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Abstract 

Continuous measurements of soil CO2 flux are useful for understanding degassing processes and for monitoring 
volcanic activities. Recent studies at many volcanoes have revealed that soil CO2 flux variations are significantly influ‑
enced by environmental parameters as well as volcanic processes. In this study, we conducted continuous monitoring 
of soil CO2 flux in the flank of Nakadake cone, Aso volcano, Japan, from January 2016 to November 2017. The results of 
our observations during an active period before and after a large phreatomagmatic eruption on 8 October 2016 and 
during a calm period from 2017 showed variations in soil CO2 flux due to oscillations in environmental parameters. 
Excluding these variations from the raw time series by multivariate linear regression analysis, the time series of soil 
CO2 flux presented some anomalous peaks in both the active and calm periods. Careful comparison of the anomalous 
peaks with the environmental parameters revealed that most of the anomalous peaks were likely due to an increase 
in wind speed and/or a decrease in barometric pressure. However, the anomaly after the 8 October 2016 eruption was 
not completely explicable by the variations in the environmental parameters and coincided with increases in seismic 
amplitude and plume SO2 flux. This anomaly was possibly attributed to an increase in magmatic CO2 flux. These find‑
ings emphasized the importance of careful statistical treatment of the soil CO2 flux data after excluding the influences 
of the environmental parameters at each measurement site. These statistical treatments will contribute to a better 
understanding of the degassing processes and monitoring of volcanic activities, including phreatic or phreatomag‑
matic eruptions.
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Introduction
Soil diffuse degassing is an important part of gas emis-
sions from active volcanoes and hydrothermal systems 
(Baubron et al. 1990; Allard et al. 1991). Among the many 
species in magmatic gases, CO2 is a good indicator of 
the migration of magmatic volatiles because of its high 
abundance in magmatic volatiles and its low solubility 

in magma (Stolper and Holloway 1988). Associated with 
volcanic unrests, anomalous increases in soil CO2 fluxes 
have been reported at many volcanoes (Rogie et al. 2001; 
Hernández et  al. 2001; Granieri et  al. 2003; Carapezza 
et al. 2004; Badalamenti et al. 2004; Carapezza et al. 2009; 
Pérez et  al. 2012; Werner et  al. 2014; Laiolo et  al. 2016; 
Cardellini et al. 2017; Boudoire et al. 2017). These anom-
alous increases have been detected as precursory changes 
measured by automated monitoring systems (e.g., Pérez 
et al. 2012; Boudoire et al. 2017) and/or as an expansion 
in anomalous degassing areas and an increase in back-
ground CO2 flux measured by repeated spatial surveys 
of soil CO2 flux (e.g., Cardellini et al. 2017). For example, 
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based on continuous monitoring, large CO2 flux anoma-
lies have been recorded in coincidence with major explo-
sions and lava flows at Stromboli volcano (Laiolo et  al. 
2016) and with the swarm of deep seismic events that 
preceded the eruption of Piton de la Fournaise volcano 
(Boudoire et  al. 2017). These previous studies indicate 
that continuous measurements of soil CO2 flux are useful 
for understanding degassing processes and for monitor-
ing volcanic activities related to the migration of magma 
and volcanic gas from depth. The previous studies have 
conducted mainly at “dry” volcanoes where magmatic 
eruptions occurred, and there have not been any reports 
of soil CO2 flux measurements related to phreatic or 
phreatomagmatic eruptions occurred at “wet” volcano.

Soil gas emissions, including those of CO2, are signifi-
cantly influenced by environmental parameters such as 
barometric pressure, air temperature, air humidity, soil 
temperature, soil humidity, rainfall, wind speed, and 
wind direction (Rogie et  al. 2001; Granieri et  al. 2003; 
Pérez et al. 2006; Lewicki et al. 2007; Viveiros et al. 2008; 
Carapezza et  al. 2009; Cigolini et  al. 2009; Liuzzo et  al. 
2013; Viveiros et al. 2014; Lewicki and Hilley 2014; Laiolo 
et al. 2016; Boudoire et al. 2017). To remove the contribu-
tion of these external parameters, Granieri et  al. (2003) 
applied multiple regression analysis to time series of soil 
CO2 flux for the first time. By using the same procedure, 
Viveiros et  al. (2008) reported that the contribution of 
these environmental parameters to soil CO2 flux vari-
ations reached more than 50% in their case. Among the 
environmental parameters, recent studies have revealed 
that soil conditions (soil temperature, soil humidity, and 
rainfall), as well as air temperature and barometric pres-
sure, may highly influence soil CO2 flux variations (Vivei-
ros et  al. 2008; Boudoire et  al. 2017). Furthermore, soil 
CO2 flux can be affected by local wind conditions around 
the monitoring site because of dynamic coupling between 
the wind and vadose zone of source CO2 (Lewicki et al. 
2007). The influence of each environmental parameter 
varies with site location (Viveiros et al. 2008; Carapezza 
et al. 2009); therefore, correlations between the environ-
mental parameters and soil CO2 flux at each monitoring 
site should be quantified to discriminate soil CO2 flux 
variations related to changes in volcanic activity.

In the present study, continuous monitoring of soil 
CO2 flux was performed at Aso volcano, Japan, starting 
in January 2016 following the volcanic unrest from the 
end of 2013 (Miyabuchi et  al. 2018). Here, we present 
the results of the obtained data in 23 months including a 
large phreatomagmatic eruption on 8 October 2016. The 
environmental and volcanic influences on the data were 
distinguished using multiple linear regression (MLR) 
analysis. Our motivation was to evaluate the influence of 
the environmental parameters on our monitoring site of 

soil CO2 flux and to validate the influence of the volcanic 
activity on the observed soil CO2 flux. This study is the 
first investigation of soil degassing behavior during phre-
atic and phreatomagmatic eruptions.

Volcanic activities of Aso volcano during 2013–
2017
Aso volcano is located on Kyushu Island, southwest Japan 
(Fig. 1). It consists of a caldera with diameters of 25 km 
in the north–south direction and 18 km in the east–west 
direction and post-caldera central cones. The only active 
cone is Nakadake volcano, which is a composite volcano 
of basalt to basaltic andesite (Ono and Watanabe 1985). 
Among the seven craters of the volcano, only the north-
ernmost crater (the Nakadake first crater) has been active 
in the past 80  years (Ono and Watanabe 1985). During 
calm periods, the crater contains hot (40–80  °C) and 
hyper-acidic (pH < 1) lake water (Miyabuchi and Terada 
2009; Ohsawa et  al. 2010; Terada et  al. 2012; Shinohara 
et al. 2015). Volcanic gases are persistently emitted from 
the lake surface and a fumarolic area on the southern wall 
of the crater (Fig. 1; Shinohara et al. 2015). The SO2 flux 
in the calm periods typically ranges from 200 tons day−1 
to 400 tons day−1 based on monthly reports by the Japan 
Meteorological Agency (JMA; available at http://www.
data.jma.go.jp/svd/vois/data/tokyo​/STOCK​/month​ly_v-
act_doc/month​ly_vact_vol.php?id=503).

A timeline of the volcanic activity during 2013–2017 
is summarized in Fig.  2. From April 2013, the surface 
area of the crater lake started to decrease, and it became 
less than 10% of the crater bottom in December 2013 
(Fig. 2a; JMA 2015). Following multiple small ash emis-
sion events in January and February 2014 (Ichimura 
et  al. 2018), the crater bottom was completely dried up 
in July 2014. A minor eruption occurred on 30 August, 
and a series of magmatic eruptions then began from 25 
November (JMA 2015; Ichimura et al. 2018). Intermittent 
ash emissions and Strombolian explosions (referred to as 
“Strombolian eruptions” in Fig. 2a) at the vent situated in 
the crater (Fig. 1) continued until 3 May 2015 (Yokoo and 
Miyabuchi 2015; Miyabuchi et  al. 2018). After the rainy 
season from the end of May to the middle of July, minor 
eruptions occurred from August 2015 (JMA 2016). An 
explosive phreatomagmatic eruption occurred on 14 
September, in which the ash plume rose to 2000 m above 
the crater rim and 1-km running pyroclastic density cur-
rents were observed (Miyabuchi et al. 2018).

After the 14 September 2015 eruption, small phrea-
tomagmatic explosions occurred on 23 October 2015, 
and some minor phreatic explosions occurred on 7 
and 25 December 2015; 17 and 18 February 2016; and 
4 March 2016 (Fig. 2a; JMA 2016, 2017). From March 
2016, a small amount of hot water was observed in the 

http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503
http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503
http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503
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crater until the middle of July, and the surface area of 
the lake increased to 70% of the total area of the cra-
ter bottom (Fig.  2a; JMA 2017). During March and 
September 2016, quite minor mud emissions from 
the crater bottom were observed (JMA 2017). During 
this period, a large and destructive earthquake (Kuma-
moto earthquake, Mw = 7.1) occurred on 16 April 2016 
at 40  km southwest of Aso volcano with many large 
(MJMA ≤ 6.5) foreshocks and aftershocks (Yagi et  al. 
2016).

On 8 October 2016, an explosive phreatomagmatic 
eruption occurred, and since then no eruptions have 
been recorded to this date (August 2018). The eruption 
plume height observed by the meteorological satellite 
Himawari-8 was estimated to reach 13–14 km asl (Ishii 
et  al. 2018). After this eruption, bubbling in the lake 
water and a reddish glow around the fumarolic area in 
the southern crater wall were observed on 16 Novem-
ber (JMA 2017). The crater lake recovered and filled 
the crater bottom in April 2017 and has remained until 
the present (December 2018).

Continuous monitoring of soil CO2 flux
Following the eruptions during 2014–2015, an automated 
soil CO2 flux station (manufactured by West Systems 
Srl) was installed 1 km southwest of the active crater in 
January 2016 (Fig. 1). This location was selected because 
the volcano was very active during the installation and 
accessing the summit area during the automated meas-
urements posed a high risk. In this location, a site was 
selected where the soil surface was devoid of any plants. 
Because a previous study of the spatial distribution of 
soil CO2 flux was limited to the area in and around the 
Nakadake craters (Saito et  al. 2007), any prior informa-
tion about fluxes or the isotopic composition of soil CO2 
around the site was not available before we set the station 
at this site. The station stood on a volcanic edifice of the 
Nakadake cone consisting of layered lava flows and tuff 
(Ono and Watanabe 1985).

The station performed soil CO2 flux measurements 
using the accumulation chamber method (Parkinson 
1981; Chiodini et al. 1998). Every hour a chamber auto-
matically descended into the ground, and the station 

Fig. 1  Location of the soil CO2 flux station (yellow circle) and weather station maintained by the Japan Meteorological Agency (blue square). The 
location of Aso volcano is depicted with a red triangle in an inset. The background satellite image (captured on 15 April 2016) is from Google Earth 
(https​://earth​.googl​e.com/web/)

https://earth.google.com/web/
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measured soil CO2 flux and environmental parameters, 
such as air temperature, air relative humidity, baromet-
ric pressure, wind speed, wind direction (direction where 
the wind blew from), soil humidity, soil temperature, and 
precipitation (Additional file 1: Table S1). Details of the 
measurement are described in the supplementary infor-
mation (Additional file  1). Dionis et  al. (2015) reported 
that the accuracy of the soil CO2 flux measurement was 
within ± 25% for the range of 22–220 g m−2 day−1 using 
a similar instrument. Although a typical value of soil CO2 
flux in the present study was one order of magnitude 
lower than the range of soil CO2 flux for the reported 
accuracy, the accuracy of the soil CO2 flux in the present 
study unlikely deviated from the previous value, as shown 
in Additional file 1: Figure S1.

In the present study, the data collected between 8 Janu-
ary 2016 and 20 November 2017 were reported. The 
sensor for air temperature and air relative humidity mal-
functioned during September–December 2016 and from 
August 2017 to the end of the present study. The rain 
gauge was also out of order from October 2016. There-
fore, for air temperature and precipitation data of the 
missing period, the data obtained at a weather station 

maintained by the JMA (200  m from the soil CO2 flux 
station; Fig.  1) were used. Detailed treatments of the 
missing data are described in the supplementary infor-
mation (Additional file 1: Figure S2). For the air relative 
humidity data, the data from the weather station were 
used for the whole observation period in the analysis. The 
environmental parameters at the weather station were 
also missing during October 2016–January 2017 because 
of damage caused by the 8 October 2016 eruption. We 
linearly interpolated the air temperature data during this 
3-month period. Furthermore, during the winter season 
(late December to March), our station was often covered 
with snow and the accumulation chamber system often 
froze. Consequently, soil CO2 flux data in the winter sea-
son were frequently missing.

Results
A time series of soil CO2 flux is shown in Fig. 2. The soil 
CO2 flux ranged from 0.01 to 46.4 g m−2 day−1, with a 
mean and a standard deviation of 2.1 g m−2 day−1 and 
2.6 g m−2 day−1, respectively (Fig. 3; Table 1). These flux 
values were one order of magnitude lower than the typ-
ical range of soil CO2 flux in a volcanic-hydrothermal 

Fig. 2  Time series of a the surface area (black circle) and surface temperature (blue square) of the crater lake and b plume SO2 flux. The surface 
area of the crater lake is indicated by the ratio of the area to the crater bottom. The value of 0 in the surface area corresponds to the situation 
where the crater lake does not exist. The value of 0.1 in the surface area includes the situation where although the crater lake exists, the amount 
of water cannot be estimated because the crater is mostly covered by the volcanic plume. At the upper part of a, volcanic alert levels issued 
by the Japan Meteorological Agency (JMA) are presented with a corresponding color code, and the dates of occurrence of eruptions and quite 
minor mud emissions from the crater bottom are depicted with red and gray dots, respectively. The enlarged dots of eruptions correspond to the 
phreatomagmatic eruptions on 14 September 2015, 23 October 2015, and 8 October 2016. The text “Strombolian eruptions” corresponds to the 
period when magmatic eruptions were observed (i.e., intermittent ash emissions and Strombolian eruptions). The data are from monthly reports by 
the JMA (available at http://www.data.jma.go.jp/svd/vois/data/tokyo​/STOCK​/month​ly_v-act_doc/month​ly_vact_vol.php?id=503)

http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503


Page 5 of 16Morita et al. Earth, Planets and Space            (2019) 71:1 

environment (Chiodini et  al. 2008). However, even 
when the soil CO2 flux was as low as the range observed 
in the present study, the contribution of magmatic CO2 
was observed in the time series of soil CO2 flux (Pérez 
et al. 2012; Melián et al. 2014). In the present study, the 
station stood on bare ground, and there were no poten-
tial contributors to biogenic CO2 around the station. 
Although we lacked data on the isotopic composition 
of the soil CO2, a biogenic source of CO2 alone did not 
unlikely explain the large variations (approximately 20 
times larger than the average) in soil CO2 flux observed 
in the present study.

As shown in Fig.  3, some high and low soil CO2 
flux trends were observed. Automated soil CO2 flux 

measurement was not successfully performed from Jan-
uary to early March 2016 and from late December to 
early March 2017 because the accumulation chamber 
system often froze. However, during these winter sea-
sons, the obtained soil CO2 flux was as low as 0 g m−2 
day−1 even when the measurement succeeded (Fig. 3). 
This low value was likely related to snow and soil frost, 
which made CO2 not ascend in a shallow zone of the 
ground. The maximum soil CO2 flux was observed in 
August 2016, and soil CO2 flux at a comparable level 
was also found in August 2017 (Fig.  3). Soil CO2 flux 
variations related to the Kumamoto earthquake (16 
April 2016) were not evident. Minima in soil CO2 flux 
occurred during June–July 2016, and a small increase in 

Fig. 3  Time series of soil CO2 flux from January 2016 to November 2017 (black circle). The dark and light gray circles correspond to soil CO2 flux data 
calculated with air temperature data of the weather station and interpolated air temperature data, respectively. The red line shows the daily average 
values of the data

Table 1  Statistics of soil CO2 flux and environmental parameters

SD Standard deviation, nd not determined

Parameter Unit Data no. Mean SD Min. Max.

Soil CO2 flux g m−2 day−1 12,370 2.1 2.6 0.01 46.4

Barometric pressure hPa 16,136 884.7 4.4 862.1 896.3

Air temperature °C 14,899 11.8 8.8 −14.1 30.7

Air relative humidity % 13,471 82.9 18.9 6.0 100.0

Precipitation mm h−1 14,293 0.5 2.3 0.0 75.2

Soil temperature °C 16,136 12.4 7.3 0.4 23.4

Soil humidity % 16,136 16.7 4.9 2.8 32.3

Wind speed m s−1 16,136 2.5 2.0 0.0 14.3

Wind direction °North 16,136 nd nd 0 359
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the daily average values was recorded during Novem-
ber–December 2016.

A time series of environmental parameters is 
shown in Fig.  4, and the statistics are summarized 
in Table  1. By comparing the time series of environ-
mental parameters with those of the soil CO2 flux in 

Fig.  4, we recognized that the variations in soil CO2 
flux were often recorded simultaneously with increases 
or decreases in some of the environmental param-
eters. The increases in soil CO2 flux in August 2016 
and August 2017 were recorded simultaneously with 
decreases in barometric pressure or increases in wind 
speed (Fig. 4a, g). The minima in soil CO2 flux during 

Fig. 4  Time series of environmental parameters from January 2016 to November 2017 for a barometric pressure, b air temperature, c air relative 
humidity, d precipitation, e soil temperature, f soil humidity, g wind speed, and h wind direction. The black and dark gray circles correspond to data 
obtained at the soil CO2 flux station and those obtained at the weather station, respectively. The red line shows the daily average values of the data. 
The gray crosses and orange dotted line correspond to soil CO2 flux and its daily average values shown in Fig. 3, respectively
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June–July 2016 was observed during the rainy season 
with high precipitation and high soil humidity (Fig. 4d, 
f ).

To clarify the statistical characteristics of the observed 
soil CO2 flux and its correlation with the environmental 
parameters, a histogram and probability plot of the soil 
CO2 flux and correlation plots of the daily average soil 

CO2 flux and that of each parameter are shown in Fig. 5 
and Additional file 1: Figure S3, respectively. As shown in 
Fig. 5, the soil CO2 flux data roughly followed the lognor-
mal distribution but were skewed right in the higher flux 
range; and thus, the soil CO2 flux was plotted in loga-
rithmic scale in Additional file 1: Figure S3. The correla-
tion coefficients are summarized in Table 2. Among the 
eight environmental parameters, there was a relatively 
weak correlation between logarithmic soil CO2 flux and 
wind speed (correlation coefficient R = 0.414), but the 
other parameters did not show significant correlations 
(−0.3 < R < 0.3). The lack of clear correlation between 
soil CO2 flux and the environmental parameters did not 
agree with the results of previous studies (Viveiros et al. 
2008; Carapezza et al. 2009; Laiolo et al. 2016). The lack 
of clear correlation may have been related to the differ-
ences between the present study and the previous stud-
ies in conditions of the site, including permeability and 
porosity of the soils, as well as the distance from the site 
to the hydrothermal system.

In Fig. 6, conditional probabilities (Carslaw 2015) of soil 
CO2 flux ranging in the first, second, third, and fourth 
quartiles (< 0.95, 0.95–1.4, 1.4–2.2, and > 2.2 g m−2 day−1, 
respectively) are plotted against wind speed and direc-
tion. For example, when the wind speed was 5 m s−1 and 
wind direction was northeast, the probability of soil CO2 
flux ranging in the third quartile was about 30% (Fig. 6c).

It is clear from Fig. 6a that soil CO2 flux as low as the 
first quartile range (< 0.95  g  m−2 day−1) was recorded 
mainly with southwesterly wind. These azimuthal 
dependences were likely caused by the local terrain 
conditions of the soil CO2 flux station. There was a 
small cliff of several meters height in the southwestern 
side of the station. The southwesterly winds might have 
caused air perturbation of the ascending CO2 in the 
shallow part of the ground, thereby resulting in low soil 
CO2 flux, as discussed in Lewicki et al. (2007). On the 
other hand, high soil CO2 flux was observed principally 
in easterly wind conditions, and higher flux values were Fig. 5  a Histogram and b lognormal probability plot of soil CO2 flux 

data

Table 2  Correlation coefficient (R) between the daily average of log10(soil CO2 flux) and environmental parameters, 95% 
confidence interval of R (R95), and t test and p values for R 

The air temperature data used in this statistical treatment include the interpolated values

Parameter Degree of freedom R R95 t test p value

Barometric pressure 11,554 − 0.145 − 0.162 to − 0.127 − 15.71 0.00

Air temperature 11,554 − 0.244 − 0.261 to − 0.226 − 27.00 0.00

Air relative humidity 9847 − 0.039 − 0.059 to − 0.019 − 3.85 0.00

Precipitation 10,532 − 0.077 − 0.096 to − 0.058 − 7.91 0.00

Soil temperature 11,554 − 0.125 − 0.143 to − 0.107 − 13.51 0.00

Soil humidity 11,554 − 0.124 − 0.142 to − 0.106 − 13.48 0.00

Wind speed 11,554 0.414 0.399 to 0.429 48.86 0.00
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recorded with higher wind speeds (Fig.  6c, d). These 
characteristics have been explained by the Venturi 
effect due to a local terrain condition around the sta-
tion (Carapezza et al. 2009). This idea is suitable for our 
results because the station stood on layered lava flows 
and tuff (Ono and Watanabe 1985), and thus, strong 
winds could penetrate the subsurface of the ground.

To identify the periodicity affecting soil CO2 flux 
signals, we applied spectral analysis of the data on 
soil CO2 flux and environmental parameters using 
the Lomb–Scargle method (Ruf 1999). This method 
can obtain periodograms from unevenly spaced time 
series data. The acquired periodograms of soil CO2 
flux and environmental parameters are shown in Fig. 7. 

As shown in Fig.  7a, the soil CO2 flux had semidiur-
nal (period = 12  h, frequency = 0.083 cph) and diurnal 
(period = 24  h, frequency = 0.042 cph) peaks, and the 
semidiurnal peak was stronger than the diurnal peak. 
A shown in Fig. 7b–i, semidiurnal peaks were observed 
for air temperature, air relative humidity, barometric 
pressure, and wind direction, and diurnal peaks were 
observed for air temperature, air relative humidity, 
wind speed, wind direction, and precipitation. Moder-
ate and weak diurnal peaks were also observed for soil 
temperature and soil humidity, respectively. Compar-
ing the amplitude of these two peaks for soil CO2 flux 
with those for environmental parameters, the influ-
ences of environmental parameters with semidiurnal 

Fig. 6  Polar plots of conditional probabilities of soil CO2 flux against wind speed and direction. Soil CO2 fluxes are classified into the a first, b 
second, c third, and d fourth quartiles
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peaks were stronger than those with diurnal peaks (e.g., 
barometric pressure). The presence of diurnal and sem-
idiurnal peaks in the time series of soil CO2 flux was 
consistent with the results reported in previous stud-
ies (Viveiros et  al. 2014; Laiolo et  al. 2016), but the 
magnitude of the amplitudes of these two peaks in our 

results (semidiurnal peak > diurnal peak) was different 
from that of previous studies (diurnal peak > semidiur-
nal peak). This difference in the amplitude relationship 
between the two peaks was likely related to a different 
set of environmental parameters influencing the soil 
CO2 flux in our case.

Fig. 7  Lomb–Scargle periodograms of a soil CO2 flux, b air temperature, c air relative humidity, d barometric pressure, e wind speed, f wind 
direction, g soil humidity, h soil temperature, and i precipitation. The dotted line in each periodogram corresponds to the level where the 
probability equals 0.01. The periodogram from 0.001 cph (period = 42 days) to 0.5 cph (2 h) is plotted. The arrows indicate significant diurnal and 
semidiurnal peaks
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Multiple linear regression analysis
Based on the statistical signatures mentioned above, the 
time series of soil CO2 flux was likely influenced by envi-
ronmental parameters. To clarify the influences of envi-
ronmental parameters on soil CO2 flux and to remove 
their contributions from the time series of soil CO2 
flux, a multivariate analysis using the MLR method was 
applied to the time series of our data set. The detailed 
procedures of the MLR analysis followed those of Vivei-
ros et  al. (2008) and Laiolo et  al. (2016). A regression 
model was developed for the time series in 2017 when 
the volcanic activity was calm. The logarithmic soil CO2 
flux was considered the dependent variable because soil 
CO2 flux showed rough lognormal distributions (Fig. 5). 
The environmental parameters were treated as the inde-
pendent variables following the methods of Viveiros 
et  al. (2008). As both the dependent and independent 
variables, daily average values were used in the model 
development following the method of Laiolo et al. (2016). 
Among the environmental parameters, wind direction 
was not included in the model development because its 
mathematical treatment in the linear regression analysis 
was difficult. To determine the regression model, a step-
wise method was applied using the lm function in the R 
programming environment (https​://www.r-proje​ct.org/). 
In the procedure, all the independent variables were first 
tested, and then only the significant ones were used in 
the regression model. The threshold for significant vari-
ables was determined to be a 1% increase in the adjusted 
R2 value following the methods of Viveiros et al. (2008).

The obtained regression model for the MLR analysis 
is summarized in Table  3. The model shows that wind 
speed, barometric pressure, air temperature, soil tem-
perature, and soil humidity were key variables that could 
explain 50.9% of the variations in soil CO2 flux in 2017. 
Based on the increases in adjusted R2 values (Table  3), 
wind speed was the most influencing variable on the soil 
CO2 flux variations observed in the present study.

The regression model yielded predicted variations in 
the soil CO2 flux influenced by environmental parame-
ters. The modeled variations are presented in Fig. 8b, and 
the observed time series is shown in Fig. 8a. Although the 
regression model was only able to explain 30.5% of the 
observed changes during the whole period, many peaks 
in the modeled values seemed to coincide with those of 
the observed values not only in the model development 
period, but also in the whole observation period (Fig. 8b). 
Residuals were calculated as the difference between the 
observed soil CO2 flux and the modeled soil CO2 flux 
(Fig. 8c). These values included the influence of variables 
that were excluded from the model but may also have 
represented changes due to processes of the volcanic sys-
tem (Viveiros et  al. 2008). Therefore, the baseline trend 
in the residuals (i.e., low-pass-filtered time series of the 
residuals) may have reflected the influences of both the 
excluded variables and the volcanic processes. In Fig. 8c, 
the time series of the daily average of the residuals (red 
line) did not deviate significantly from the zero line (dot-
ted line), except for during some periods. Variations dur-
ing these periods are discussed in the Discussion section.

Discussion
Based on the MLR analysis, 30.5% of the variations in soil 
CO2 flux were explained by environmental parameters 
(wind speed, barometric pressure, air temperature, soil 
temperature, and soil humidity). In some periods, the 
residuals of the soil CO2 flux deviated from the baseline, 
as shown in Fig. 8c. To emphasize the anomalous values 
of the residuals, standardized values of the daily average 
of the residuals are plotted in Fig. 9a. The anomalous val-
ues of greater than 2σ are colored with red.

In Fig.  9a, the anomalies of the standardized residu-
als can be separated into five periods, namely anomalies 
A1–A5. Anomalies A1–A4 were positive values, which 
meant that the observed values were higher than the 
modeled values. Anomaly A5 was a negative value, which 

Table 3  Summary of the multiple linear regression analysis for time series in 2017

a  Statistical significance of the correlation between each independent variable and dependent variable

Independent variable Coefficient B Standard error of B t test Significancea of t test Increase 
in adjusted 
R2

Intercept 9.724 0.408 23.85 < 0.001

Wind speed 0.0799 0.0015 52.25 < 0.001 0.334

Barometric pressure − 0.0107 0.0005 − 23.37 < 0.001 0.065

Air temperature − 0.0294 0.0008 − 34.74 < 0.001 0.012

Soil temperature 0.0304 0.0009 32.88 < 0.001 0.073

Soil humidity − 0.0133 0.0008 − 16.58 < 0.001 0.025

Adjusted R2 0.509

https://www.r-project.org/
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indicated that the model overestimated the influence of 
the environmental parameters for the corresponding 
period. In Fig. 9b, the time series of the daily average of 
the environmental parameters that were included in 
the model are shown. Comparing Fig. 9a and b, anoma-
lies A1–A5 frequently corresponded to variations in the 
environmental parameters. For example, the decreases 
in barometric pressure coincided with the peaks of the 
anomalies of the residuals for anomalies A1, A4, and 
A5. The increases in wind speed were simultaneously 
observed with the anomaly peaks for anomalies A1, A2, 
A4, and A5. Variations in air temperature, soil tempera-
ture, and soil humidity sometimes coincided with the 
anomaly peaks. Among the environmental parameters 
in the model, wind speed and barometric pressure were 
the most effective parameters when viewed in light of 
their coefficients of the model and their numbers of digits 
(Table 3). Thus, we compared anomalies A1–A5 with the 
time series of wind speed and barometric pressure as well 
as with the volcanic activities.

Close-ups of the time series of standardized residuals of 
the soil CO2 flux are compared with the wind speed and 
barometric pressure in Fig. 10. By comparing Fig. 10a, d 
with Fig. 10b, e, respectively, the characteristics of anom-
alies A1–A5 could be denoted as follows:

Anomaly A1
In the first half of the period of anomalies, the peak fol-
lowed the variations in barometric pressure and slightly 
corresponded with the variations in wind speed. The 
peak in the first half of the period was mainly observed 
in westerly wind conditions. On the other hand, in the 
second half of the period of anomalies, the peak fol-
lowed the variations in wind speed but did not coin-
cide with the decrease in barometric pressure. In this 
period, the wind was almost easterly–southerly.

Anomaly A2
The peak clearly coincided with an increase in wind 
speed and slightly coincided with a decrease in baro-
metric pressure. The peak was observed with south-
easterly wind conditions.

Anomaly A3
The first peak, which was observed with easterly wind 
conditions, did not coincide with variations in baro-
metric pressure or wind speed. The other peaks mainly 
coincided with decreases in barometric pressure and 
increases in wind speed. The wind condition for the 

Fig. 8  a Observed and b modeled time series of soil CO2 flux and c residuals of soil CO2 flux. The red line shows the daily average values of the data. 
The dotted line corresponds to the zero level of the residuals
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latter peaks was mixed of easterly and westerly winds, 
but the main direction was from west to southwest.

Anomaly A4
The peak with rotating wind conditions from east to west 
coincided with a decrease in barometric pressure, but an 
increase in wind speed was not significant.

Anomaly A5
This was the only negative anomaly. The peak corre-
sponded to both a decrease in barometric pressure and 
an increase in wind speed. The wind condition was 
easterly.

Summarizing the characteristics of anomalies A1–A5, 
the peaks of the anomalies almost coincided with an 
increase in wind speed and/or a decrease in barometric 
pressure in varying degrees, except for the first peak of 
anomaly A3. All the anomalies observed during westerly 
wind conditions (Fig.  10a, d) coincided with decreases 
in barometric pressure, and the anomalies during east-
erly winds coincided with increases in wind speed. In 
the former case, even though the station may have been 
influenced by air perturbation in the ground as discussed 

in the Results section, the large positive anomalies 
coincided with decreases in barometric pressure. This 
likely indicated that a decrease in barometric pressure 
increased the pressure gradient of the ground, and the 
increase in the pressure gradient enhanced the viscous 
gas flux (Rogie et al. 2001; Granieri et al. 2003). The lat-
ter case could be explained by the Venturi effect due to 
a local terrain condition around the station (Carapezza 
et al. 2009). When the influences of both cases contrib-
uted to soil CO2 flux simultaneously (e.g., anomaly A5), 
our model overestimated their influences. The model 
should be refined by accumulating longer-term data at 
this station.

In anomaly A3, the first peak did not coincide with var-
iations in wind speed or barometric pressure. The other 
peaks in anomaly A3 were observed simultaneously with 
decreases in barometric pressure and increases in wind 
speed, but the ranges of the variations were smaller than 
those of the other anomalies. These peaks occurred with 
the decreasing trends in air temperature and soil tem-
perature with almost constant soil humidity (Fig.  9). 
Although the air temperature data were missing due to 
the malfunctioning of the station, these decreasing trends 

Fig. 9  a Time series of the standardized daily average for the residuals of soil CO2 flux. Only values > 2σ are colored with red. A1–A5 denote the 
CO2 flux anomalies discussed in the text. The main volcanic and seismic events are shown in the top of the figure. b Time series of the daily average 
of the environmental parameters that were included in the model. From the top, barometric pressure (black), wind speed (blue), air temperature 
(green), soil temperature (orange), and soil humidity (purple) are shown
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Fig. 10  Time series of a the standardized daily average for the residuals of soil CO2 flux; b daily average for wind speed (blue line), wind direction 
(orange dot), and barometric pressure (black line); and c 30 min maximum seismic amplitude (black dot) and plume SO2 flux (red circle) for the 
period including anomalies A1–A3. The colors in a are the same as those in Fig. 9a. The vertical dashed line in a–c corresponds to the timing of the 
8 October 2016 eruption. The seismic amplitude is recorded at Sunasenri station of Kyoto University, which is 1.3 km S of the active crater, and is 
filtered at the frequency of 2 Hz. The plume SO2 flux is from monthly reports by the Japan Meteorological Agency (available at http://www.data.jma.
go.jp/svd/vois/data/tokyo​/STOCK​/month​ly_v-act_doc/month​ly_vact_vol.php?id=503). d–f The same time series as a–c for the period including 
anomalies A4 and A5

http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503
http://www.data.jma.go.jp/svd/vois/data/tokyo/STOCK/monthly_v-act_doc/monthly_vact_vol.php%3fid%3d503
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in air temperature and soil temperature could have con-
tributed to the increase in soil CO2 flux based on the 
correlation coefficients in Table  2. Therefore, anomaly 
A3 was possibly attributed to the variations in air tem-
perature and soil temperature. Note that the decreasing 
trends in both values were also observed during Octo-
ber–November 2017, but there were no anomalies during 
this season (Fig. 9). It is important to carefully check the 
influences of environmental parameters on soil CO2 flux 
even after the procedures of multivariate analysis have 
been applied to the data.

After careful statistical treatments of the soil CO2 flux 
data with the environmental parameters, we compared 
anomaly A3 to the volcanic activities. The time-averaged 
seismic amplitude (30 min window and filtered at 2 Hz) 
and plume SO2 flux are shown in Fig. 10c. Anomaly A3 
was observed approximately one and a half month after 
the 8 October 2016 eruption and continued for approxi-
mately two weeks. The duration of the anomaly was 
longer than that of the other anomalies. In this period, 
the seismic amplitude slightly increased, and a peak in 
the SO2 flux was also recorded. A previous study revealed 
that the continuous tremor recorded at Aso volcano was 
excited in association with the migration of volcanic 
gas and its interaction with an aquifer under the crater 
(Takagi et al. 2009). Simultaneously with the increases in 
the seismic amplitude and SO2 flux, Cigolini et al. (2018) 
reported that the thermal signature of the fumarolic area 
(Fig.  1) was intensified based on satellite and ground-
based observations. These data indicated that the mag-
matic gas from depth was supplied to the hydrothermal 
system at a higher rate. The simultaneous increases in soil 
CO2 flux, continuous tremors, and plume SO2 fluxes pos-
sibly indicated that, during this period, magmatic CO2 
ascended to the station from the hydrothermal system 
or directly from the conduit. The pathway of the ascend-
ing CO2 remains unclear; thus, we need to conduct fur-
ther studies on the spatial distribution of soil CO2 flux, 
including in this area.

Conclusions
Unrest episodes have occurred at the Nakadake cone of 
Aso volcano since 2013. The size of the crater lake started 
to decrease in April 2013, and the crater lake disappeared 
in July 2014. Following some minor eruptions during this 
period, magmatic eruptions (intermittent ash emissions 
and Strombolian eruptions) occurred between Novem-
ber 2014 and May 2015. After these events, the crater 
lake recovered and large phreatomagmatic eruptions 
occurred on 14 September 2015, 23 October 2015, and 
8 October 2016. The crater lake fully recovered in April 
2017 and has remained until the present (December 
2018).

Following the unrest episodes, we conducted continu-
ous monitoring of soil CO2 flux from January 2016 to 
November 2017 at 1 km southwest of the active crater of 
Aso volcano using an automated accumulation chamber 
system. This location was selected because the volcano 
was very active during the installation, and accessing 
the summit area during the automated measurements 
posed a high risk. The results between January 2016 and 
November 2017 showed that the temporal variations in 
soil CO2 flux at our station were highly influenced by 
environmental parameters. Statistical treatments on the 
data of soil CO2 flux and environmental parameters pro-
vided good spatial correlations between soil CO2 flux and 
wind speed and wind direction. The variations due to 
environmental parameters were removed from the time 
series of soil CO2 flux by MLR analysis. The obtained 
model explained 30.5% of the variations in soil CO2 flux 
in the whole observation period.

In the time series of residuals between those of the 
observed and the modeled soil CO2 fluxes, we detected 
some anomalies (anomalies A1–A5). However, the 
peaks of the anomalies almost coincided with increases 
in wind speed and/or decreases in barometric pres-
sure in varying degrees, except for anomaly A3. The 
anomalies simultaneously observed with these changes 
in wind speed and/or barometric pressure could be 
explained by an increase in viscous gas flux in the 
ground due to the Venturi effect or an increase in pres-
sure gradient in the ground. Anomaly A3 has also been 
explained by decreases in air temperature and soil tem-
perature. However, these environmental parameters 
could not explain the CO2 flux anomaly completely 
considering its timing and duration, and simultane-
ous increases in soil CO2 flux, continuous tremors, and 
plume SO2 fluxes in this period possibly indicated that 
magmatic CO2 ascended to the station. Careful statisti-
cal treatments of the soil CO2 flux data with the envi-
ronmental parameters will contribute to developing 
an effective model to explain soil CO2 flux variations 
and to validate the influence of volcanic activity on the 
observed soil CO2 flux. Even in the case of a wet vol-
cano with a developed hydrothermal system like Aso 
volcano, soil CO2 flux measurement has the potential 
to detect the migration of magmatic gases from depth.

Additional file

Additional file 1. Detailed information on the continuous monitoring of 
soil CO2 flux and supplementary figures and tables. Figure S1. A typical 
slope of an increase of CO2 concentrations in the accumulation chamber 
measured at the station. Figure S2. Correlation plots of air temperature, 
precipitation, and air relative humidity between the soil CO2 flux station 
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and the weather station. Figure S3. A histogram of soil CO2 flux and cor‑
relation plots of soil CO2 flux to each environmental parameter. Table S1. 
Technical characteristics of the soil CO2 flux station.
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