:

vd ¼ 1

Ra þ Rb þ Rs

(1)

where Ra is the aerodynamic resistance, Rb is the quasi-laminar
sublayer resistance, and Rs is the bulk surface resistance. The
term Rs in eqn (1) has two components: the stomatal resistance
(Rst) and the non-stomatal resistance (Rnst). In the paper by
Zhang et al.,20 Rs is parameterized as:

1

Rs

¼ 1�Wst

Rst þ Rm

þ 1

Rnst

(2)

where Wst is the fraction of stomatal blockage under wet
conditions, and Rm is the mesophyll resistance. The Rnst term is
parameterized by Zhang et al.20 as:

1

Rnst

¼ 1

Rac þ Rgd

þ 1

Rcut

(3)

where Rac is the in-canopy aerodynamic resistance, Rgd is the
ground resistance, and Rcut is the cuticular resistance. Rgd and
Rcut are gaseous species dependent parameters. For any species
i (except SO2 and O3), Zhang et al.20 suggested the following
scaling approach to calculate Rx(i) (Rx ¼ Rgd or Rcut):

1

RxðiÞ ¼
b

RxðO3Þ þ
a

RxðSO2Þ (4)

where a and b are scaling factors for chemical species solubility
and half-redox reactivity, respectively, suggested for Hg0 to be
a ¼ 0 and b ¼ 0.1.46 The expressions used to calculate the
individual resistance terms shown in eqn (2) and (3) and the
LUC-specic base resistance parameter values can be found in
Zhang et al.20 and references therein.
This journal is © The Royal Society of Chemistry 2019
2.2. Modeling re-emission of Hg0

In a recent study that employed stable Hg isotopes to measure
exchange uxes for the rst time, the potential re-emission ux
of Hg0 from leaves was measured to be 30% in a forest canopy.48

However, that study also reported a large uncertainty range (29–
83%). Because of the current uncertainty in the re-emission ux
and its temporal variation, we did not implement an immediate
re-emission ux of Hg0 from canopies in our model evaluation.
However, we discuss this opportunity below as a part of our
analysis of model performance whereby we selected to reduce
stomatal Hg0 uptake to achieve better model-to-measurement
agreement.

In the original GEOS-Chem Hg model (described by Selin
et al.23), the soil emission ux of Hg0 was parameterized as
a function of soil Hg concentration, solar radiation, and soil
surface temperature based on the formulations by Zhang et al.39

and Poissant and Casimir,37 respectively. However, the current
version of the GEOS-Chem Hg model24 estimates the soil
emission ux (Esoil_GEOSChem in ng m�2 h�1) as a function of
solar radiation as:

Esoil_GEOSChem ¼ gCsoil exp(1.1 � 10�3 � Rg) (5)

where Csoil is the soil Hg concentration (ng g�1) and Rg is the
solar radiation ux at the ground (W m�2). The scaling factor g
(1.2 � 10�2 g m�2 h�1) is used to account for the global mass
balance of the preindustrial model simulation. Selin et al.23

used the following expression to calculate Rg as functions of
solar radiation (SR, W m�2) at the top of the canopy and LAI:

Rg ¼ SR exp

��mLAI

cos q

�
(6)

where q is the solar zenith angle and m ¼ 0.5 is an extinction
coefficient assuming random leaf angle distributions.

3. Methods
3.1. Measurement data

Field-based micrometeorological net exchange uxes of Hg0

used for model evaluation were measured in two ecosystems,
a grassland and a tundra, which correspond to LUC categories
“long grass” and “tundra”, respectively in the Zhang et al.20

parameterization. The Hg0 exchange ux data set at a sub-
alpine grassland site at Früebüel (47� 60 N, 8� 320 E, elevation
of 1000 m above sea level (m a.s.l.)) in central Switzerland were
acquired by and published in Fritsche et al.49 The measurement
location is a research site of ETH Zürich, located in the
temperate continental climate with the mean annual precipi-
tation of 1200 mm and a mean annual air temperature of 7 �C.
The area of the site is 9 ha with a micrometeorological tower
built in the center. A detailed description of the site is provided
by Fritchse et al.49 At this site, Hg0 exchange uxes were
measured over a full year (September 2005 to August 2006). The
second site at which exchange uxes were measured was Toolik
Field Station.12 This Arctic tundra site is located in the northern
foothills of the Brooks Range, Alaska, U.S. (68� 380 N, 149�

380 W, elevation of 760m a.s.l.). The site, which is representative
Environ. Sci.: Processes Impacts
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of interior tundra, is located 200 km inland from Deadhorse
near the Arctic Ocean.12,50 The site is bordered by Toolik Lake to
the north. Typical mean annual precipitation and mean annual
temperature at the site are 312 mm and �8 �C.51 Hg0 ux
exchange measurements were conducted at the Toolik Field
Station site from September 2014 to September 2016. We used
exchange ux measurements and meteorological data for the
year 2016 from this site for model evaluation. At both sites, the
aerodynamic ux method was used to quantify surface-
atmosphere uxes of Hg0.12,49 Briey, at the grassland site,
Hg0 concentrations were measured at ve heights above the soil
surface (0.20, 0.27, 0.94, 1.58, and 1.70 m). The gradient uxes
were calculated for the following ve height pairs: 0.2/1.58, 0.27/
1.58, 0.27/1.7, 0.94/1.7, and 0.2/0.94 m, and the reported uxes
were the median of these uxes.49 At the tundra site, uxes were
estimated using Hg0 concentrationsmeasured at heights of 0.61
m and 3.63 m above the soil surface.12 For both sites, data were
hourly averages for atmospheric Hg0 concentrations and Hg0

net exchange uxes, and corresponding values of wind speed,
friction velocity, air temperature, surface soil temperature, solar
radiation, atmospheric pressure, relative humidity, andMonin–
Obukhov length. For analysis of 24 h temporal patterns (further
referred to as diel variation), the aforementioned measured
variables were averaged hourly for July and August (at both
sites) and for December (grassland site) and January (tundra
site). The choice of these months for model simulations
primarily stems from availability of measured net exchange
data for a given season at each site. In addition, to reduce noise
in measured ux variability and to better track the diel variation
of Hg0 uxes, a 5 hour moving average lter was used for
measured Hg0 uxes. The need for temporal averaging and
ltering was due to the large variability in measured 1/2 hour
ux data, which stems from difficulties in measuring small
exchange uxes against a large background concentration as
documented for several micrometeorological Hg0 ux data sets
(e.g., Fritsche et al.49). For soil Hg0 emission model simulations,
we used measured surface soil Hg concentrations of 100 ng g�1

at the grassland49 and tundra52 sites.
3.2. Model evaluation

To evaluate the performance of the base parameterizations
developed by Zhang et al.20 and Song et al.,24 LUC-specic
simulations were performed. Hourly averaged meteorological
and atmospheric concentrations from the two sites were used as
model inputs. To account for seasonal variability in the
modeling analysis, simulations were conducted for typical
summer and winter meteorological conditions for each of the
two ecosystems using averaged hourly conditions for July,
August, and December measurements at the grassland site and
July, August, and January measurements at the tundra site. The
model was run using these hourly averaged environmental
parameters, which were assumed to be representative of the
hourly conditions for a typical day in a given month. At the
grassland site, a LAI of 5.0 m2 m�2 was used for July and August
month simulations derived from monthly averaged MODerate
resolution Imaging Spectroradiometer (MODIS)-Terra.53 At the
Environ. Sci.: Processes Impacts
tundra site, average LAIs of 1.5 and 2.0 m2 m�2 were used for
July and August base model simulations, respectively.

Agreement between the measured and modeled exchange
uxes was evaluated using degree of agreement (d), calculated
using eqn (7):

d ¼ 1�
Pn
i¼1

ðOi �MiÞ2

Pn
i¼1

ð|Oi |þ |Mi |Þ2
(7)

whereOi is the observed net ux (ngm�2 h�1),Mi is themodeled
net ux (ng m�2 h�1), and n is the number of observations. A d-
value closer to one indicates better agreement of modeled
values with observed values. Based on the performance of the
base model, adjustments to the default model parameters were
performed through application of adjustment factors. The
adjustments of model parameters primarily provided a sensi-
tivity analysis with the objective to assess which parameter
adjustments resulted in the most relevant changes (in both
magnitude and direction) and best agreement with measured
eld-based uxes. Model response (referred to as “adjusted
model”) to these adjustments was assessed and is discussed in
detail, and suggestions are provided for the future treatment of
net exchange processes of Hg0 in CTMs.
4. Results and discussion

In Sections 4.1 and 4.2, measured ecosystem-level atmosphere-
terrestrial surface exchange uxes of Hg0 from both sites are
compared with modeled net exchange uxes using the base
parameterizations. In Sections 4.3 and 4.4, sensitivity simula-
tions were performed to assess how changing default model
parameters changed the modeled Hg0 uxes (magnitude and
direction) to best match observed uxes. In Section 4.5, growing
season vegetation Hg uptake was calculated using the base and
adjusted parameterizations and compared with observed Hg
accumulation in plant leaves to serve as an additional model
constraint.
4.1. Evaluation of summer base model net exchange uxes

4.1.1. Temperate grassland site in Switzerland. Fig. 1
shows modeled uxes, computed using the base model with the
default dry deposition and re-emission parameterizations, and
hourly averaged measured uxes for two summer months.
Throughout this paper, emission and deposition uxes are
denoted by positive and negative signs, respectively.

Diel Hg0 patterns of modeled Fnet were primarily controlled
by the surface resistance term (Rs in eqn (1)), which is
composed of stomatal and non-stomatal uptake. Of the two
deposition pathways, stomatal uptake dominated over non-
stomatal uptake. Strongly increased net deposition of Hg0 in
the daytime compared to nighttime deposition is largely
attributable to increased stomatal uptake during the daytime
(Rst term in eqn (2)). The sub-model that calculates Rst for all
gaseous species, including Hg0, is an inverse function of
photosynthetically active radiation (PAR) as well as a function
This journal is © The Royal Society of Chemistry 2019
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of air temperature, water-vapor decit, and leaf water potential
(see eqn (6) in Zhang et al.20 for details). Hence, the magnitude
of the diel variation in Rst is strongly driven by solar radiation.
The lowest Rst value corresponding to the highest net deposi-
tion is typically observed at around midday when PAR is
maximum. Comparison between measured and modeled Fnet
suggests that while the base model was able to capture the
observed diel pattern of uxes, it considerably overestimated
net deposition of Hg0 during the daytime. In addition,
measured Fnet showed a nighttime deposition of Hg0 in the
range of�1.2 to�3.3 ng m�2 h�1, which the model was unable
to reproduce and instead predicted nighttime uxes near zero
(i.e., neither net deposition nor net emission).

Measured daytime Fnet exhibited a bimodal variation
having increased deposition in the mornings and aernoons
and reduced net deposition at midday, which may be caused
by either midday leaf stomatal closure or by increased soil Hg0

emissions during midday when solar radiation and soil
surface temperature are highest (both positively correlate
with soil Hg0 emissions2). The base model was able to
reproduce the observed bimodal ux distribution during
daytime, albeit with a time lag of 1 to 2 hours. However, the
absolute differences in measured and modeled Fnet are large
throughout the daytime. For example, the mean measured
and modeled daytime Fnet (07:00 to 20:00 LT) were �4.4 ng
m�2 h�1 and �13.8 ng m�2 h�1, respectively, demonstrating
that the base model overestimated the measured deposition
by a factor >3. In addition, during the nighttime (21:00 to
06:00 LT), the base model largely failed to reproduce the
observed net deposition resulting in model underestimation
of mean nighttime net deposition of 1.2 ng m�2 h�1. On
a daily basis, the base model overestimated the measured Fnet
by a factor of approximately 2.5 in summer (cumulative
measured Fnet of �87.5 ng m�2 d�1 vs. �205.4 ng m�2 d�1

predicted by the base model).
Fig. 1 Comparison of modeled (blue, solid; base model) and averaged
diel measured (black, dashed) net exchange fluxes of Hg0 (Fnet) at the
grassland site (Früebüel, Switzerland) in summer of 2006 (LT ¼ local
time).

This journal is © The Royal Society of Chemistry 2019
4.1.2. Arctic tundra site at Toolik Field Station, Alaska.
Comparison between the modeled and hourly averaged
measured Fnet for the summer months (July and August of 2016)
at the tundra site are shown in Fig. 2. Field measurements
exhibited net deposition in the morning and aernoon Fnet,
while the midday Fnet exhibited net emission. Total daytime
uxes (04:00 to 23:00 LT) exhibited deposition smaller than at
the grassland, averaging �0.4 ng m�2 h�1. Similar to the
grassland ecosystem, modeled net deposition uxes were
substantially higher throughout daytime (�2.7 ng m�2 h�1).
During the short nighttime period (00:00 to 03:00 LT),
measured Fnet was dominated by a strong Hg0 deposition (mean
of �2.8 ng m�2 h�1), which the base model was unable to
reproduce (mean of �0.2 ng m�2 h�1). Comparison between
measured and modeled uxes at nighttime shows that the
base model underestimated measured net deposition by
2.6 ng m�2 h�1. On a daily basis, the base model overestimated
the measured Fnet (i.e., net deposition) by a factor approximately
3 in summer (cumulative measured Fnet of�18.4 ng m�2 d�1 vs.
�54.6 ng m�2 d�1 predicted by the base model).
4.2. Evaluation of winter base model net exchange uxes

In winter, modeled Fnet uxes at both sites largely lacked diel
ux patterns whereas measured uxes exhibited diel variations
(Fig. 3). Overall, the temperate grassland exhibited measured
net Hg0 deposition in the range of �0.2 to �5.3 ng m�2 h�1

during the nighttime (18:00 to 08:00 LT), while during the
aernoon (14:00 to 16:00 LT) there was a small net emission
(approximately 1.4 ng m�2 h�1; Fig. 3A). In winter at the tundra
site (Fig. 3B), measured Fnet exhibited a small net deposition for
most of the day with no clear differences between nighttime
and daytime uxes and with hourly uxes ranging from
�1.1 ng m�2 h�1 (small net deposition) to 0.9 ng m�2 h�1 (small
net emission). Note that for winter months, we assumed LAI of
0 m2 m�2 (i.e., no vegetation activity), but did not implement
Fig. 2 Comparison of modeled (blue, solid; base model) and averaged
diel measured (black, dashed) net exchange fluxes of Hg0 (Fnet) at the
Arctic tundra site (Toolik Field Station, Alaska, U.S.) in summer of 2016.
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any further processes related to snow cover. At both sites, the
base model was unable to reproduce the small measured net
deposition and consistently produced a small rate of net Hg0

emissions during both daytime and nighttime. In winter
months, cumulative modeled net daily emissions at the grass-
land and tundra sites were 18.9 and 23.4 ng m�2 d�1, respec-
tively. In comparison, measured net daily deposition was �34.7
and �5.2 ng m�2 d�1, respectively, at the two sites.

4.3. Model response to adjusted deposition
parameterization in summer

The measurement-model comparisons shown in Fig. 1, 2, and 3
suggest that in order to improve the performance of modeled
exchange, three major components in the net exchange (i.e.,
deposition and emission) models need to be addressed. First,
net nighttime Hg0 deposition observed at both sites is largely
lacking in model simulations, suggesting that the current Hg0

deposition scheme, which is strongly driven by stomatal Hg0

uptake, should employ stronger deposition via non-stomatal
pathways that are active during night as well (either cuticular,
Rcut, or ground, Rgd, resistance terms in eqn (3)). Second, the
modeled daytime Hg0 uptake needs to be reduced substantially,
because daytime deposition is over-predicted in the modeled
Fnet by a factor of up to 5 (summer at the grassland site). This
adjustment can be implemented either by increasing the
stomatal resistance Rst term in eqn (2) or by application of a Hg0

re-emission factor of stomatal Hg0 uptake, as suggested by Yuan
et al.48 We selected the rst option, although both methods
would lead to similar reductions in stomatal Hg0 uptake. Third,
further improvement in model vs.measurement agreement can
be reached by adjusting the soil Hg0 re-emission scheme. In
Sections 4.3.1 and 4.3.2, we discuss a sensitivity analysis and
modeled ux responses to adjustment of the corresponding
resistance parameters, Rst, Rcut, and Rgd.

4.3.1. Model response to reduced stomatal uptake.
Modeled diel ux patterns in the default dry Hg0 deposition
model are driven by stomatal Hg0 uptake, which generally
accounts for over 90% of the modeled daytime Hg0 deposition
resulting in strong over-prediction of daytime deposition, as
Fig. 3 Comparison of modeled (blue, solid; base model) and averaged di
winter at: (A) the temperate grassland site in December 2005 and (B) th

Environ. Sci.: Processes Impacts
illustrated above. Minimal stomatal resistance (rstmin) is one of
the primary controlling variables in Rst (the expressions for
estimating these two terms are discussed in detail by Zhang
et al.20 and references therein). In the Zhang et al.20 dry depo-
sition parameterization, default parameter values were sug-
gested for rstmin for different LUCs, including a default value
rstmin of 100 s m

�1 for long grass. To reduce the stomatal uptake
of Hg0 during the daytime, we performed a set of sensitivity
tests by varying the default rstmin value over a wide range (100 to
800 s m�1) and examining the corresponding responses to the
modeled net exchange uxes. For the grassland site, we found
that an increase in the default rstmin value by a factor of seven
led to signicant reduction of daytime Hg0 deposition and
reasonably good agreement between the measured and
modeled daytime uxes, as shown in Fig. 4.

For the tundra site, a similar approach was taken to examine
the sensitivity of net exchange changes to the rstmin value. The
default parameter value for rstmin was 150 s m�1 for the tundra
LUC20 and rstmin was varied from 150 to 1050 s m�1. We found
that a ve-fold increase in the default rstmin (i.e., to 750 s m�1)
led to an improved performance of the base model Hg0 depo-
sition during the day (Fig. 4B). Any further increase in the rstmin

value caused worsening of model performance in the nighttime.
Hence, comparisons between the base model and adjusted
model simulations with increased stomatal resistance by
factors of 7 (temperate grassland) and 5 (Arctic tundra) suggest
that the dry deposition model is sensitive to changes in rstmin

such that large adjustments to rstmin substantially improved the
agreement between measured and modeled net exchange uxes
during the daytime for both ecosystems in summer months. For
example, at the grassland site, daytime net Hg0 deposition with
the adjusted rstmin parameterization deviated on average by 1.9
ngm�2 h�1 from themeasured uxes, while deviations from the
unadjusted or base model averaged 9.4 ng m�2 h�1. At the
tundra site, daytime net Hg0 deposition with the adjusted rstmin

value deviated on average by 0.02 ng m�2 h�1 from measured
uxes compared to 2.3 ng m�2 h�1 for the base model.

4.3.2. Model response to combined effects of increased
ground and cuticular uptake and reduced stomatal uptake. In
el variations of measured (black, dashed) net exchange fluxes of Hg0 in
e Arctic tundra site in January 2016.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Model response to reduced stomatal uptakes of Hg0 and comparison of modeled and measured net exchange fluxes of Hg0 in summer
at: (A) the temperate grassland site, and (B) the Arctic tundra site.
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the temperate grassland and Arctic tundra sites, measured Fnet
exhibited a net Hg0 deposition during the nighttime, which the
base model and the stomatal resistance-adjusted model were
largely unable to reproduce. Increased nighttime Hg0 deposi-
tion (i.e., in the absence of signicant stomatal uptake)
observed in the ux measurements can be simulated either by
increasing the ground (Rgd) and/or the cuticular (Rcut; i.e., to the
leaf surface) uptake of Hg0, or by reducing soil re-emission
uxes (Section 4.3.3). We rst increased the ground and cutic-
ular uptake along with the implemented reduced stomatal
uptake described above, and show the resulting changes in
model behavior in Fig. 5.

For the grassland site, we rst tested the sensitivity of
adjusting the default parameters for cuticular resistance (dry)
(RcutdO3

) and ground resistance (dry) RgdO3
, which in the base

model were 4000 and 200 s m�1, respectively, for the long grass
LUC.20 Note that the values for these resistance parameters are
based on O3 deposition assuming dry conditions. A sensitivity
test was performed using the following ranges for RcutdO3

and
RgdO3

, respectively: 500–4000 s m�1 and 50–200 s m�1. We found
that reductions in the default parameter values for RcutdO3

and
RgdO3

by factors greater than four resulted in insignicant
improvements in nighttime model performance (Fig. 5A). Also,
such increases substantially worsened daytime model perfor-
mance for both summer months. Thus, we applied factors of
four reductions to the base values of both of these parameters.

Similarly, for the tundra site, we rst tested the sensitivity of
adjusting the default parameters for RcutdO3

and RgdO3
, which

were 8000 and 500 s m�1, respectively, in the Zhang et al.20

model. A sensitivity test was performed using the following
ranges for RcutdO3

and RgdO3
, respectively: 500–8000 s m�1 and

50–200 s m�1. We determined that factors of two and three
decreases in the base values of RcutdO3

and RgdO3
, respectively,

produced an exchange ux pattern that exhibited small net
nighttime deposition (Fig. 5B).

Implementation of fractional re-emission of Hg0 from leaf
surfaces could further optimize model performance. Even
though evidence from Hg0 ux measurements and stable
isotope data7,10,48 support occurrence of such Hg0 re-emission,
This journal is © The Royal Society of Chemistry 2019
the estimated uncertainty in the fraction of Hg0 re-emission
from leaf surfaces is large (29–83%) and the proposed 30%
average re-emission48 would not fully address the current over-
estimation in canopy Hg0 uptake. Therefore, in this evaluation
we did not apply a fractional re-emission loss from plant
surfaces. However, such a fractional re-emission loss could
work in a fashion similar to the reduced stomatal uptake
parameters and improve the agreement between measured and
modeled uxes.

Still, our simulations suggest that adjustments of resistance
parameters alone (i.e., stomatal, cuticular, and ground) cannot
satisfactorily reproduce the measured uxes even though the
increased stomatal resistance led to a large improvement in
modeled daytime uxes. In particular, daytime Hg0 deposition
is overestimated at midday. To address the discrepancy a soil
Hg0 re-emission function was added to the deposition model as
described next.

4.3.3. A revised soil Hg0 re-emission parameterization and
associated model response. Soil re-emission of Hg0 is oen
parameterized as an exponential function of solar radiation and
surface temperature.3,39,54,55 Based on eld measurements it is
also apparent that nighttime soil Hg0 re-emission is generally
low and oen negligible. We suggest that implementing a larger
daytime soil Hg0 emission along with a nighttime Hg0 emission
of zero would improve the agreement between modeled and
measured diurnal patterns of exchange uxes. The existing soil
re-emission parameterization in GEOS-Chem implemented
according to the formulation of Zhang et al.39 exhibited little
diurnal variation in re-emission (Fig. S1†). We achieved the
needed changes (larger daytime emission and smaller night-
time emission) by modifying the empirical soil Hg0 re-emission
parameterization of Eckley et al.2 in which the soil re-emission
ux is a function of solar radiation:

Esoil_Eckley ¼ 10[0.709+0.119log(Csoil)+0.137log(solar radiation)] (8)

To better account for diurnal variability in soil Hg0 re-
emission uxes and include the effect of vegetative shading
Environ. Sci.: Processes Impacts
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Fig. 5 Model response to increased cuticular and ground uptake, and reduced stomatal uptake, of Hg0, and comparison of modeled and
measured net exchange fluxes of Hg0 at: (A) the temperate grassland site, and (B) the Arctic tundra site.
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on solar radiation reaching the soil surface, we modied eqn
(8):

Esoil_new ¼ 10½0:709þ0:119logðCsoilÞþ0:137logðR0
gÞ� � a�1 sin

pt

D
(9)

where Esoil_new is soil re-emission ux in ng m�2 h�1, Csoil is soil
Hg concentration in mg g�1, and R0

g is adjusted solar radiation at
the soil surface, which accounts for vegetative shading, in W
m�2.

R0
g ¼ SR expð�mLAIÞ (10)

SR is the solar radiation on top of the canopy. We used hourly
values of SR in all model simulations. In eqn (9), a sinusoidal
function is added consistent with the canopy light attenuation
formulation,56 where D is duration (in hour) between sunrise
and sunset, and t is time (in hour) of daylight hours. We esti-
mated the solar radiation at the ground ðR0

gÞ without normal-
izing the exponential term by solar zenith angle as shown in eqn
(6). Instead, the expression for R0

g (eqn (10)) is consistent with
the formulation given by Kocman and Horvat.57 We note that
while eqn (8) provides the basis for eqn (9), as can be seen from
Fig. S1,† implementing the sin function greatly improved the
Fig. 6 Model response to reduced nighttime and increased daytime so
modeled and measured net exchange fluxes of Hg0 in July and August

Environ. Sci.: Processes Impacts
diel pattern of the modeled soil re-emission uxes, which could
not be captured by eqn (8). Using eqn (9) also enables the
smooth transition between nighttime and daytime re-emission
uxes, which would not be achieved otherwise.

A sensitivity test was conducted for both sites to determine
the value of the coefficient a in eqn (9) that produced the best-t
modeled soil ux values as compared to measured soil ux
values. Following eqn (8), we simulated net exchange uxes
using reduced nighttime and increased daytime soil Hg0 re-
emission for summer months at the grassland and tundra
sites. For both sites in summer, we found that a value of a of 1.5
produced the best agreement between the modeled and
measured Fnet (Fig. 6). The major outcome of modifying the
previous soil re-emission parameterization was a substantial
improvement in model ability to reproduce the observed diel
pattern of Fnet, in particular by eliminating nighttime soil re-
emission and substantially increasing daytime emissions (see
also Fig. S1†). The resulting pattern of modeled soil re-emission
uxes is consistent with measured uxes reported in the liter-
ature. For example, Agnan et al.3 showed that several studies
reported a strong diurnal pattern in measured ux. The authors
il re-emission and revised resistance parameters, and comparison of
at: (A) the temperate grassland site, and (B) the Arctic tundra site.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Mean measured and modeled Fnet (ng m�2 h�1) at the grassland and tundra sites

Season Measured Modeled (base) Modeled (improved) d-Valuea

(A) Grassland site
Mean Fnet (daytime)
Summer (July & August) �4.4 �13.8 �5.6
Winter (December) �1.0 0.7 �1.4
Mean Fnet (night time)
Summer (July & August) �2.6 �1.2 �1.3
Winter (December) �1.7 0.9 �1.4
Mean Fnet (daily)
Summer (July & August) �3.6 �8.6 �3.8 0.97 (0.71)
Winter (December) �1.4 0.8 �1.4 0.74 (0.07)

(B) Tundra site
Mean Fnet (daytime)
Summer (July & August) �0.4 �2.7 �0.6
Winter (January) �0.6 1.0 �0.2
Mean Fnet (night time)
Summer (July & August) �2.8 �0.1 �2.4
Winter (January) �0.2 1.0 �0.2
Mean Fnet (daily)
Summer (July & August) �0.8 �2.2 �0.9 0.98 (0.46)
Winter (January) �0.2 1.0 �0.2 0.52 (0.25)

a Values in parentheses indicate base model vs. measurement agreement.
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compiled ux data from 132 studies, and reported that 65 of
those studies (the large majority of which were dynamic ux
chamber studies) found a positive correlation between
measured Hg0 ux and solar radiation (Table S1,† Agnan et al.3).

As a result of the adjustment in emission uxes, the ratio
between modeled and measured daily sum of Fnet at the
temperate grassland site decreased from factors of approxi-
mately 2.3 to 1.1 (improved model) in summer (Fig. 6A; diel
mean modeled net uxes of �3.6 vs. measured uxes of
�3.8 ng m�2 h�1). Degree of agreement (d) values between (diel)
modeled and observed uxes also support the improvement in
model performance (i.e., 0.97 vs. 0.71 for summer). The
improvement in both the ratios and d-values demonstrates that
revising the soil re-emission function can signicantly improve
the agreement between modeled and measured Hg0 uxes
(Table 1).

For the Arctic tundra site, we found that the absolute
difference between the mean diel modeled and measured uxes
(net deposition) decreased from 1.5 to 0.1 ng m�2 h�1 in
summer, and the d-values of the base vs. adjusted model were
0.98 vs. 0.46; Fig. 6B. Table 2 presents the adjustment factors
Table 2 Base and revised resistance parameter values (Zhang et al.20)

Ecosystem Resistance parameter Sensitiv

Grassland rstmin Stomata
RcutdO3

Cuticle
RgdO3

Ground
Tundra rstmin Stomata

RcutdO3
Cuticle

RgdO3
Ground

This journal is © The Royal Society of Chemistry 2019
used to revise the base resistance parameter values for the two
sites.

4.4. Model response to revised dry deposition and soil re-
emission parameterizations in winter

For winter months, we performed the same adjustments for the
dry deposition model, and show the results of these adjust-
ments in Fig. 7. The results indicate that in winter months with
sub-zero air temperature and snow on the ground, revisions of
these resistance terms of dry deposition had no discernable
effect in improving the agreement between measured and
modeled exchange uxes. However, the modeled uxes of both
the base simulation and the adjusted simulation largely repli-
cated a lack of strong diel patterns in measured Hg0 uxes.

Neither simulation, however, is able to replicate an observed
net Hg0 sink under snow cover. We suggest adding a net soil
Hg0 sink along with eliminating re-emissions under snow, in
agreement with eld studies.12,58 We also recommend de-
coupling wintertime uxes from variability imposed by solar
radiation and temperature. Fig. 8 shows how turning off soil re-
emission (both in the day and at night) at both sites and adding
ity simulation
Base value
(s m�1)

Revised base
value (s m�1)

l 100 700
4000 1000
200 50

l 150 750
8000 4000
500 167

Environ. Sci.: Processes Impacts
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Fig. 7 Model response to reduced stomatal uptake and increased cuticular and ground uptake and comparison of modeled and measured net
exchange fluxes at: (A) the grassland site in December 2006, and (B) the tundra site in January 2016.
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a net soil Hg0 sink (e.g., on the order of 1 ng m�2 h�1) at the
grassland site led to the best agreement between measured and
modeled net Hg0 uxes. Even still, the agreement between
modeled and measured uxes at both sites is modest (Table 1),
possibly due to measurement issues of detecting small uxes
during the winter when stable atmospheric conditions make
such measurements challenging.12
4.5. Seasonal mercury accumulation in leaves estimated
using the adjusted deposition model parameterization

An additional, independent constraint of Hg0 deposition can be
achieved by comparing foliar Hg0 uptake based on modeled
stomatal and cuticular uptake to leaf Hg content measured in
the eld. Several studies have documented that during the
growing season, atmospheric Hg0 uptake in leaves results in
increasing leaf Hg content over time.59–61 Other studies, in
particular using stable isotope analysis, have conrmed that
foliar Hg is primarily derived of atmospheric Hg0 uptake.7,10 To
evaluate how our proposed changes in stomatal and cuticular
leaf resistance terms impact foliar Hg0 accumulation, we esti-
mated seasonal (April to August) Hg accumulation in vegetation
Fig. 8 Model response to reduced soil re-emission and revised resistance
fluxes of Hg0 at: (A) the grassland site in December 2005, and (B) the tu

Environ. Sci.: Processes Impacts
at the grassland site for both the base and adjusted model
parameterizations. The following expression was used to esti-
mate the leaf Hg concentration (CHgleaf):

CHgleaf

�
ng g�1

� ¼ FdepðstþcutÞ � tL � SLA� 1

LAI
(11)

where Fdep(st+cut) is the net dry deposition ux of Hg0

(ng m�2 d�1) due to leaf uptake via stomatal and cuticular
pathways, tL is the duration of the growing season in days, and
SLA is the specic leaf surface area (leaf surface area per mass:
m2 g�1). Because Dactylis glomerata L. is one of the dominant
plant species at the Früebüel grassland site, we used a SLA value
of 0.017 m2 g�1 for this species62 in eqn (11). Monthly averaged
LAI values obtained from MODIS-Terra database53 for each
growing season month were used. To calculate deposition
uxes, the average measured atmospheric Hg0 concentration49

for each growing season month was used.
Comparison between seasonal Hg accumulation using the

base model and the adjusted model (Fig. 9) supports the nd-
ings shown earlier that the base model parameterization
strongly overestimates Hg0 uptake. The base model-estimated
tissue Hg concentration is 164 ng g�1, which is much higher
parameters, and comparison of modeled andmeasured net exchange
ndra site in January 2016.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Growing season Hg accumulation in: (A) Dactylis glomerata L. at the grassland site, and (B) Betula nana L. at the tundra site using the base
and adjusted dry deposition models.
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than leaf Hg concentrations commonly measured across
ecosystems in temperate regions (21–78 ng g�1; Wang et al.).63

Using the adjusted deposition model parameterization with
increased stomatal resistance (i.e., reduced leaf Hg0 uptake), we
estimated a growing season tissue Hg concentration of
76 ng g�1. This estimated value is comparable to commonly
reported leaf and litterfall tissue concentrations in remote
ecosystems in temperate regions.63 A similar approach was
taken to estimate the modeled growing season leaf tissue Hg
concentration at the tundra site assuming Betula nana L.,
a shrub species, is the major species by biomass at the site. The
adjusted model-derived leaf tissue concentration was found to
be 29 ng g�1, which compares well with measured leaf and lit-
terfall concentrations of 25 ng g�1 at Toolik Field Station.64

5. Implications for Hg CTM models

Based on the evaluation presented here, the proposed adjust-
ments to certain deposition parameters could improve regional
and global CTMs that use resistance-based schemes to estimate
dry deposition uxes of Hg0 at grassland and tundra LUCs,
which together account for approximately 48% of vegetative
surfaces globally.65,66 The revised deposition parameters and re-
emission scheme could be implemented in CTMs in scaling up
the measurement site-LUC to 100% of the grid box land fraction
using surface parameters (e.g., LAI, roughness height, resis-
tance terms) of the measurement site. This approach was
applied by Silva and Heald67 to improve the agreement between
modeled and measured deposition velocities of O3 at the global
scale. Additional ux measurements are needed to optimize
simulated Hg0 atmosphere-surface exchange for other LUCs. In
this study, we viewed the performance of the global/regional Hg
model separately from the performance of the resistance-based
deposition and empirical soil re-emission schemes. In practice,
in CTMs, various biogeochemical processes (e.g., dry and wet
deposition, primary and secondary emissions, oxidation–
reduction, photochemistry, etc.) are optimized to achieve
a reasonable match to atmospheric Hg0 concentration
This journal is © The Royal Society of Chemistry 2019
observations. We argue that additional improvement in CTM
performance could be achieved by incorporating improved
deposition and re-emission parameterizations of Hg0.

6. Conclusion

To our knowledge, this is the rst direct performance evaluation
of Hg0 net exchange parameterizations commonly used in
CTMs with ecosystem level micrometeorological net exchange
ux measurements. We evaluated how the major resistance
terms affect modeled Hg0 exchange and how they can be opti-
mally parameterized to simulate measured net exchange uxes.
The base parameterizations overestimated measured net Hg
deposition by factors of 3–4 in summer, led to unrealistically
high tissue concentrations during the growing season, and did
not simulate the strong diel variation in observed uxes, with
net nighttime deposition and net daytime Hg0 volatilization.

The sensitivity analyses suggest the following LUC-specic
recommendations for improvement in modeling Hg0

exchange using resistance-based approaches. First, we suggest
that stomatal resistance be increased several times to reduce
bias in overestimating Hg0 uptake. In the two ecosystems we
studied the best performance was achieved through reduction
of stomatal uptake by a factor of 7 (grassland) and 5 (tundra).
Second, we suggest reductions in cuticular resistance by factors
4 (grassland) and 2 (tundra), and reductions in ground resis-
tance by factors 4 (grassland) and 3 (tundra). Finally, we propose
a new soil re-emission parameterization that simulates
observed increased diel variations in Hg0 uxes and zero uxes
at nighttime. These recommendations should be further tested
by incorporation of the suggested changes in ux parameters/
parameterizations into regional and global models that simu-
late other important processes involved in environmental
cycling of Hg (such as primary emissions, re-emissions from
oceans, chemistry, etc.) and comparison with measured atmo-
spheric Hg0 concentrations. Additional ecosystem-level Hg0

exchange and foliar uptake measurements will enable
constraints on model parameters and improvement in Hg CTM
Environ. Sci.: Processes Impacts
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performance for others of the 19 LUCs simulated by the resis-
tance scheme of Zhang et al.,20 in particular, forests.3
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