
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

180,000 195M

TOP 1%154

6,700



Chapter

Mercury Emission from Prescribed
Open Grassland Burning in the Aso
Region, Japan
Satoshi Irei, Satoshi Kameyama, Hiroto Shimazaki,

Asahi Sakuma and Seiichiro Yonemura

Abstract

In every Spring, prescribed grassland burning, so-called Noyaki in Japanese, has been
conducted for over a 1000 years by local residents in the Aso region, Japan, for the
purpose of grassland conservation because Noyaki prevents invasion of woody plants in
the grassland and helps the growth of grasses, which were an important resource of
primary industry for roofing materials of houses and livestock feed. Meanwhile, biomass
burning is known to be one of the most significant sources of airborne substances
including mercury. Taking advantage of the characteristics and resources of the place we
live in, we here describe our on-going study for the emission of gaseous mercury from
the traditional Noyaki in the Aso region and other grasslands of western Japan. During
Noyaki, we sampled and measured gaseous mercury from the Noyaki plumes to better
understand mercury emissions and cycles in the local environment. Results showed, on
average, 3.8 times higher atmospheric mercury concentrations, demonstrating the emis-
sion of gaseous mercury from the Noyaki. The possible origins, novel information the
results inferred, and future research direction are discussed in this chapter.

Keywords: Minamata convention on mercury, gaseous mercury, biomass burning,
plant uptake, dry deposition, wet deposition

1. Introduction

1.1 Prescribed open grassland burning in the Aso region for the conservation of
grassland

The country of Japan consists of 14,125 islands, is located at the longitude between
153°59012″ and 122°55057″ and the latitude between 20°25031″ and 45°33026″, and has
the total area of 377, 974.17 km2 (Figure 1a) [1]. Approximately 126 million people
reside in this country [2]. Depending on the region, the climate is divided into sub-
tropical, temperate, or boreal and the temperate predominantly covers most of the
land. Japan is a green country; forests and grassland account for 66 and 5% of the
whole land [3, 4]. The largest grassland in Japan is located in the Aso region, Kuma-
moto Prefecture.
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Aso is a regional name and it is located nearly in the center of Kyushu Island in
western Japan (Figure 1b). Geographically, this region consists of a large caldera
(463 km2) with the surrounding area (Figure 1c). The altitude is between 400 and
800 m, and the average temperature throughout the year is 13°C approximately [5].
Active volcanoes located in the center of the caldera, “the Aso five mountains”, are
the landmark of this region. With respect to local governments, the Aso region
consists of seven municipalities: Aso city, Oguni town, Minami Oguni town, Takamori
town, Ubuyama village, Minami Aso village, Nishihara village. Agriculture, pasture,
and tourism are the major industries in these municipals, and the latter two use
grasslands. The landscape of the grassland contributes to the local economy. Approx-
imately 1,850,000 tourists in 2018 and 829,000 tourists visited and stayed in the Aso
region [6, 7]. This accounts for approximately 23% of tourist visits of Kumamoto
Prefecture. Highland breeze in the grassland attracts visitors from all over Japan and
overseas.

Figure 1.
(a) Map of Japan, (b) Kyushu Mainland, and (c) Aso Region. Map images are from the Elevation World Hillshade
(courtesy to the ESRI base map, https://doc.arcgis.com/en/data-appliance/2022/maps/world-hillshade.htm).
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The grasslands in the Aso region and other local areas such as Hirado in Nagasaki
Prefecture and the Akiyoshi-dai plateau in Yamaguchi Prefecture are burnt every Spring
(e.g., Figure 2a and b) after the annual grass dies and dried during the late Fall (Figure 3).

Figure 2.
(a and b) Photograph of Noyaki in Aso.
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The grassland burning is called “Noyaki” or “Yamayaki” in Japanese (referred to as
Noyaki hereafter). According to a scientific study, Noyaki in Aso has been conducted
since 10,000 years ago [8]. The purpose of Noyaki in the ancient era was to have open
sight for hunting wild animals, but now it has shifted to the prevention of wild
forestation of the unused lands, pest control, and reset of annual habitat plants [8, 9].
With this background, there is no doubt that people love Noyaki and it is a symbol of
Spring’s coming.

1.2 Plant communities in the Aso grassland

The grasslands of the Aso region in Kyushu, Japan, exist both inside and outside of
the Aso-Kuju National Park, which covers an area of 72,680 ha [10]. The area of
grassland dominated by native species such as Miscanthus (Miscanthus sinensis) and
Nezasa (Pleioblastus chino var. viridis) within the national park, covering approxi-
mately 15,000 ha, approximately 43% of whole grassland in the Aso region [11]. In the
grassland, controlled or prescribed burning is conducted as a traditional event every
March. This artificial burning event has a significant impact on the regeneration of
grassland vegetation and the dominance of certain species. The dominant plant spe-
cies in the burned grassland include the following [12, 13]: Herbaceous plants of
Miscanthus (Miscanthus sinensis), bamboo grass (Pleioblastus chino var. viridis), Eulalia
grass (Miscanthus transmorrisonensis), silver grass (Miscanthus sacchariflorus), pampas
grass (Miscanthus floridulus), Japanese yamayuzu (Fallopia japonica), Japanese
ladybell (Adenophora triphylla), bracken fern (Pteridium aquilinum); Shrubs of
willows (Salix spp.), oaks (Quercus spp.), sourberries (Viburnum spp.), mountain
azaleas (Rhododendron brachycarpum), painted ferns (Athyrium niponicum),

Figure 3.
Photograph of the Aso grassland before Noyaki.
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hydrangeas (Hydrangea spp.), honeysuckles (Lonicera spp.), and others. Furthermore,
the following plants, which invaded during the time when the mainlands of Japan,
Kyushu, and Shikoku islands were connected to the Asian continent, remain as
endemic species: “Continental relics”: field chickweed (Stellaria matsudae), false hel-
lebore (Veratrum nigrum), daylily (Hemerocallis citrina); “Boreal plants”: herbaceous
saxifrage (Saxifraga stolonifera), golden-rayed lily (Lilium auratum), Bistort (Bistorta
officinalis Delarbre subsp. japonica), lilies (Lilium spp.).

1.3 Mercury emission from grassland burning

Crutzen et al. [14] reported the significance of biomass burning as a source of
airborne substances in the global atmosphere. Since then extensive emission studies
have been done on this subject in fields (e.g., [15–31]), in laboratories (e.g., [32–40]),
by satellites (e.g., [40]), and by modeling [41–45]. Published results have also been
reviewed (e.g., [46–49]).

Veiga et al. [50] reported indirect observations of gaseous mercury emissions from
biomass burning for the first time. Since then gaseous mercury from biomass burning
has also been studied in North America [37, 51–53], Africa [54], Europe and Russian
Federation [55], South America [56], long-range transport [57–59], and laboratory
[38, 40]. To date, it has been reported that biomass burning accounts for ~8% of
global mercury emissions to the atmosphere [60]. To the best of our knowledge,
the emission of mercury from Noyaki in Japan was reported for the first time by Irei
[61, 62]. Its stable mercury isotopic compositions were also reported for the first time
worldwide. Even though the emission size may not be as large as wildfires overseas,
there is no information available for Noyaki to that date.

Plants are known to uptake mercury from the ground and ambient air (e.g., [63–82]).
Sawgrass, a dominant plant species found in the Aso region, is also not an exception.
Sawgrass in Florida, relative plant species of Japanese sawgrass, inhales gaseous mercury
from the air and fixes it in its own body [83]. Thus, there is no surprise even if Japanese
Noyaki emits gaseous mercury to the atmosphere.

The Japanese Ministry of Environment recently updated the domestic emission
inventory of mercury for the fiscal year of 2020 (Figure 4) [84], showing that ~87%
of mercury, out of 10.7 tons of annual mercury emissions, originates from anthropo-
genic sources. Only volcanic emissions, accounting for ~13%, are the source other than
anthropogenic sources. In order to better the mercury cycle in the natural environ-
ment, we should not miss any significant source, and Noyaki is one of the veiled
domestic emission sources. How much of gaseous mercury was emitted during
Noyaki? From where did the emitted mercury come from? Finding answers to these
open questions will make our mercury cycle studies progress.

In general, the total emission (TE, g) of chemical species of interest from biomass
burning can be estimated using a common mass balance approach.

TE ¼ FL� BA� CE� EF (1)

where a fuel load or FL, also used to be referred to as a “biomass density”, is a dried
mass of biomass per unit area (typically in kg m�2), burned area or BA is the total area
burnt (m2), combustion efficiency or CE is the fraction of converted biomass carbon to
airborne carbonaceous products, such as carbon dioxide (CO2), and an emission factor
or EF is the quantity of substance of interest emitted per kg of biomass burnt (g kg�1)
[18, 47, 51, 60, 85]. FL can be estimated according to the information on the biomass
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density map [41], but it can also be measured directly (e.g., [24–26, 60]). For a large
area, FL is highly uncertain [42]. BA is primarily achieved using remote sensing tech-
nology through two methods [86]: The approach involving calculation of the extent of
the burned area through the comparison of two images taken before and after the fire
[87, 88] and the approach involving time-series analysis of regularly captured satellite
images from the real-timemonitoring of the fire [89] using the MODIS satellite (https://
modis.gsfc.nasa.gov/data/dataprod/mod14.php). A CE is hard to know in a real fire, but
a modified CE (MCE), the excess concentration (denoted as Δ hereafter, which is the
concentration during Noyaki subtracted by the background concentration) ratio of CO2

to the sum of excess concentrations of carbon monoxide (CO) and CO2 (ΔCO + ΔCO2),
has been used as an alternate index of CE [18, 90]. An EF for a substance of interest is a
key parameter depending on the types and moisture content of the fuel and burning
conditions (smoldering and flaming fires). Of the parameters and variable in Eq. (1),
EFs have been most intensively discussed in biomass-burning emission studies (e.g.,
[46]). An EF can be further broken down to as follows [18, 46]:

EF ¼ ER�
MWi

12
� CC� 1000 (2)

ER is an excess mole concentration ratio of the targeted substance to the sum of the
excess carbon mole concentrations of carbonaceous (reference) substances, which are
measured in field studies, MWi is the molecular weight of substance of interest
(200.59 g mol�1 in the case of mercury), 12 is the atomic mass of carbon, and CC is the
carbon content of fuel, which is often assumed as 0.5 [18, 36], and 1000 is a conver-
sion factor for the product in g base to kg base. It should be noted that the sum of the
excess concentrations of carbonaceous species is often approximated as the sum of
ΔCO and ΔCO2 or the excess mole concentration of CO2 divided by MCE.

Figure 4.
Domestic Hg emission inventory. The chart was produced according to the information that the Japanese Ministry
of Environment has published for the year of 2020 (website). The values are relative to the total domestic Hg
emission, 10.7 tons y�1.
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1.4 Sampling and measurement

In the Aso region, there are a number of stock farms and they possess own
grasslands. In every Spring they burn the grasslands to restore the perennial plants.
Thus, occurrences of prescribed fires are spotted over the region. Approximately
160 km2 of the Aso grassland is burnt in total every Spring [91].

Field sampling and measurements for chemical substances emitted from Noyaki
can be conducted by either airborne or on the ground. The former method (i.e., use of
aircraft) is often chosen in biomass burning studies overseas because open biomass
burnings, mostly wildfires, are large and data gained during flights over plumes can
represent the emission [46]. It is also because airborne sampling and measurements
are more safely conducted. However, the high cost, limited accessibility, fast moving
speed, etc. of manned aircraft sampling and measurements are overpowered in the
Japanese Noyaki studies where only one or few km2 of grassland is burnt at each stock
farm. Meanwhile, ground-based sampling and measurements can be done at fixed
measurement stations and/or on ground vehicles. The advantages of ground-based
measurements are that instruments and measuring devices can be set more easily and
quickly, compared to aircraft measurements. Relatively low cost of use of cars is
another advantage. However, the success of ground-based measurements strongly
relies on the weather conditions, such as wind speed and directions, proximity to the
fires and plumes, landscapes of grasslands, paved roads one can drive vehicles on, etc.
Depending on how quickly fire spreads, safety is another factor that one must con-
sider. In our field studies, we have chosen ground-based sampling and measurements
using vehicles.

In biomass burning studies, measurements of CO and CO2 are the base because the
major products of biomass burning are CO2 and CO, accounting for more than 95% of
products in general, and their ratio often indicates burning conditions, such as smol-
dering and flaming. CO2 and CO are also contained in background air, therefore, their
excess concentrations from their background level need to be checked for the evalua-
tion of burning conditions.

Gaseous mercury concentrations can be measured either by automated mercury
analyzers or the combination of conventional amalgam trap sampling and its offline
analysis using a cold-vapor atomic fluorescent or absorbance spectrometer.

For stable mercury isotope analysis, nano gram order of total gaseous mercury
(TGM) needs to be collected. This collection can be done through either chemical
traps [92], multiple commercially available gold amalgam sampling tubes [80, 93], or
large volume gold amalgam sampling tubes, namely BAuTs [62]. Collected TGM was
then converted to gaseous elemental mercury (GEM) by heating, and the converted
GEM is oxidized to Hg2+ and captured in sulfuric acid/permanganate mixture or
reversed aqua resia mixture. Prepared sample solutions were then analyzed by a
multi-collector inductively coupled plasma mass spectrometer or MC-ICP-MS.

1.5 Potential of Noyaki studies in western Japan

Since the start of our Noyaki emission studies in 2019, solid evidence of mercury
emission has been confirmed [61, 62]. The papers also report the similarly fraction-
ated δxHg values of the excess TGM to the fractionated δxHg values of mercury found
in plant species reported by others, implying that the excess TGM was likely supplied
from the grassland plant. The pilot studies above gave us an overview of what was
happening during the Noyaki events and raised some intriguing open questions: How
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much was TGM produced and emitted to the atmosphere from Noyaki in this region?
What was the origin of TGM emitted from Noyaki?

The first question is the primary one that anyone will have. This estimation has not
ever been done, thus, the source has not been included yet in the domestic mercury
emission inventories of gaseous mercury that the Ministry of Environment Japan has
ever reported. Under the current circumstance that a number of nations implement
the regulation on man-made mercury use, namely the Minamata Convention on
Mercury, this evaluation is worthwhile and contributes to update the mercury budget.
It is also interesting how variable “the annual routine emissions” are. Such informa-
tion is new and can be gained only from the prescribed burning conducted routinely.
The information can be extended to the fate of atmospheric mercury, which can be
applicable not only to the local environment but global one as well.

The second question delves into the mercury cycle in detail. Identifying the origin
(s) will help us to better understand phenomena occurring on mercury in the natural
environment, which contributes to the intellectual and novel input into our current
understanding of mercury cycle.

2. Methodology

2.1 Estimation of burnt area

In the following manner, we conducted the process of satellite image analysis.
First, we downloaded Landsat-8 surface reflectance and surface temperature products
(path = 112, row = 037) observed on April 9, 2023, from the United States Geological
Survey Earth Explorer website (https://earthexplorer.usgs.gov/). For the purpose of
creation of a spatial distribution map of prescribed burns, we adopted a supervised
classification approach. In this classification method, we curated ground reference
data for two classification categories: “burned” and “unburned.” In the next step, we
selected three vegetation groups: “pastureland,” “ Miscanthus sinensis (including
Pleioblastus chino var. viridis) stand”, and “ Miscanthus sinensis (excluding Pleioblastus
chino var. viridis) stand” using a 1:25,000 scale existing vegetation map. To reduce
spatial bias in the ground reference data, we determined 130 reference points from
each group. For the three selected vegetation groups (130 ground reference data
points each � 3), we randomly allocated “training data (100)” and “validation data
(30)” for each vegetation group. We adopted the Random Forest algorithm, a type of
machine learning algorithm with a proven track record in land use and land cover
classification using satellite imagery. This algorithm was executed using the random
Forest package (version 4.7.1.1) in R (version 4.2.1). For the classification results of
the controlled burns’ spatial distribution map, we evaluated the accuracy with overall
accuracy and a Kappa coefficient.

2.2 Fuel loads and emission factor

For wildfire studies, fuel load information can be gained from estimation based on
CO and CO2 measurements under the assumption that the fuel burned contains 50% of
carbon content in weight (e.g., [18, 36]) or from the actual analysis of habitat plants in
the field [73]. The former is a top-down method and practical for cases where sampling
biomass representing the habitat plants in the burned area is difficult (e.g., forests with a
large diversity of plant species). In contrast, the latter, a bottom-up method of actual
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Figure 5.
Photograph of example of sampling aboveground grass in a 1 � 1 m quadrat: (a) before the grass was reaped, and
(b) after the grass was reaped.
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measurements of biomass, is ideal. For the Aso grassland, this ideal case can be applied
because the composition of plant species is simple; only two plant species,Miscanthus
sinensis and Pleioblastus chino var. viridis, predominantly occupy the grassland burned.
This makes the retrieval of aboveground fuel loads and chemical contents of the biomass
pool feasible.

Fuel load, the mass of biomass per unit area, was obtained experimentally in the Aso
grassland study. In the grassland, a 1 � 1 m square quadrat was defined using plastic
rods, then the plants and litters within the quadrat were sampled (Figure 5). The plant
samples were then brought to the laboratory, and dried in the air-conditioned room (24°
C and 24% for temperature and humidity, respectively) until themasses were stabilized.
Their masses and chemical contents were then measured. If combustion completeness,
CE = 1, is given, an EF for a substance of interest will be equivalent to the content in the
biomass, thus, the EF will be easily gained from this bottom-up approach.

2.3 Sampling and measurement of airborne chemical species

In our emission study in Aso, sampling and measurements for airborne chemical
species were conducted in a vehicle. In-situ measurements for CO and CO2 were made
by a CO analyzer (Model 48C, Thermo Fisher Scientific.) and a CO2 analyzer (LI-810,
LI-COR Corp., Lincoln, NB, U.S.A.). For TGM measurements, plume gas was drawn
through a gold-coated sand trap (N-160, Nippon Instruments Corp., Osaka, Japan) at
the rate of 0.5 L min�1 using a mini-air pump (MP-W5P, Shibata Scientific Technology
Ltd., Souka, Japan), and the tube samples were brought to the laboratory and analyzed
for TGM by cold-vapor atomic fluorescent spectroscopy (CV-AFS, Nippon Instru-
ments Corp.). TGM for stable mercury isotope analysis was captured through a BAuT
sampling tube [61, 62] at the flow rate of 80 L min�1. After the sampling, the BAuT
tube was brought to the laboratory, then the TGM captured was converted to oxidized
mercury (II) in 40% reversed aqua resia solution. The prepared solution samples were
then analyzed by an MC-ICP-MS (Neptune Plus, Thermo Fisher Scientific GmbH,
Bremen, Germany) for the isotopic composition.

δxHg ‰ð Þ ¼

xHg
198Hg

� �

sample
xHg
198Hg

� �

3133

� 1

2

6

4

3

7

5
� 1000 (3)

where x stands for the stable mercury isotope with mass x, and the bracketed
isotope ratios with subscripts “sample” and “3133” indicate the stable mercury iso-
tope ratios of mass x relative to the mass 198 for the sample and SRM 3133 (NIST),
respectively.

Either a Teflon-coated glass fiber filter (Pallflex, Emfab, Pall Corp., Port Wash-
ington, NY, U.S.A.) or quartz fiber filter (Pallflex, Tissuequartz, Pall Corp.) installed
in filter holder (Innovation NILU AS, Kjeller, Norway) or capsule filter (Balston,
Parker Hannifin Corp., Cleaveland, IL, U.S.A.) was attached to all the inlets for
sampling and measurements described above.

Instruments and devices referred above were loaded to a vehicle, together with
batteries for their power supplies, then plumes from Noyaki were chased. When the
car was drove into plumes the car was stopped in the plumes and the engine was
stopped until the plume is gone. The sampling and measurements were continued
until the Noyaki of the day there ended.
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3. Results and discussion

3.1 Burned area

There have been previous efforts that estimate the extent of BA in the Aso region
using satellite imagery [94]. However, the estimates were based on the conventional
maximum likelihood method and the reliability of the estimates was not evaluated. In our
study, we employed the Random Forest algorithm, which is a machine learning method
with better classification performance than the maximum likelihood method, and then
evaluated the reliability of classification results in terms of overall accuracy and Kappa
coefficient. The image analysis results (spatial distribution map of prescribed burns) were
very accurate, with an overall accuracy of 0.972 and a Kappa coefficient of 0.944. This
analysis demonstrated the potential and practical utility of high-precision spatial distri-
bution estimation for prescribed burn monitoring using satellite imagery. Within the
boundaries of individual pasturelands, areas that have undergone prescribed burns and
those that have not were intermixed. The obtained data were used for more precise
determination of the burnt area on more fine scale, and currently, boundaries are under
the cross check. For future work, estimating burned biomass in prescribed burn moni-
toring, the capability of satellite image analysis covering extensive areas (enabling spatial
distribution understanding) will be highly effective and essential (Figure 6).

3.2 Measurements

3.2.1 Aboveground fuel loads

Aboveground fuel loads we found in the Aso region are listed in Table 1. The table
also shows fractions of two major habitat plant species,Miscanthus sinensis and
Pleioblastus chino var. viridis. Results showed that the fuel loads were highly variable,
from 0.6 to 1.58 kg m�2. The compositions at most of the locations, except Minamioguni
1, were split by the two plant species. Minamioguni 1 was surrounded by trees, and,
therefore, the most contributing, biofuel there was litter, which was included as other.
Compared to the fuel loads reported to date, such as for African savanna (0.36–
0.48 kg m�2 [25], 0.20–2.5 kg m�2 [95]), Austrarian savanna (0.56 kg m�2 [24], 0.11–
0.74 kg m�2 [95]), North American meadow (0.4 kg m�2, [52]), and central and south
American savanna (0.30–1.38 kg m�2 [95]), our observations were in compatible level.

3.2.2 TGM concentration

Observed atmospheric concentrations of TGM in the background air and Noyaki
plumes were on average (� SD) 1.4 � 0.5 and 5.2 � 3.6 ng m�3, respectively. TGM
concentrations varied substantially (Figure 7) and the variation was attributed to the
proximity to the fire. With consideration of this atmospheric dilution, we are now
confident that Noyaki indeed emits TGM into the atmosphere. As stated earlier, this
emission has not been included in the Japanese domestic emission inventory that the
Ministry of Environment Japan published, therefore, the emission source needs to be
evaluated for a better understanding of the mercury cycle in the natural environment.

3.2.3 CO and CO2 measurements

We defined the background concentrations of CO and CO2 as 0 ppmv and 422
ppmv, respectively. Therefore, for our data, the subtraction of these concentrations
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was applied due to their mixing ratios observed in the background air. Using the
results obtained from the field study at the Akiyoshidai National Park, we show the
overview of this research project.

Figure 6.
Overlaid images of a landscape map and burned (red) and unburned (light green) grasslands of the Aso region
identified from the satellite images. Sources of the landscape map: World Hillshade, Esri, Airbus DS, USGS, NGA,
NASA, CGIAR, N Robinson, NCEAS, NLS, OS, NMA, Geodatastyrelsen, Rijkswaterstaat, GSA, Geoland,
FEMA, Intermap, and the GIS user community.
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The ground-based measurements of CO and CO2 showed the complexity of the
combustion state, flaming and smoldering. For example, observations for CO and CO2

at Akiyoshidai in the time period between 10 AM and 12 PM demonstrated their
unsynchronized variations in detail, but roughly speaking, their trends were similar
(Figure 8a). MCEs in this time period varied from 86 to 104% and on average � SD,
97.2 � 1.3% (Figure 8b). The fractions of CO relative to the sum of CO and CO2 were
on average � SD, 2.9 � 4.0%. The scatter plot of ΔCO against ΔCO2 showed a high
correlation (r2 = 0.768) with a slope of 0.02, indicating a proportional relationship and
nearly complete combustion (Figure 9).

Sampling

location

Fuel load

(kg m�2)

Miscanthus sinensis

(%)

Pleioblastus chino var. viridis

(%)

Other

(%)

Hirado 1.09 n.a. n.a. n.a.

Nishihara 1.58 n.a. n.a. n.a.

Minamioguni 1 0.60 29.5 31.5 39.0

Minamioguni 2 0.74 67.6 22.9 9.5

Kamitajiri 0.96 27.4 71.6 0.9

Takenohata 1 0.96 88.2 11.8 0.0

Takenohata 2 0.73 64.3 30.9 4.9

n.a. = data are not available.

Table 1.
Fuel loads in the grassland of Aso and fractions of the two major habitat plant species, Miscanthus sinensis and
Pleioblastus chino var. viridis.

Figure 7.
Average atmospheric concentrations of TGM observed during the Noyaki (red bar) and ordinary days (blue bar)
in the period of 2019–2023.
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Figure 8.
Time series plot of (a) volume-based CO2 (blue) and CO (red) mixing ratios, and (b) modified combustion
efficiency (i.e., ΔCO2/(ΔCO + ΔCO2)) observed during the prescribed grassland burning at the Akiyoshidai
National Park.
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3.2.4 Excess concentration ratio, emission factor, and Total mercury emission

ERs for ΔTGM/(ΔCO2 + ΔCO) and ΔTGM/ΔCO are approximately 1.6 � 10�9 and
0.56 � 10�7, respectively. According to Eq. (2) with the assumptions that the carbon
content of fuel was 50%, the majority of this carbon was converted to CO2 and CO, and
CO2:CO was 0.97:0.03 (discussed in subsection 3.2.3 for MCE), the corresponding EFs
estimated from the ERs for ΔTGM/(ΔCO2 + ΔCO) and ΔTGM/ΔCO shown above are
13.2 � 10�6 and 14.0 � 10�6 g Hg kg�1, respectively. The values are significantly low,
compared to other EFs reported for the grassland fires ranging from 38 to 510 � 10�6 g
Hg kg�1 ([51], references therein). The results were obtained during the emission study
in Akiyoshidai, therefore, we applied these EFs to the prescribed fire there. Given the FL
of 1.0 kg m�2with the 11.4 km2 of burned area reported [96]. The estimated Hg emission
from there is 150.5 and 159.6 g y�1, which is approximately 0.02% of the annual Japanese
domestic emission of TGM that the Ministry of Environment Japan reported.

3.2.5 Stable mercury isotope ratios

A limited number of TGM samples collected using BAuTs were analyzed for stable
mercury isotope ratios. In order to characterize the isotopic compositions we evalu-
ated if the observed isotopic compositions were reflected by mass dependent frac-
tionation (MDF) or mass independent fractionation (MIF) using the Eq. (4) [97].

ΔxHg ‰ð Þ≈δxHg� δ202Hg� βx
� �

(4)

Figure 9.
Scatter plot of excess CO and CO2 mixing ratios (ΔCO and ΔCO2) observed during the prescribed grassland
burning at the Akiyoshidai National Park.
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where βx is the mass-dependent fractionation factor for mass x (0.2520, 0.5024,
0.7520, and 1.4930 for mass 199, 200, 201, and 204, respectively).

Results showed that Δ199Hg values for TGM in the Noyaki plumes were on average
(� SD), � 0.23 � 0.05‰, while those for TGM in the background air were on
average, � 0.13 � 0.12‰, indicating TGM emitted from the Noyaki underwent small
MIF and TGM in the background air did not. Furthermore, δ202Hg of TGM from the
background air and Noyaki plumes showed discrete compositions (Figure 10). It is
interesting that our observations shown in Figure 10 resembled the isotopic composi-
tions found in plants, such as rice straw [75], foliage [79–81], and in soil [82]. Was
atmospheric GEM aspirated from the air together with CO2, then oxidized and fixed
in the plant body? Or was the deposited mercury on the ground taken up through the
roots of plants? Answers to those open questions will be found by continuing overall
grassland studies, including prescribed biomass burning and wet and dry deposition
of mercury as well as mercury content in plant sections and soil.

4. Conclusion

Our study concretely confirmed that the prescribed biomass burning of the grass-
lands in Aso and other grasslands in western Japan emitted TGM into the atmosphere.
The estimation of the emitted TGM during the Noyaki in the Aso region is currently
under evaluation. Preliminary estimation of the TGM emission from Noyaki in the
Akiyoshidai National Park resulted in 150–160 g TGM emission, which accounts for
0.02% of the whole domestic emission of mercury that the Japanese Ministry of
Environment reported. Due to more than 10 times larger area of the Aso grassland
than the Akiyoshi-dai grassland, it is possible that the emission of mercury from
Noyaki in Aso can rise to 1% or similar, and for whole Noyaki in Japan may rise to a
few %. The investigation is currently on-going.

Figure 10.
Stable isotope ratios of TGM collected from the Noyaki plume and background air. The figure was reproduced
from the previously published data [60]. See the text and Eqs. (3) and (4) for the definitions of these isotope ratios.
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δxHg values of TGM showed similar values to the reported δxHg of the plant
uptake TGM, implying the atmospheric mercury can be the origin. However, our
current dataset could not identify whether or not the plant uptake of TGM from the
air or wet and/or dry depositions contributed to the grassland mercury. Further
detailed study combined with atmospheric monitoring in the grassland may help us to
find the answer.
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