Ea

4
i)
>
3
|

£.r

j )

e s




Production and Transport Processes of
Carbon Dioxide in Soil Profiles at

a Coniferous Forest and an Adjacent Grassland

Yohhet HAMADA

A dissertation submitted to the Doctoral Program

' ’f o ?v‘% in Geoscience, the University of Tsukuba
T in partial fulfillment of the requirements for the
b degree of Doctor of Philosophy (Science)

January, 1999

GORTVEA0

IS



Contents

RS OF FHBUIES ..ottt st e stk bt e serresas e v erte s be s sacreeaserm e viti
List 0f SYMDBOLS ......cooiiiiiiiri et sirte v ae s eave s ene e renannen e o X1

LSt 0f ADDIevEat oS ..o et e s e e e erer e rae e rieastr e e s e s Xvi

Chapter 1 Introduction
1.1 Previous StUAIBS .......cviiiiieiire e et binre sttt cesannn e srnsarsranassesiens |
1.1.1 Qutline of the knowledge and importance of carbon dioxide ina soil..........co..ueve... 1
1.1.2 Previous MethodOIOY .....ccoorieiireieicre ettt e e e s s e 2
1.2 Purpose 0f the StUAY ....c..covmiii i ettt st s e 4
Chapter 2 Site description
2.1 General aspects 0f StUAY QICA ....ccvecvviiier ettt e st e e ere s s e enest e s rane 6
2.2 ObSEIVALION SILES ..o ceiiieiirireteriereseeniseeese s ierestescetvses ebasstesaetenbertenbessseteessssnseetasssssnain 7
2.2 1 FOPEST SILE ..ottt et s se s s s sviassssensssraesessnsrennsersnmnins T
2.2.2 Grassland SIte ..........oiiioiiiiiiiiieiiieie e b ent e e 7
Chapter 3 Characteristics of soils
3.1 Physical properties of SOMIS.....c.ooivieiiieieei it seaesree e sins e nteren s 11
3.1.1 Method for data COILECHION ...vveeveereieeeicii it ter sttt ememies e aees s e 11
3.1.2 Three-phase distribution 0F SOMIS ..co.ceevveiorieeeereireseseeeeresserreesreesresseerneesssseeersssssensn ] 1
3.1.3 Soil water charaCteristic CUIVES ......o.cucvcviiireceeeercreceereeeeesserene e eese s e eessennsensreses 12
3.1.4 Saturated hydraulic CONAUCHVILY .....ceviveviree et etere st s s e vcresnessassrsens s 13
3.2 Distribution Of PIANE FOOTS ........viieereeiieeee e ettt e rere et e sesn e tne s cersseeeesesetsesnnnns 14

3.3 Distribution of S0il 0rganic Carbon .........coc.o.coieviveriiiee et eeee e esresneen 13



Chapter 4 Temporal and spatial distributions of carbon dioxide
4.1 Observation of the concentration of carbon dioxide in soil air and the environmental

B OIS v ittt e e eee s ees et e e e eeet s etn et e eeeeae e e aeen eaeroeeneaeran e eaeae et et teeeasran e 25

(1) Concentration of carbon dioxide in SOIl @I .......ocoeeiveeviireecrerin e e 25

(2) Environmental FACLOTS .......oveveceeiirrirrnresrcnsnsanreassrnte e seisanesssssnrenmsssnasssesaseseens 28
4.1.2 Results and diSCUSSION .......verereeerreereeri sraressrssessrs s mires e sressnnsereessesssssassssesasanennn, 29
(1) Seasonal variation of the environmental faCtors.......c.ovveeiiviiceieeeiir e, 29

(2) Seasonal variation of the concentration of carbon dioxide in soil air.........c.......... 31

(3) Profiles of the concentration of carbon dioxide in soil ait.........ccovveervnvnreiinrennnenn 33

4.2 Evaluation of the concentration of dissolved carbon dioxide in soil water....................... 36
.21 MEtDOAS. ..ottt e ettt st ren 2eae s srereaene e 36
(1) Calculation of the concentration of dissolved carbon dioxide in soil water............. 36

(2) Measurement of pH int SOI1 WALET .........ccviisciiieiiis e ceer e e ae s e 38

4.2.2 Results and diSCUSSION ...ooviiieriiicireiiiiieir e et s e et eereee s esve s senesassnssenaemseve nr 30
(1) pH and RpH in SOIE WaLer .c.co.eo i ettt e e er e 40

(2) Concentration of dissolved carbon dioxide in soil water .............c.occoevvveviiinnenenn, 42

(3) Relationship between carbon dioxide concentrations in soil air and dissolved in soil
WALET ...vvv oo voer e sveses e s ecseseneee e s eeeseesssenersenreessse s s s e sosesssmsmesess e s 3

4.3 Evaluation of the content of carbon dioxide in bulk S0l ......ovvieiiii i e, 46

.31 MEthodS. oot 6

4.3.2 Results and diSCUSSION .....iuiiiii ittt sttt e e reeesre o 47
(1) Content of carbon dioxide in the gascous phase of bulk SOil....c...cevivereevecoieeeinen 47
(2) Content of carbon dioxide dissolved in the liquid phase of bulk soil.........ccoo.e...... 48
(3) Total content of carbon dioxide i bulk S01l ......ccoooin it 49

Chapter 5 Production and transport of carbon dioxide

5.1 Measurement 0f SOIl T€SPIFALION TALE......c...iiiiioin e e e eeeete e e eeeeeeere s essseresmseneaae 91
5. 10T MEEROAS e s e e e st ree e et et e e var e aes et rean e 91
5.1.2 Results and dISCUSSION .....oiiiiiiiiiiiiiec et sttt st e e ettt e eren s eren enreaesree e 93

(1) Seasonal variation of SOil respiration rate................oouivveeeeiee e, 93
(2) Relationship between soil respiration rate and soil temperature ...............c.ccoeoee.. 94

i



5.2 Evaluation of the fluxes of carbon dioxide in a soil profile ..........cococioiiiiiiiii 95

5. 2.1 MEENOGS. ...ttt e et eae e s o s ente et re e 95
(1) Definition ofa virtual Soil column........coooiiiiviieieeee e 95
(2) Diffusive flux of carbon dioxide in SOI AIT.....vevieeeeeiecreie e, 96
{3) Determination of the relative diffusion coefficient .......cc.oocvvvviveeivioiecreeeenn, 97
(4) Advective flux of carbon dioxide accompanied by the mass flow of soil air......... 100

(5) Advective flux of dissolved carbon dioxide accompanied by the movement of soil

(1) Diffusion coefficient of carbon dioxide in 01l @Ir .....ccevveeeveiiiceeceee e, 106
(2) Diffusive flux of carbon dioxide in SOIl @ir.....c.oveviiiiieirre oo ereree s 108
(3) Advective flux of carbon dioxide accompanied by the mass flow of soil air..........112

{4) Advective flux of dissolved carbon dioxide accompanied by the movement of soil

WALEE ottt e et et e b e e tere e saea ees 116

(5) Total flux of carbon dioxide and the proportions of each flux ........c.ccevvvvvvennee. 120

5.3 Evaluation of the production rate of carbon dioxide.........ceeomvvrerevrieicrecvoienceeeree e 124
ST MEEhOMS. ...ttt et et st st e e 124

(2) Evaluation of the change rate of the storage of carbon dioxide.........cveeenciennne. 124

5.3.2 Results and diSCuSSION .......cvvvveiviiiiesicisiee e e e s ssssescsresnnesensnns 12D

(1) Change rate of the storage of carbon dioXide ........cceeecvreviceivereseeeeieeeireeeereeeeenas 125

(2) Temporal and spatial distributions of the production rate of carbon dioxide......... 126

(3) Relationship between the production rate of carbon dioxide and soil temperature

(4) Mean residence time of carbon dioXide.........ocuevereveeiiosiie e eeee e e eeiscesiesenenes 131

Chapter 6 General discussion

6.1 Processes of the formation of concentration profiles of carbon dioxide........ccovrvreenee.. 175
6.2 Effects of vegetation and soil physical property on the production and transport of carbon
GIOXIAC .t e sttt ea b s s e r e s e er e e Eee s bt e aere e st e ne e 179

6.3 Contributions of soil air and soil water to the transport and storage of carbon dioxide .. 181

il



Chapter 7 Conclusions ... et s e 184

Acknowled@ements ... ...ttt et s 188
RREFEICIICES . ...uieie ittt et et e e e atr e s e s art s e e sraaraan s sae sesreasesanns 190

v



Abstract

To quantitatively assess the processes of the production and transport of carbon dioxide in soil
profiles, and to examine the effect of vegetation on the processes, the temporal and spatial
distributions of the concentration and the content of carbon dioxide in soils were observed at a
coniferous forest and an adjacent grassland in eastern Japan.

The concentration and the content of carbon dioxide varied largely by season and by depth at
the observation sites. The concentration of carbon dioxide in soil air was always higher than that
in the atmosphere and reached 1.26% at the forest site and 9.89% at the grassland site at the
maximum. The concentrations increased from spring to summer and decreased from autumn to
winter, and generally increased with depth. The carbon dioxide dissolved in soil water exhibited
higher concentrations and the smaller temporal and spatial variations than that in soil air showed.
Drue to the volumetric water content higher than air-filled porosity, the total content of carbon
dioxide in bulk soil was occupied mainly by the content dissolved in liquid phase of the soil.

The diffusive flux of carbon dioxide in soil air was dominant in the vertical transport of
carbon dioxide in the soil profiles. The advective fluxes of carbon dioxide accompanied by the
movement of soil air and soil water were generally small. However, the proportion of the
advective flux of dissolved carbon dioxide increased with depth in the deep soils.

The production rate of carbon dioxide in the soil evaluated by the mass balance of carbon
dioxide was largest near the ground surface and decreased with depth. The soil layer in which
significant production rates were obtained ranged from the ground surface to a depth of 45 cm at
the forest site and from the surface to 25 cm at the grassland site, reflecting the distribution of
plant roots at both sites. The evaluated production rate exponentially increased in response to the
linearly rising soil temperature. The mean residence time of CQ, in the shallow soils was within
a day at the forest site, while the time reached nearly two hundred hours at the grassland site.

From the discussion on the formation of concentration profiles of carbon dioxide, it was
concluded that the shallow soil layer is important for the place of the production of carbon

dioxide, while the deep soil layer is important as the place keeping high concentrations of carbon
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dioxide and then determining the rate of the supply of carbonate species into groundwater. From
the comparison of the results obtained at the forest and the grassland site, it was suggested that
the difference in vegetation directly affects the production rate of carbon dioxide by the
difference in the distribution of plant roots, and indirectly influences the transport processes of
carbon dioxide, and then its concentration, by affecting the soil physical properties. By
comparing the fluxes and the contents of carbon dioxide in soil air and soil water, it was
indicated that the soil air is the important media in which much of carbon dioxide is transported

while the soil water is important as the reservoir in which carbon dioxide is stored.

Key words: Carbon dioxide, microbial decomposition, molecular diffusion, pH, plant roots, and

so1l respiration.
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Chapter 1

Introduction

1.1 Previous studies

1.1.1 Outline of the knowledge and importance of carbon dioxide in a soil

In general, carbon dioxide (CO,) is continuously produced in a soil mainly due to the
microbial decomposition of soil organic matter and the respiration of plant roots. By this reason,
the concentration of CQ, in soil air is usually higher than the concentration in the atmosphere
(about 0.035% in vol.) and oficn becomes tens to hundreds times as high as in the atmosphere.
Most of CO, produced in a soil is evolved into the atmosphere mainly by molecular diffusion,
known as soil respiration. Ience the CO, produced in a soil is one of the important source of
CO, in the atmosphere, so that the change in the rate of soil respiration will largely affect the
concentration of CO, in the atmosphere.

According to the IPCC report in 1990, in the global scale, the amount of carbon stored in the
soil is about 1500 Pg, equivalent to twofold of the amount in the atmosphere, one and a half in
the surface ocean, and threefold in the terrestrial biomass. In addition, the carbon flux from the
terrestrial biosphere into the atmosphere is estimated to 102 Pg per year. This carbon flux
exceeds the flux between the surface ocean and the atmosphere by 10 Pg per year, and the half of
the flux is occupied by the direct evolution of gaseous carbon from the soil, mostly soil
respiration. On the other hand, the carbon fluxes into the atmosphere accompanied by burning of
fossil fuels and deforestation are only 5 and 2 Pg per year, respectively. Thus in the
determination of CO,, concentration in the atmosphere, namely the determination of the intensity
of greenhouse effect, the transport of CO, from a soil into the atmosphere is more important
rather than the evolution of anthropogenic CO,.

Because of high solubility of CO, into water, some of the CO, produced in a soil dissolves

into soil water, and hydrates with the water to generate carbonic acid. A part of the carbonic acid
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dissociates into bicarbonate ions and protons, and therefore lowering pll in the water. Thus the
concentration of CO, in soil air is onc of the important factors which determine the pH in soil
water and groundwater, so that the effect of the disselution of CO, on pH has increasingly
attracted interests in relation to the acidification of soil caused by acid precipitation (e.g. Ohte et
al.. 1995; Hamada et al., 1996).

The CO, dissolved in soil water is brought into groundwater with the percolation of soil water.
From the studies using isotopic composition of carbon, it is confirmed that the origin of
dissolved carbonate species in many aquifers is not the carbonate minerals at depth of the ground,
but the CO, biologically generated in soils (e.g. Wood and Petraitis, 1984; Mizutani and
Yamamoto, 1993; Ishii et al, 1996). Nevertheless the magnitude of dissolved CO, flux
transported into groundwater is usvally much lower than that of CO, flux diffused into the
atmosphere, the dissolved CO, flux is an important source of carbonate species in groundwater.

In addition. since the generation of CO, in a soil is essentially due to biological activity, the
concentration of CO, in soil air indicates the extent of the activity. Some of the recent studies
related to the remediation of pollution using indigenous soil microorganisms have attempted to
use the concentration of CO, as an index of the in-situ microbial activity (e.g. Suchomel et al,,

1990; Wood ct al., 1993),

1.1.2 Previous methodology

The order of the behavior of CQ, in a soil is as follows: First, CO, is biologically produced;
secondly, CO, is transported by mainly molecular diffusion in soil air; thirdly, the profile of CO,
concentration is formed as the result of the production and transport of CO,. In spite of such an
order, the majority of previous studies on CO, in soils have presented the distribution of CO,
concentration only, because of the easiness of measuring the concentration and the difficulty in
the determination of the production and transport {luxes.

Since the CO, produced in a soil is biogenic, and therefore the production rate is a function of
soil temperature and soil moisture condition, CQ, concentration in soil air generally distributes
corresponding to the environmental conditions in the soil. By this reason, many of the previous
studies have discussed about the direct relationships between the concentration and the
environmental factors (e.g. Gunn and Trudgill, 1982, Buyanovsky and Wagner, 1983; Fernandez

and Kosian. 1987; Castelle and Galloway, 1990; Kiefer, 1990; Hamada and Tanaka, 1997). For
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example, Brook et al. (1983) established the empirical relationship between the concentration of
CO, in soil air and actual evapotranspiration rate using the data presented in past literatures, and
mapped the worldwide distribution of CO, concentration; actual evapotranspiration was used
because the rate is a function of both temperature and soil moisture condition at the place.
Despite these efforts, the relationships are physically and chemically indirect, and therefore
empirical and site dependent. Because the concentration of CO, in soil air is determined not by
the production rate of CO; only, but by the interaction of the production and transport of CO,.

To elucidate the processes of the production and transport of CO, in a soil, several process-
oriented studies have been carried out. Many of the studies assessed the processes using the
following procedure (e.g. Bouten et al., 1984; Solomon and Cerling, 1987; Hendry et al,, 1993;
Kumagai, 1998): First, a numerical model which reproduces the transport processes of CO, in a
soil profile was developed while the concentration profile was determined by field observation.
Next, an arbitrary profile of the production rate of CQO, was given to the process model, and then
a profile of CO, concentration was obtained as the result of model calculation; this calculation
was iterated many times and the CO, production profiles were given by trial and error. Finally,
the profile of the production rate that had given the calculated concentration profile in the best
agreement with the observed profile was regarded as the real profile. For such stochastic
approaches to evaluate the production rate of CO,, some problems have been pointed out.
Solomon and Cerling (1987) illustrated that if different production profiles that had a common
depth of the centroid of production were given, the calculated concentration profiles were little
different. Kumagai (1998) suggested that some parameters which determine the profile of the
production rate were interdependent, so that these parameters could not be determined uniquely.

On the other hand, another approaches, as it were deterministic approaches, have been
attempted in some studics (e.g. de Jong and Schappert, 1972; Wood et al., 1993; Davidson and
Trumbore, 1995). For example, de Jong and Schappert (1972) calculated CO, flux by diffusion
in soil air for each depth from the observed concentration profile and the estimated diffusion
coefficient, and then evaluated the production rate at the depth by the difference in fluxes
between the upper and the lower depth. By the deterministic approach, the diffusive flux and the
production rate of CO, can be quantified in turn from the measured values of CO, concentration
in soil air. However, the reliability of the evaluation gradually lowers, so that some negative

values were calculated as the production rate in de Jong and Schappert (1972).
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1.2 Purpose of the study

Considering the essential uncertainty of the stochastic approaches, the deterministic approach
was used in this study to clarify the processes of the production, transport, and formation of
concentration profiles of CO, in soils. The outline of the procedure in this study is as described
below:

First, as the base for the deterministic analysis, the temporal and spatial distributions of the
concentration and content of CO, were determined by field observation. The concentration of
CO, in soil air, the only directly measurable factor, was observed at several depths with related
environmental conditions. Nevertheless the CO, dissolved in soil water is usually as important as
CO, in soil air because of the dissolution equilibrium between both phases and the considerable
volumetric proportion of liquid phase in soils, few studies have discussed on the dissolved CO,
in soil water. In this study, dissolved CO, concentration was evaluated from the measured
concentration in soil air and the environmental factors that affect the dissolution of CO, into soil
water and the dissociation of carbonic acid in the water. At last, the actual content of CQ, in bulk
soil was evaluated from the measured concentration in soil air, the evaluated concentration
dissolved in soil water, and the volumetric proportions of gaseous and fiquid phases.

Next, using the distributions of the concentration and content of CQ, obtained above, the
transport fluxes of CO, were evaluated for each depth, and then the production rate of CO, was
estimated by the difference of the fluxes at the depth. At first, to validate the whole production of
CO; in soil profiles, soil respiration rate that is the only measurable flux of CO, was observed.
As the most important flux of CO, in a soil profile, the diffusive flux of CO, in soil air was
evaluated. The flux was calculated from the concentration gradient of CO, in soil air obtained
from the field observation and the diffusion coefficient of CO, in soil air estimated by the known
equation on the relative diffusion coefficient. The diffusion of CO, in soil water was not taken
into consideration because the diffusion coefficient in water is about four orders of magnitude as
small as that in air. As well as by diffusion, the CO, in a soil is also transported by advection
accompanied by the movement of soil air and soil water, The advective flux of CO, accompanied
by the mass flow of soil air has been intensively investigated by Romell (1922) and concluded to
be negligible in general, but the quantitative evaluation of the flux has been seldom performed.

The advective flux of CO, accompanied by the movement of soil water also has been rarely
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examined, but the flux into groundwater is an important source of carbonate species in the

groundwater. In this study, both advective fluxes were evaluated using the temporal variation of

the volumetric proportions of gaseous and liquid phases in the soil. Using the evaluated fluxes
for each depth, the production rate of CO, was calculated as the remainder of CO, mass balance,
after evaluated the change rate of CO, storage in bulk soil.

In addition, to elucidate the response and feedback of the terrestrial ecosystems that have
different vegetation to climate change, several intensive studies comparing the balances of water,
energy and substances under different vegetation have been carried out recently. In the Amazon
River basin, long-term meteorological observations were carried out at natural forest and
artificially disturbed grassland to compare the fluxes and balances between the different
vegetation (Gash et al, 1996). The comparative experiments by numerical models among the
representative vegetations in the Northern Hemisphere were also performed (Breymeyer et al.,
1996). For the CO, in a soil, several studies have compared the concentrations of CO, in soil air
measured under different vegetation, but the effect of the difference in vegetation type on the
production and transport processes of CQ, has been hardly investigated. By this reason, field
observation in this study was carried out at a forest and a grassland, which are representative
vegetations in the temperate region. The grassland adjacent to the forest was selected to remove
the difference in conditions other than vegetation. Afier that, the processes of the production and
transport of CO, in the soils under both vegetations were assessed and the effect of the
vegetation on the CO, processes was discussed.

Finaily, the objectives of the present study are summarized as follows:

1) To determine the temporal and spatial distributions of the concentration and content of CO, in
soils using the concentration of CO, in soil air and the environmental factors observed at a
forest and an adjacent grassland.

2) To clarify the processes of the production and transport of COQ, in soils by the deterministic
approach using the distributions of the concentration and content of CQ, in soils obtained

above.



Chapter 2

Site description

2.1 General aspects of study area

For the field observation in this study, two sites were established in the Environmental
Research Center (hereinafter referred to as ERC), University of Tsukuba. One is an artificial
forest dominated by Red Pine; the other is a grassland, which was adjacent to the forest and
created for meteorological observation. The location of ERC is mapped in Figure 2.1, and the
detailed map and the locations of the observation sites in ERC are illustrated in Figure 2.2. The
ERC is located at N36°7' E140°6' and an altitude of 27 m, in the campus of the University of
Tsukuba, placed in Tsukuba City, Ibaraki Prefecture, about 50 km northeast from Tokyo.

According to the long term meteorological data of ERC, annual mean air temperature is
13.3°C and annual precipitation is in the range of 1200 to 1600 mm. The area is placed on a
diluvial upland gradually descending toward the southeast. The top of the upland is covered by
Kanto Loam by one to two meters in thickness, and 5-to-6-m thickness of Joso Clay layer is

underlain (Inokuchi et al., 1977).



2.2 Observation sites

2.2.1 Forest site

The forest site was established at the middle of the artificial coniferous forest (Figure 2.2),
which is placed at the southern part of ERC and dominated by Red Pine (Pinus densiflora Sieb.
et Zuce.). The forest has an area of 0.017 knv’, tree ages of about thirty, 16.5 trees per 100 m’, a
mean tree height of 13.1 m, and a mean diameter at the breast height of 13.7 em (Usami and
Oikawa, 1993). Other than Red Pine, some species of Oak (Quercus myrsinaefolia Blume or
Quercus serrata Thunb.) are found as shrubs. The soil of the forest is a typical light colored
black soil, representative of the study area (Yasui and Oikawa, 1993). The profiles of the soil
horizon have been surveyed by Sugita et al. (1986), and Yasui and Oikawa (1993). According to
their studies, a soil layer from the surface to depths of 20 to 25 cm is A layer, and below those

depths is B layer.

2.2.2 Grassland site

The grassland site was established near the southern edge of the heat balance and water
balance observation field of ERC, adjacent to the Red Pine forest (Figure 2.2). The observation
field is a flat, circular grassland that has a radivs of 80 m and an area of 0.02 km?, and was
created in 1977 for the basic research on energy and water balances near the ground surface.
Afler the creation, six species of pasture have been planted in 1978 and 1988, but recently
creeping grasses and many other species of wild grass are found in the observation field.

The profile of soil horizon had not been observed at the observation field, so that a cross
section of the soil, 1 m in width and 1 m in depth, was dug up and observed in September 1997
near the observation site. The result of the survey is summarized in Table 2.1. The profile was
clearly different from that in the forest, and had a light brown colored clayey layer between
depths of 10 and 25 cm and a dark brown colored silt layer between 40 and 80 cm. This
stratigraphic sequence was upside down of that in natural soils such as the forest soil. This was
due to the artificial disturbance by the creation of the observation field. Moreover, a gray or
grayish blue colored clay layer was found between the inversely deposited layers. Such a clay
layer has never been found in the Red Pine forest, so that the clay was probably dressed from

other places to prevent the ground surface from subsiding by anthropogenic consolidation,
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Table 2.1. Simple descriptions on the profile of soil horizon at the grassland site

Depth .
(cw) Description
Oto10 Aggregated, dark brown, intensive con-

centration of plant roots from 0 to 5 cm
(typical surface soil)

10 to 25 Slightly clayey, dark red brown, a few
roots, several dark brown clods of the size

ofabout 5 cm

25 t038-42  Clayey, gray or grayish blue, few roots
(dressed clay)

38-42 to 57-60  Silty, dark brown, only a few roots
57-60to 70 Silty, blackish brown, a few roots
70 to 80-85  Silty, dark brown, only a few roots

80-85 to 100<  Slightly clayey, dark red brown, few roots
Observed on September 11, 1997
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Chapter 3

Characteristics of soils

3.1 Physical properties of soils

3.1.1 Method for data collection

For the Red Pine forest and the adjacent meteorological observation field in ERC, in which
the field observation sites were established in this study, the collection of soil core samples and
the examination on soil physical properties of the samples have been carried out for several times,
and the results of the examination were summarized in Hamada et al. (1998). In this study,
several sampling bores representative of the observation sites were sclected for each site from
the bores at which soil core samples had been collected, and soil physical properties indicated by
the samples collected at the representative bores were applied.

Each soil core sample was collected into a metallic sampling cylinder that has an inner
diameter of 5 cm and a capacity of 100 cm’, without disturbance. Soils had been sampled every

10 cm depth, from the ground surface to a depth of 150 cm.

3.1.2 Three-phase distribution of soils

The three-phase distribution of a soil, namely the volumetric proportions of solid, liquid and
gaseous phases in bulk soil, was determined for each depth at the forest and the grassland site.
The profiles of the distribution at both sites are shown in Figures 3.1 and 3.2 with the profiles of
soil horizon at the sites. The arithmetic mean values of total porosity and volumetric water
content averaged among the values at the representative sampling bores are plotted with error
bars which show the minimum and the maximum values.

At the forest site, total porosity was kept nearly constant values of 81 to $4% from the ground
surface to a depth of 70 cm, and then decreased uniformly with depth to 63.2% at 150 cm.

Volumetric water content largely increased from 34.4% near the surface to 57.6% at a depth of

11



50 cm, and gradually increased from 53.1% to 64.6% between depths of 50 and 100 cm with
some fluctuations. and became constant below 100 cm, 62 to 64%. Consequently, air-filled
porosity decreased with depth from 47.1% ncar the ground surface to 1.5% at a depth of 150 ¢m,
mainly due to the increase in volumetric water content and partly due to the decrease in total
porosity. In principle, the soil core samples have not been collected under extremely wet or dry
conditions, so that the profile of the three-phase distribution shown in Figure 3.1 can be regarded
as a typical profile afler gravitational drainage at the forest site.

At the grassland site, as well as the profile of soil horizon, the three-phase distribution was
highly different from that at the forest site. Total porosity was about 70% near the ground surface,
but rapidly decreased to approximately 62% between depths of 10 and 40 cm, where the old
subsoil and dressed clay were lain. Below these depths, total porosity increased to the maximum
of about 77% at depths of 50 to 80 cm, then decreased again to 54.9% at 150 cm.

Near the ground surface, volumetric water content and air-filled porosity were 40-50% and
20-30%, respectively. Between depths of 10 and 40 cm, however, volumetric water content was
nearly equal to total porosity, and therefore air-filled porosity was extremely small, 1.5 to 2.8%.
Some of the soil core samples were completely saturated. From 40 to 80 cm in depth, volumetric
water content increased with depth more gradually than total porosity, to about 70%. As aresult,
air-filled porosity also increased to 6-7%. Below those depths, volumetric water content
decreased also more gradually than total potosity. Thus air-filled porosity also decreased, and the

soil was almost saturated below a depth of 130 cm.

3.1.3 Soil water characteristic curves

Soil water characteristic curves, which show the relationship between free energy of soil
water and volumetric water content, were determined for each depth at the forest and the
grassland site. The curves were selected to reproduce the profiles of volumetric water content in
the best agreement with the profiles shown in Figures 3.1 and 3.2. The curves selected for each
depth at both sites are plotted in Figures 3.3 and 3.4.

At the forest site, from 10 to 70 cm in depth, the curves showed a common trend; little
drainage of soil water from pF O to pF 1, rapid drainage from pF 1 to pF 2, and gradual drainage
more than pF 2. The decrease in volumetric water content from pF 0 to pF 2.6 decreased with

depth, from 47.8% at 10 cm to about 25% at 40-70 cm. At depths of 100 and 150 cm, on the
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other hand, the total decreases in volumetric water content were only 6.8 and 2.6%, respectively.
The drainage mainly occurred more than pF 1.5, and was more gradual than the above depths.

At the grassland, the trend of drainage similar to that in shallow soils at the forest site was
found only at a depth of 10 cm. At this depth, the water was rapidly drained from pF 1 to pF 2,
and the decrease in volumetric water content was 37.3% in total. In contrast, little water was
drained at depths of 20 to 50 cm. The decreases in volumetric water content were 2.3 to 4.1%
even in total, and the pF at which the water began to drain could not be determined. Below those
depths, the total decreases in volumetric water content became slightly large, 5.5 to 10.0%, and

much of the drainage occurred more than pF 2.0.

3.1.4 Saturated hydraulic conductivity

As an index of the permeability of the soils, the profiles of saturated hydraulic conductivity at
the forest and the grassland site are shown in Figures 3.5 and 3.6, respectively. Each profile
obtained at the sampling bores representative of both sites was plotted. Considering the viscosity
of water, the values of the conductivity have been converted into the values at a temperature of
15°C.

At the forest site, saturated hydraulic conductivity exponentially decreased with depth in
general. Taking the common logarithms, the conductivity decreased linearly, from about -2 near
the ground surface to around —6 at depths below 100 cm. At depths of 40 to 50 cm, however,
sudden decreases in the conductivity were observed at all the sampling bores. The sudden
decreases probably suggest that some difference in the geometric structure of pore space of the
soil to lower the permeability of substances is present at the depths, although total porosities and
the soil water characteristic curves were not so different.

At the grassland site, saturated hydraulic conductivity ranged from —4 to -2 in common
logarithms at a depth of 10 cm. In contrast, at depths of 10 to 40 cm, where the consolidated old
subsoil and the dressed clay layer were lain (Figure 3.2), suddenly dropped to 2.3x107 cm-s™ at
the minimum. Taking the common logarithms, the conductivity slightly increased up to about -5

at depths of 50 to 100 cm, and then decreased again to —6 below 100 cm.
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3.2 Distribution of plant roots

In the Red Pine forest of ERC, Sugita et al. (1986) has been examined the vertical distribution
of plant roots, which is one of the important sources of CO, in a soil. The result of the
investigation is shown in Figure 3.7, cited from Sugita ct al. (1986). The roots of a Red Pine tree
distributed from the ground surface to a depth of 140 cm, and the amount of the roots decreased
with depth. Such a distribution of the roots is commonly observed among tree species. On the
other hand, in the meteorological observation field of ERC, the distribution of plant roots has
never been examined. In this study, therefore, the distribution of grass roots was investigated
near the observation site in the observation field.

The investigation of the root distribution was carried out in September 1997, at the same time
of the survey of the profile of soil horizon (sce Section 2.2.2). As the method for investigation,
the procedure described in Hamada et al. (1997) was applied after slightly simplified. After the
soil cross section which had a depth of 1 m and a width of 1 m was dug up, a vertical section of
10 cm in width was sited on the cross section. Inside of the vertical section was divided into
squares at an interval of 10 cm depth; only the top square was subdivided into 0-5 and 5-10 cm.
After the division, the number of the roots exposed in each square was counted by eyes. These
procedures for the vertical section were repeated for several times on the cross section of the soil.

The result of the investigation is shown in Figure 3.8. The data are expressed as root density,
namely the number of plant roots that are exposed in a square centimeter of the soil cross section.
Arithmetic mean values averaged for each depth were plotted with error bars that show the
minimum and the maximum values obtained at the depth. |

The plant roots at the grassland site extremely concentrated near the ground surface. From the
surface to a depth of 20 cm, the root density rapidly decreased from 1.36 to 0.09 cm®. Then, the
root density gradually decreased until 0.045 cm” at 40-50 cm. Between depths of 50 and 80 cm,
where the old surface soil was deposited (Table 2.1), the root density showed relatively large
values of about 0.1 cm™ It could not be determined whether the roots at these depths were the
residues of the roots which had been contained in the old surface soil, or living roots which
penetrated through the upper clayey soils. In both cases, the roots may act as a source of CO, in

deep soils. Below a depth of 80 cm, the root density decreased again to 0.035 cm™.
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3.3 Distribution of soil organic carbon

The distribution of soil organic carbon, which is the important source of CO, in a soil as well
as plant roots, was determined for the soils at the forest and the grassland site. The soil core
samples which had been collected at the representative bores of both observation sites were
served for the analysis. After oven-dried, the samples were crushed into pieces in a porcelain
mortar, and then sieved by 0.5 mm mesh to remove large pieces of soil organic matter. The
amount of total organic carbon (hereinafter referred to as TOC) contained in the prepared soil
samples were quantified by the C/N corder method after acid treatment. The chemical analysis
was entrusted to the Geo-Science Laboratory Co. Ltd. The TOC quantified as gravimetric
percentage was converted to the mass of carbon per unit volume of bulk soil by multiplied by the
dry bulk density of the soil samples.

The results of the analysis are shown in Figure 3.9. The samples of the soil were gathered
every 20 ¢cm depth, and the samples ranged from the ground surface to 140 cm of the forest, and
to 120 cm of the grassland, were served for the analysis.

At the forest site, the largest content of TOC was found near the ground surface. An average
amount of TOC between depths of 0 and 20 cm was 1.93x107? gC-cm™ soil. The content of TOC
decreased with depth from the ground surface to depths between 40 and 60 cm, in which the
TOC was 0.48x10? gC-cm™ soil. Below 60 cm, although slightly large content of TOC was
observed between depths of 80 and 100 cm, the content of TOC was kept less than 1.0x107
gC-cm” soil.

At the grassland site, a relatively high TOC content of 1.22x10”? gC-em™ soil was found
between the ground surface and a depth of 20 cm. Between 20 and 40 cm, where the old subsoil
and the dressed clay layer were present (Table 2.1), the TOC decreased to 0.88x 107 gC-cm” soil.
The content of TOC between depths of 40 and 60 cm, in which the old surface soil was lain,
however, increased rapidly and reached the maximum value of 2.60x107 gC-cm™ soil. At these
depths, the old surface soil was more or less consolidated and the old soil organic matter
probably had not been highly decomposed, so that such a content of TOC higher than the content
in the surface soil of the forest was observed. Below 60 cm, the content of TOC was relatively

low, similar to the content at the same depths of the forest.
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Figure 3.1. Profiles of the three-phase distribution of the soil and the
soil horizon at the forest site.

Error bars show the minimum and the maximum values at each depth.
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Figure 3.2. Profiles of the three-phase distribution of the soil and the
soil horizon at the grassland site.
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Error bars show the minimum and the maximum values at each depth.
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Figure 3.9. Profiles of the content of total organic carbon (TOC) in
bulk soil at the forest and the grassland site.

* The datum of SC-G1 between depths of 120 and 140 cm is missing,
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Chapter 4
Temporal and Spatial Distributions of

Carbon Dioxide

4.1 Observation of the concentration of carbon dioxide in soil air and the environmental

factors

4.1.1 Methods
(1) Concentration of carbon dioxide in soil air

The measurement of the concentration of CO, in soil air was carried out at the observation
sites in the Red pine forest and the adjacent grassland, for whole two years from June 1996 to
May 1998. The concentration of CO, was measured twice a month from the spring to the auturmn
and once a month in the winter. At both sites, groundwater tables are usually at depths of 1.5 to
2.5 m below the ground surface except for just after heavy rain, so that a soil layer ranged from
the surface to 1.5 m was regarded as the unsaturated soil zone. Therefore, CO, concentration in
soil air was measured at the ground surface and at depths of 5, 10, 20, 30, 40, 50, 70, 100 and
150 cm.

In advance of the observation, soil air collection probes were installed at both sites. The
design and arrangement of the probe are illustrated in Figure 4.1. The tip of the probe was
designed with reference to Allison et al. (1987). Soil air at a depth of 10 cm or below was drawn
through the probes. The probes were installed at every depth for CO, measurement with
horizontal intervals of more than 30 cm.

Two methods were employed for the determination of CO, concentration. In the first half of
the observation period, namely a whole year from Junc 1996 to May 1997, gas detection tubes
were used for the determination. The gas detection tube has been commonly used for the

measurement of CO, concentration in soil air by many researchers (e.g. Miotke, 1974; Gunn and
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Trudgill. 1982: Buyanovsky and Wagner, 1983; Fernandez and Kosian, 1987; Castclle and
Galloway. 1990: Zabowski and Sletten, 1991; Fernandez et al, 1993, Hamada et al., 199¢;
Haibara et al., 1997).

As the CO. detection tube, GASTEC No. 2LL (for 300-5000 ppm) and No. 2L (for 0.25-
3.0%) were mainly used; for extremely high concentrations, such as observed in deep soils al the
grassland site (see below), No. 2H (for 1-10%) was used. The values indicated by No. 2L and No.
2LL tubes were corrected to the real values using the following equations given by Hamada and

Tanaka (1995):

Ceo, = 0849 Cqype +0.0513  (cyypg 2 0-1) )
Cen, = 136 Cqype (Crup: < 0.1) )

where ¢, and c¢py are the corrected and the measured value of CO, concentration (%o in
vol.), respectively. The relationships indicated by Equation 4.1 have been established between
the concentration measured with No. 2LL tube and that determined by neutralization titration,
while the values indicated by No. 2L tube have been correlated to those by No. 2LL tube
(Hamada and Tanaka, 1995). The range of CO, concentration for No. 2H tube is much higher
than that for No. 2L and No. 2LL, so that the correction was not made for the values indicated by
No. 2H tube.

In principle, the measurement was carried out according to the procedure presented by
Hamada and Tanaka (1995). For a depth of S cm, where the soil air collection probe was not
installed, the gas detection tube was penetrated to the depth and the soil air was drawn directly.
The values of CO, concentration determined by the tubes were recorded in situ. Using this
method, soil air must be extracted by 50 ml for the pre-extraction of resident air in the collection
probe, and by 100 ml for the measurement of CO,.

On the other hand, in the second half of the observation period, namely a whole year from
June 1997 to May 1998, gas chromatography (hercinafier referred to as GC) was used for the
determination of CO, concentration. The GC, as well as the gas detection tube, has been applied
to the determination of CO, concentration in soil air in previous studics (e.g. De Jong and
Schappert, 1972; Kiefer. 1990; Hendry et al., 1993; Wood et al., 1993). In contrast {0 the gas

detection tube, GC cannot determine the concentration in situ, so that sampled soil air must be
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brought back to the laboratory without mixing with the ambient air.

For the sampling and transportation of soil air, gas sampling glass tubes equipped with a
vacuum valve and a rubber septum were designed. The designs of the glass tubes are illustrated
in Figure 4.2, For the gas sampling, T-type (about 8.5 ml cap.) and L-type (about 16 ml cap.) of
the glass tubes were used. Soil air was extracted by 15-25 mi through the collection probe into a
plastic syringe equipped with an injection needle, after the resident air in the collection probe
was drawn by about 10 ml. For a depth of 5 cm, an injection needle 5-cm long was penetrated to
the depth, as the gas detection tube was done so, and then soil air was collected directly. The soil
air collected in the syringe was immediately sampled into the glass tube, which had been
evacuated previously, through its rubber septum. Between the septum and the vacuum valve,
there is a dead volume that cannot be evacuated, but the volume is a hundred times smaller than
the capacity of the T-type tube, hence the effect of the dead volume can be negligible. Afler
sampling, the vacuum valve was turned off, and the sampled soil air was brought back to the
laboratory for the determination of CQO, concentration by GC.

For the determination of CO, concentration of the sample gas, GC-14B (Shimazu, Co. Ltd), a
GC system equipped with a thermal conductivity detector (hereinafter referred to as TCD) was
employed. Helium was served as a carrier gas after dried and purified by passing through a short
stainless steel column packed with Molecular Sieve SA. A stainless steel column which has 3
mm i.d., 4 mm o.d. and 4-m-length and is full of Porapaq Q (50-80 mesh) as an adsorbent was
used for separating CO, from other gases. The sample gas was measured out accurately by 1 ml
from the glass tube using a gastight syringe, and then injected into the column through an
injection port. The column was connected to the TCD, where CO, was detected by the change in
voltage applied to a filament that was incorporated in the TCD. The change in voltage was
indicated as peak-shaped on a recording chart. During the analysis, the temperature of the
column was kept constant at 80°C in a thermostatic oven. The temperatures of TCID) and the
injection port were set at 150°C, and the current of the filament at 200 mA.

After the analysis, CO, concentration of the sample gas was determined by comparing its
peak area with the areas for reference gases, which have known concentrations of CO,; 0.1, 1.0
and 10% in vol. Reproducibility of duplicate gas analyses was about 0.5%.

For a comparison of the two methods, CO, concentrations in soil air at both sites were

measured simultaneously by both methods. The procedure of the experiment was as follows:
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First, the gas sample for GC was collected (hereinafter referred to as GC-1); second, the
measurement of CO, using the gas detection tubes was carried out (as TUBLE); third, the gas
sample for GC was collected again (as GC-2). The concentration of CO, in soil air determined
by both methods and the relationship between them were shown in Figures 4.3 and 4.4. In this
section, CO, concentration is expressed as a percentage in volume,

For the measurement of CO, concentration in soil air, it is necessary for the gas detection tube
to draw much more soil air than for GC. Thercfore, it has been suggested that the compositions
of soil air sampled by both methods are more or less different (Hamada and Tanaka, 1995). In
fact, many of the measured values of GC-2 were smaller than those of GC-1. This suggests that
the extraction of soil air by the gas detection tubes after the sampling for GC-1 might cause the
inflow of soil air from other depths, mainly from the upper soil layer which would have lower
CO, concentrations. Fortunately, little difference was found between GC-1 and TUBE, so that it
was concluded that the difference in measured values due to the difference in methods was

negligible for a single sampling for each depth.

(2) Environmental factors

In the same period for the measurement of CO, concentration, several related environmental
factors were also observed at the forest and the grassland site.

At the forest site, air temperature and soil temperatures at several depths were automatically
‘measured every two hours with platinum resistance thermometers and then recorded by a data-
logging system. The soil temperatures were measured at depths of 5, 10, 20, 30, 50, 70, 100 and
225 cm. Actually, soil temperature at 225 ¢cm was measured at the bottom of an observation well,
where the level of groundwater was measured manually. On the other hand, at the grassland site,
the heat balance and water balance observation system managed by ERC observes many
micrometeorological factors every an hour. Selected data for this study were as follows: Air
temperature at a height of 1.6 m; all the soil temperatures, namely at depths of2, 10, 50 and 100
cm; groundwater level below the ground surface recorded at a 2.2-m-depth well; precipitation.

In addition, the potential of soil water was observed at both sites. Tensiometers equipped with
a pressure sensor were installed at several depths, and the pressure head of soil water was
automatically measured every thirty minutes. From June to November in 1996, the pressure

heads were measured at depths of 10, 20, 30, 50, 70 and 100 ¢cm by KADEC-UN system (Kona
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System Co. Ltd.); after May 1997, at depths of 10, 20, 30, 40, 50, 70, 100 and 150 cm by
UNSUC SK-5608D (Sankei Rika Co. Ltd.).
The depths for the measurement of CO, concentration in soi! air and the environmental factors

at both sites are summarized in Figure 4.5.

4.1.2 Results and discussion
(1) Seasonal variation of the environmental factors

Seasonal variations of monthly-mean air temperature, monthly precipitation and the -
groundwater levels at the forest and grassland sites are shown in Figure 4.6. The groundwater
levels are plotted as the depths from the ground surface. Seasonal variations of soil temperature
and the pressure head of soil water at the forest and the grassland site are also shown in Figures
4.7 and 4.8, respectively.

The air temperature averaged for the observation period is 12.1°C at the forest site and 13.8°C
at the grassland site. In monthly-mean basis, air temperature at the grassland was always higher
than that at the forest and the difference was usually more than 1°C, and reached up to 2.3°C in
August 1997. At both sites, air temperature was at maximum in August and at minimum in
January, and the ranges of the seasonal variation were 22-23°C.

On the soil temperature, the ranges of seasonal variation became narrower and the phases of
the variation were increasingly delayed with depth. In annual-mean basis, however, soil
temperatures were not so different among the depths and ranged from 12.5 to 13.1°C at the forest,
and 14.5 to 15.7°C at the grassland, respectively. At both sites, soil temperatures averaged for
each depth were about 1°C higher than the averaged air temperature, and like air temperature,
soil temperatures at the grassland were about 2°C higher than those at the same depth of the
forest. Soil temperatures at the grassland varied more widely than those at the forest, especially
in deep soils. Comparing the soil temperatures at the same depth, the ranges of scasonal variation
at depths of 10, 50 and 100 c¢m at the forest were about 21, 13 and 7°C, respectively; at the
grassland were about 21, 16 and 11°C, respectively. There was no difference in the phases of the
scasonal variation of soil temperature between both sites.

Total precipitation observed in the whole two years was 2308.3 mm, which included several
days of missing measurement. The maximum daily precipitation was 172.7 mm and measured on

September 22, 1996. The depths of the groundwater tables ranged from 1.5 to 2.0 m except
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under extremely wet or dry conditions at both sites. The groundwater level averaged for the
observation period was 1.796 m from the ground surface at the grassland site.

Patterns of the precipitation were quite different among seasons and years, so that the
groundwater levels varied largely corresponding to the patterns. In the summer of 1996, it was
extremely dry and only 0.6-mm rainfall was observed from August 1 to 27. Therefore, the
groundwater tables increasingly lowered; at the grasstand site, the depth of the groundwater table
became lower than the depth of the observation well, thus the well was temporarily dried up.
Some rainfall was observed in the late August, but the groundwater levels did not recover until
Septernber 22 when the maximum daily rainfall was observed. In contrast, in the October and
November, rainfall was not so much but periodic, and the groundwater tables were kept
relatively high.

In August 1997, in contrast to 1996, total precipitation reached 34.2 mm and no rainless
period lasting more than seven days was observed, therefore the depressions of the groundwater
tables were small. In the Sepiember, however, lack of such a heavy rain that observed on
September 22, 1996 prevented the levels from recovering enough. In October and November
1997, also in contrast to 1996, less precipitation was observed; for example, only 3.2-mm rainfatil
was received from October 8 to November 12. In this period, the groundwater tables were
depressed to the depths lower than those in the summer of the year due to the little rainfall as
well as the small recovery of the levels in the September. In January 1998, heavy snowfall was
observed for three times and the percolation of snowmelt water rapidly raised the groundwater
table at the grassland site and rapidly decreased soil temperatures at both sites. A large amount of
precipitation and relatively high groundwater levels were observed in April and May 1998,

Overall, the pressure head of soil water varied in response to the pattern of precipitation. In
August 1996 and in October and November 1997, prolonged rainless period decreased the
pressure heads down to —800 to —900 ¢mH,Q. In the summer of 1997, the depression in pressure
head was smaller than that in the summer of 1996 because the rainless periods were relatively
short. While in the autumn of 1996 and in the spring of 1998, the pressure heads showed larger
values corresponding to the wet conditions. Especially when the groundwater table was at a
depth above 150 c¢m, the pressure head at 150 cm showed a positive value.

In detail. however, several differences are found in the seasonal variations of the pressure

head between both sites. In dry periods, the decrease in pressure head gradually progressed
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toward deep soils at the forest; at the grassland, the pressure heads rapidly dropped at depths of
10 and 20 cm. whereas slowly decreased below the depths. This was typically observed in the
autumn of 1997. The difference in vegetation between both sites, particularly in the distribution
of plant roots might cause the discrepancy. At the forest site, the Red Pines and other tree species
extend their roots into deep soils (Figure 3.7), so that pressure heads at the deep soils would
decrease in response to soil water uptake by the roots. On the other hand, the roots of the grass
are concentrated near the ground surface (Figure 3.8), therefore rapid decrease in the pressure
head would be also limited within shallow soils at the grassland site. In the autumn of 1997,
moreover, most of the grass had already withered in contrast to Red Pine, an evergreen conifer,

and this might cause the larger difference between both sites.

(2) Seasonal variation of the concentration of carbon dioxide in soil air

The seasonal variation of CO, concentration in soil air at the forest site is shown in Figure 4.9.
The concentration of CO, in soil air was always higher than that at the ground surface (about
0.05% in vol.) and showed more than 0.1% except at depths of 5 and 10 cm in winter months.
The maximum of the concentration was 1.26% and observed at 100 cm in early August of 1997.
The ranges of the seasonal variation of CO, concentration increased with depth; about 0.2% at
depths of 5 and 10 cm, 0.3% at 20 to 50 cm, and more than 0.5% at 70 to 150 cm.

As a whole, CO, concentration in soil air increased from spring to summer and decreased
from autumn to winter at all the depths, similar to the seasonal variation of soil temperature
(Figure 4.7). In 1996, CO, concentration at depths of 5 to 50 cm began to rise in early June and
peaked in mid-July. Although the concentrations decreased temporarily in the severely dry
summer of 1996, they rose again in the late September and formed the second peaks that were
lower than the first peaks. Then CO, concentrations began to fall again and were kept decreasing
until the minimum values were observed in early February of 1997.

In the relatively moist summer of 1997, the variations of CO, concentration were relatively
small except the temporarily high concentrations measured in the late June and the early August,
and the concentrations at depths of 5 to 30 cm never exceeded those at the first peak in the
summer of 1996. From October 1997 to January 1998, CO, concentrations decreased linearly
and no second peak such as formed in 1996 was observed. In 1998, CO, concentration rapidly

increased from March to May, especially in April when extremely wet conditions were observed.
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The concentrations of CO, in soil air at depths of 70 to 150 cm also showed seasonal trends
similar to those at 5 to 50 cm. Except for a depth of 150 cm, at which CO, measurement was
often prevented by its nearly saturated condition, the maximum in the summer of 1996 and the
minimum in the winter of 1997 were found a half or a whole month later than those in the above
depths. In the summer of 1997, CO, concentrations kept increasing from June to July, and in
August and September, they reached their maxima higher than those in 1996.

The seasonal variation of CO, concentration in soil air at the grassland site is shown in Figure
4.10. The concentrations of CO, at the grassland were almost always much higher than those at
the forest, particularly in deep soils. The concentrations averaged for each depth at the grassland
were 1.4 to 1.9 times as high as those at the forest at depths of 5 to 40 cm, whereas 4.4 to 8.3
times at 50 to 150 cm. The maximum of the measured concentrations was 9.89% at a depth of 70
cm in early September of 1997. The ranges of the scasonal variation of CO, concentration were
also much larger; 0.5-1.3% at depths of § and 40 cm and 3-7% at 50 to 100 cm.

In spite of the difference in the magnitude of CO, concentration between both sites, the
seasonal trend of the variation of the concentration at the grassland was similar to the trend at the
forest. In 1996, CO, concentration at depths of 5 to 40 cm began 1o rise in early June and peaked
in mid-July. Although the concentrations temporarily decreased after that, they rose again earlier
than at the forest site and formed the second peaks in the early September. At this time, CO,
concentrations at depths of 30 and 40 ¢m exceeded the concentrations observed in the mid-July
and the concentration at 50 cm also increased rapidly. Then CO, concentrations decreased again
until early February of 1997, except temporarily high values observed in October 1996,

In the summer of 1997, the variation of CQ, concentration was relatively smali from July to
September. In the late June, when temporarily high concentrations of CO, were measured at the
forest site, small peaks of the concentration were observed at depths of 10 and 20 cm, and the
concentrations at 10 to 40 cm in the early August were heightened relative to the before and the
after measurement. While in the mid-August, unlike at the forest site, a temporarily decrease in
CO, concentration was observed at depths of 10 to 50 cm, and then maximum concentrations in
1997 were found at 20 to 50 cm in the September. Except for depths of 5 and 10 cm, CO,
concentrations in the summer of ] 997 were generally higher than those in the summer of 1996,
also unlike at the forest site. After that, CO, concentrations decreased until January to March in

1998, then increased again.
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The concentrations of CO, in soil air at depths of 70 to 150 cm also showed seasonal trends
similar to the trends at the forest site. In the summer of 1996, CO, concentrations at depths of 70
and 100 cm reached their maximum in July to August. In the early September when the second
peaks were observed at the above depths, the concentrations kept decreasing and increased
temporarily in the October after a rapid rise of the groundwater table by which CO, measurement
in deep soils was prevented. In 1997, CO, concentrations rose linearly from May to September
and reached the maximum, nearly 10% at a depth of 70 cm. The concentration of CO, at a depth
of 150 ¢m, where only a few measurements were carried out because of its nearly saturated
condition, was also at the maximum in this period.

As described above, the concentration of CO, in soil air clearly showed a seasonal variation at
all the depths at both sites. Much of the variation seems to be related to the variations of the
environmental factors, especially soil temperature. Therefore, it is not surprising that the
relationship between CO, concentration in soil air and soil temperature has been discussed in
previous studies (e.g. Gunn and Trudgill, 1982; Buyanovsky and Wagner, 1983; Fernandez and
Kosian, 1987; Castelle and Galloway, 1990; Hamada and Tanaka, 1997).

In spite of many studies, the relationships between CO, concentration and the environmental
factors are essentially indirect, empirical and site specific, because the conceniration is
determined by two different processes; production and transport of CO,. For example, the
temporary decrease in CQ, concentration in dry summer may be due to the reduction of CO,
production caused by the inhibition of biological activities, but also may be due to the increase in
CO, transport into the atmosphere by molecular diffusion. To understand the processes of
determining the concentration of CO,, investigations on the process of the production and

transport of CO, are needed.

(3) Profiles of the concentration of carbon dioxide in soil air

The profiles of the concentration of CO, in soil air at the forest site in 1996, 1997 and 1998
are shown in Figures 4.11a, b and c, respectively; at the grassland site in Figures 4.12a, bandc,
respectively. The seasonal variations of the concentration gradient of CO, between adjacent
depths at both sites are also indicated in Figures 4.13 and 4.14. The upward gradients are shown
in positive values. At both sites, CO, concentration was lowest near the ground surface and

generally increased with depth. Such shapes of the profiles at each observation site were kept

33



almost constant throughout the observation period.

At the forest site, CO, concentration in soil air rose largely from the ground surface to a depth
of 10 em. The seasonal variations of the concentration gradient were also large in these depths,
especially in the summer of 1997 and in the spring of 1998. At depths of 10 to 40 cm, the
concentration increased gradually and uniformly with depth and the seasonal variations of the
gradient were relatively small.

Between depths of 40 and 50 cm, however, little or even inverse gradients were found in most
of the profiles. Below these depths, CO, concentration rapidly increased from 50 to 100 ¢, and
then decreased from 100 to 150 cm. Most of the maximum gradients in the profile were found
between depths of 50 and 70 cm and the seasonal variation of the gradient was unclear below
these depths. The maximum concentration of CO, in the profile was always observed at 100 cm.

For the Red Pine forest, Uchida (1995) has also observed the seasonal and vertical
distributions of CO, concentration in soil air. According to his results, CO, concentration was.
also lowest near the ground surface and generally increased with depth up to 0.3-0.7% at a depth
of 100 cm. In addition, little upward gradient or even downward gradients of CO, concentration,
similar to the gradients obtained between depths of 40 and SO c¢m in this study, were also
observed between 20 and 40 cm. Therefore, it was suggested that such gradients were a common
trend in the soil profiles of the Red Pine forest, rather than site specific profiles within the forest.

The profiles of CO, concentration in soil air at the grassland site were quite different from
those at the forest site. The concentration of CO, gradually increased from the ground surface to
a depth of 40 cm. In these depths, relatively large concentration gradients were found in summer
but did not exceed 0.1%-cm”. From 40 to 50 cm, CO, concentration sharply rose; because of the
large difference in the concentrations between these depths, the concentration gradient between
them varied mainly corresponding to the variation of the concentration at 50 cm,

The concentration of CO, jumped up to the maximum in the profile at a depth of 70 cm.
Consequently, the concentration gradient between depths of 50 and 70 cm was largest in the
profile and the difference in the concentrations between the depths was at least 2% and more
than 6% at maximum. Below a depth of 70 cm, CO, concentrations gradually decreased and the
seasonal variations of the gradient were small.

Nevertheless both plant roots and soil organic carbon, the major sources of CO, in a soil,

concentrated near the ground surface (Figures 3.7 to 3.9), CO, concentration in soil air was

34



lowest around the surface and increased with depth. That is, CO, concentration at a certain depth
cannot be determined directly by the rate of CO, production at the depth, because CO, transport
into or out of the depth will occur. In the formation of the profile of CO, concentration, the

transport of CO, among the depths is important,
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4.2 Evaluation of the concentration of dissolved carbon dioxide in soil water

4.2.1 Methods
(1) Calculation of the concentration of dissolved carbon dioxide in soil water

In general, CO, in liquid phase (CO, (aq)) is in equilibrium with CQO, in gaseous phase
(CO, (2)):

CO, (g) & CO, (aq)

A part of the CO, in liquid phase hydrates with the water to form carbonic acid:

CO, (aq) + H,0 & H,CO,

Some portion of the carbonic acid dissociate into bicarbonate jons, and then into carbonate ions:

H,CO, © HCO; + H*, HCO; ¢ CO¥ +H"

Thus carbonate species dissolved in soil water consist of dissolved carbon dioxide (CO, (aq)),
carbonic acid (H,CO,), bicarbonate ions ( HCO;) and carbonate ions (COZ). The dissolved
carbon dioxide means only CO, (aq) in a narrow sense; in this study it represents all the

carbonate species histed above, namely:

C! =[H,CO,]+[HCO;]+[CO¥] (4.2)

where C! and carbonate species parenthesized by brackets are the molar concentrations of

dissolved CO, and each carbonate species (moldm”) in soil water, respectively. Dissolved
carbon dioxide in a narrow sense cannot be analytically distinguished from carbonic acid, so that
the sum of their concentrations is shownas [H,CO;].

If the molar concentrations of the species can be used instead of their activities, each term in

the right side of Equation 4.2 is given as follows (Bolt and Bruggenwert, 1978):
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log [H,CO, | = log Peo, — ko (4.3)
log[HCO;] = log peo, (ke +k) +pH (4.4)
log[CO3 T =log peo, — (ko +k; +k;)+2pH (4.5)

where pe, is the partial pressure of CO, in soil air (atm), given by the following equation:
Peo, =Cco, X P11 x 107 (4.6)

where P and P, are the total pressures at the observation sites and at a standard state (hPa),
respectively; therefore P/P, gives the atmospheric pressure at the sites in the unit of atm. In
practice, a constant value of 1.0 was applied to P/P; because the allitude of both sites (27 m, sce
Chapter 2) is nearly equal to the sea level, while the total pressure in soil air usuaily equals the
atmospheric pressure.

On the other hand, %, is defined as follows:

k,=~logK,, k =-lbgkK, k,=~logk,

[H,CO;] [H" ][HCO;]
Ky =—5—=, K = —r, K X
Peo, [H,CO;] [HCO;]

[H'][COT]

where K, is Henry’s law constant for the solubility of CO,, and X, and K; are the first and the
second acidity constant for carbonate equilibrium, respectively.

The k, depends on temperature, therefore in this study k, was determined as a function of soil
temperature using the relationships between k, and temperature summarized by Stumm and
Morgan (1981). If in need, soil temperature was estimated by linear interpolation using the
measured values. For a depth of 150 cm at the grassland site, the soil temperature at 100 cm was
applied. The pH in Equations 4.4 and 4.5 is given by the value of pH in soil water and the
method for the measurement is described below.

The C! was given by substituting Equations 4.3-4.5 into 4.2, then converted into C,,, the

mass of CO, dissolved in a unit volume of soil water (gCO,cm™), by the following equation:

C, = Mg, -Clx107 (4.7)
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where mig,  is the molecular weight of CO,, equivalent to 44.01.

(2) Measurement of pH in soil water

As described above, pH in soil water is one of the factors that determine the concentration of
dissolved CO, in the water. At the same time, the value of pH in soil water is aflecied by the
dissolved CO, concentration. Therefore, reserve pH (hereinafter referred to as RpH), the pHl
value eliminated the cffect of the volatile compounds, mainly CO,, was also measured in
addition to pH. The comparison of pH and RpH in soil water expresses clearly the effect of the
dissolution of CO, into soil water on its pH.

The pressure of soil water is usually lower than the atmospheric pressure, so that negalive
pressures must be applied o exiract the water. In previous studies, duc to the relatively simple
installation and the negligible disturbance of the soil profile, a suction-cup method has been used
widely (Grossman and Udluft, 1991). For the method, however, il is suggested to cause
degassing of dissolved CQ, and the corresponding upward shift of pH (Suarez, 1986; 1987;
Grossman and Udlufl, 1991). To know the real values of pH in soil water, a new method for
measuring pH in soil water without CO, degassing was developed.

For the measurement of pH in soil water, the tensiometer that was used since May 1997 was
employed. Diagram of the structure of the tensiometer and the operation of water sampling are
illustrated in Figure 4.15. The tip of the tensiometer has a water pool (about 30 ml cap.), which is
surrounded by a cylindrical porous ceramic wall and connected to the ground surface by two
access tubes, one is used for supplying water to the pool and the other draining water from the
pool. The water inside of the pool is hydraulically connected with the surrounding soil water
through the ceramic wall. Except for compounds adsorbed in the wall, a sufficiently long period
would change the chemical composition in the pooled water into the same as that in the
surrounding soil water. In this study, it was assumed that the composition in the pooled water
represents that in the soil water at the same depth and therefore the pH in soil water can be
determined by the measurement of pH in the pooled water. Considering the time lor the chemical
equilibrium, the pH measurements were not carried out until at least a week had passed since the
last supply of water to the pool.

In the normal operation, the resident air in the water pool is drawn from the water-drain valve

with a syringe, and then the pool is filled with distilled water supplied through the another valve
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without lcaving bubbles. To collect the pooled water, the operation was performed reversely:
After opening the water-drain valve, all the water in the pool was extracted from the water-
supply valve. Collection of the water was carried out carefully not to form bubbles and degas
dissolved CO,. Immediately after the sampling, the pH in the water was measured using a glass-
electrode pH meter. Subsequently, sampled water was shaken and aerated enough to degas the
dissolved CO, sufficiently. After that pH of the water was measured again and recorded as the
valuc of RpH.

In the Red Pine forest of ERC, soil water has been collected by a suction-cup method and
analyzed its chemical composition in 1990. The result of the comparison of the concentrations of
anions in the pooled water of the tensiometer at the forest site and those in the soil water
collected in 1990 is shown in Figure 4.16. The concentrations of CI, SO;” and NO; were
determined by a capillary electrophoresis analyzing system. The concentrations of HCOj in the
soil water had been measured by titration, while the concentration in the pooled water was
evaluated from Equation 4.4. The concentration of anjons is plotted in the unit of equivalent
concentration (rol-dm™).

The profiles of anion concentrations in the pooled water were generally similar to those in the
soil water. The Cl concentrations were relatively high whercas the concentrations of SO} and
NO; were low and decreased with depth. The concentrations of HCO; in the soil water were
lower than those in the pooled water, suggesting the CO, degassing during the water collection.
Although the soil water had been collecled in 1990 at another sites in the forest, the result of the
comparison would support that the chemical composition in the pooled water sufliciently reflects
that in the surrounding soil water.

According to the method mentioned above, the measurement of pH and RpH in soil water was
carried out for seven times from July 1997 to June 1998 at the forest and the grassland site.
Because of the less frequent measurements of pH relative to the measurement of CO,
concentration in soil air, the pH on the date of CO, measurement was linearly interpolated using
the last and the next measured value of pH for the second half of the CO, observation period. At
a depth of 5 cm, where the tensiometer was not installed, the values of pH at 10 cm were applied.

On the other hand, the values of pH were not obtained for the first half of the observation
period. Then, to examine whether or not the mean values of pH for each depth could be applied

to the dissolved CO, calculation instead of the interpolated values, application of different types
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of pH value to the calculation was attempted: The one is estimated by linear interpolation using
measured values and seasonally variable, the other is a simply arithmetic-averaged value for
cach depth and kept constant during the observation period. The relationship between the
concentration of dissolved CO, calculated using the seasonally variable pH and the constant pH
is shown in Figure 4.17. As indicated in the graph, the ratio of them was almost 1:1. This
suggests that the effect of the seasonal variation of pH on the dissolved CO, concentration is less
important, Therefore, for the first half of the period for CO, measurement, from June 1996 to
May 1997, the seasonally constant pH given by the arithmetic mean value was applied to the

calculation.

4.2.2 Results and discussion
(1) pH and RpH in soil water

The seasonal variations of pH and RpH in soil water at the forest and the grassland site are
shown in Figures 4.18 and 4.19, respectively. The profiles of them at both sites are also shown in
Figures 4.20 and 4.21; for each depth, the arithmetic-averaged values are plotled and the
maximum and the minimum values are indicated by error bars.

The pH in soil water at the forest site ranged [rom 5.5 to 6.5, showing weak acidity. The value
of pH averaged for all the depths was 6.03. The pH in soil water showed relatively small
seasonal variation. At many depths, the maximum values of pld were observed in July 1997 and
the minimum values were found in Qctober 1997 or June 1998, but the seasonal trend was
unclear. In contrast, the vertical trend was apparent. The pH in soil water decreased with depth,
from 6.07-6.54 at 10 cm to 5.64-6.11 at 150 cm, except for 20 cm where the pH values were kept
relatively small. This trend in the profile was always found during the observation period.

The values of RpH in soil water were about a pH unit larger than those of pH and generally
ranged from 6.5 to 7.5 at the forest site. The seasonal trend in RpH was not so evident as well as
that in pH. The difference in RpH among the depths was small, and the RpH below 30 cm
showed almost similar values of about 6.9 in the arithmetic mean, exhibiting nearly neutrality.
The mean value of RpH at 20 cm was 6.49 and smallest in the profile, suggesting the effect of
some acids other than CO, at the depth.

At the grassland, the pH in soil water was generally lower than that at the forest. For all the

depths, the minimum, maximum and averaged values were 5.23, 6.80 and 5.71, respectively. At
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most of the depths, the values of pH were at the minima in August 1997 and then increased up to
the maxima in March 1998, but the seasonal variations were as small as those at the forest site.
The values of pH in soil water increased with depth from 10 to 70 cm and decreased below the
depths. The pH at a depth of 70 cm was always lowest in the profile.

‘The RpH in soil water ranged from 7.0 to 7.5, showing neutrality to weak alkalinity, except at
a depth of 10 cm. The difference in RpH among the depths was smaller than that in pH, as well
as at the forest site, and almost common values ranged from 7.1 to 7.4 were obscrved except at
[0 cm, where some acids other than CO, might play a role in the determination of pH and RpH.

As mentioned previously, the difference between pil and RpH in soil water rellects the effect
of CO, dissolution in the water. For this reason, All, the difference in proton content in soil water

between before and after degassing dissolved CO, (mol-dm™) was defined as:

AH = 107 — 10~ "N {(4.8)

All the measured profiles of AH at the forest and the grassland site are plotted in Figures 4.22
and 4.23, respectively.

Except for a depth of 20 cm, AH at the forest site increased with depth, corresponding to the
profiles of CO, concentration in soil air (Figure 4.11). The large values of AH at 20 cm, reached
2.32x10° moldm™ at the maximum, implies the presence of some volatile acids except CO,,
such as some kind of organic acids. The AH also showed the following clear seasonal variation:
The AH increased from July to October in 1997, afler that decreased until March 1998, and then
increased again.

At the grassland, AH was generally higher than at the forest, and the shapes of the profile
were quite similar to those of CO, concentration in soil air at the site (Figure 4,12). The values of
AH increased with depth from 10 to 70 ¢m, and then decreased with depth. As well as CO,
concentration at the depth, AH at 70 cm was always highest in the profile and reached 5.80x10°
mol-dm™ at the maximum. At the most of the depths, All was at maximum in August or
September in 1997 and at minimum in March 1998, and the ranges of the seasonal variation were
relatively large.

The good agreement on the shapes of the profile between AH and CO, concentration in soil

air observed at both sites indicates the importance of CO, dissolution on the determination of pH
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in soil water. Because of the small fluctuation in RpH in the profile, the difference in pH among
the depths depends mainly on the difference in CO, concentration. On the other hand, the
seasonal variations of AH did not completely correspond to those of CO, concentration, partly
this might be caused by temperature dependence of the measured values of pH. Between both
sites, the larger values of AH were observed at the grassland where CO, concentration was also
much higher than at the forest, suggesting the larger effect on pH in soil water due to the higher
CO, concentrations. Paradoxically, these results would prove that the values of pH and RpH

obtained in this study reflect the real values in soil water rather well.

(2) Concentration of dissolved carbon dioxide in soil water

The seasonal variations of dissolved CO, concentration in soil water at the forest and the
grassland site are shown in Figures 4.24 and 4.25, respectively. Overall, dissolved CO,
concentration varied seasonally and vertically in response to the variations of CO, concentration
in soil air.

At the forest site, dissolved CO, concentration was at maximum in August 1996 and June
997, and at minimum in February 1997 and March 1998. At all the depths, the Max/Min values,
defined as the ratios of the maximum value to the minimum value observed at each depth or in
each profile, were about two, slightly smaller than the ratios in CO, concentration in soil air
ranged from two to three. The peaks of dissolved CO, concentration in June 1997 did not
coincide with those of the concentration in soil air (Figure 4.9). This was due to the relatively
high pH in this period (Figure 4.18), because high pH in soil water promotes the dissociation of
carbonic acid and the corresponding generation of bicarbonate ions in the water.

The difference in dissolved CO, concentration among the depths was similar to that in CO,
concentration in soil air except at a depth of 20 cm, where the dissolved CO, concentration was
generally less than that at 10 cm because of the low pH values. The profile of pH decreasing with
depths (Figure 4.20) also influenced the concentrations of dissolved CO, at another depths:
Although CO, concentration in soil air at a depth of 50 c¢m was similar to that at 40 cm (Figure
4.11), dissolved CO, concentration at the former was lower than that at the latier. Nevertheless
the concentrations in soil air were higher at 150 cm than at 70 cm in many cases, the
concentrations in soil water were similar. As well as in soil air, however, the maximum value of

dissolved CO, concentration in soil water was always found at a depth of 100 cm and reached
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3.85x 107 gCO,-cm™ in July 1997. The values of dissolved CO, concentration at 100 cm ranged
from 3.3 to 7.3 times as high as those at Scm, where the least concentration in the profile was
found; for CO, concentration in soil air, the values of Max/Min in the profile were 4 to 10.

At the grassland site, due to the much higher concentration in soil air, dissolved CO,
concentrations in soil water were much higher than those at the forest site except near the ground
surface. The seasonal variation of dissolved CQ, concentration was almost similar to that of CO,
concentration in soil air, and the effect of the seasonal variation of pH was found little. The
values of Max/Min at each depth were three to five in shallow soils and about two in deep soils,
whereas for CO, concentration in soil air, the ratios were about six in shallow soils and more
than three in deep soils (Figure 4.10), larger than those for dissolved CO, concentration.

The profiles of dissolved CO, concentration were slightly diffcrent from thosc of the
concentration in soil air (Figure 4.12). In July and August 1996 and from June to September in
1997, dissolved CO, concentrations at a depth of 100 cm exceeded those at 70 ¢m and were
highest in the profile, while CO, concentrations in soil air were always highest at 70 cm. The soil
water at a depth of 70 cm had the smallest values of pH in the profile (Figure 4.21) and the
dissociation of carbonic acid was most strongly inhibited. In addition, soil temperatures in the
periods at 70 cm were higher than the temperatures at 100 ¢cm (Figure 4.8). As the temperature
rises, the solubility of CQ, into soil water is reduced and the dissociation of carbonic acid and
bicarbonates are promoted. In the range of pH observed at the grassland site, a large portion of
the carbonate species in soil water is occupied by dissolved CO, in a narrow sepse, namely CO,
(aq), so that the former influence will appear more remarkably. Consequently, in these periods,
the dissolved CO, concentrations at a depth of 70 cm became lower than thosc at 100 cm. The
maximum value of dissolved CO, concentration in soil water was, therefore, observed at a depth
of 100 cm in September 1997, and was as high as 17.6%x10”° gCO,cm”. The values of Max/Min
of dissolved CO, concentration in the profile ranged from 10 to 30, while for CO, concentration

in soil air, the ratios ranged from 15 to 35 and also larger than thosc for dissolved CO,

concentration.

(3) Relationship between carbon dioxide concentrations in soil air and dissolved in soil water
As described above, seasonal and vertical distributions of dissolved CO, concentration in soil

water generally corresponded to the distributions of CO, concentration in soil air. Thus, to
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examine the relationship between CO, concentrations in soil air and dissolved in soil water more
precisely, the measured values of CO, concentration in soil air (¢, , % in vol.) were converted
into the mass of CO, in a unit volume of soil air ((7;, in gCOcm™), the same unit as the

dissolved CO, concentration, by the foilowing equation:
C, = “_F__ X €, X 1077 (4.9)

where 7" is soil temperature (K) measured at the depth, and R is a gas constant for ideal gas
(hPa-cm*-mo}"-K") and takes a value of 83128.18 in Equation 4.9. A constant value of 1013 was
applied to P as the atmospheric pressure at both sites. Hereinafter CO, concentration in soil air is
expressed in gCO,-cm™ in principle.

Using the measured values of CO, concentration in soil air and soil temperature, C, was
calculated from Equation 4.9. Then the C,,/C, values, which is the ratio of CO, concentration
dissolved in soil water to that in soil air, were calculated at the forest and the grassland site and
plotted in Figures 4.26 and 4.27, respectively. A value of C,/C, more than 1.0 means that the
CO, concentration dissolved in soil water is higher than that in soil air.

The C,/C, at the forest site was always more than 1.0 at all the depths and generally ranged
from 1.5 to 2.5, that is, CO, concentrations dissolved in soil water were 1.5 to 2.5 times as high
as those in soil air. The C,/C, was varied seasonally in an opposite way to the soil temperatures
(Figure 4.7), low in the summer and high in the winter. This is mainly due to the CO, solubility
into water which decreases in response to the increasing temperature, and therefore the range of
seasonal variation of C, /C, was relatively large in shallow soils and the phases of the variation
were delayed in deep soils (cf. Figure 4.7). Except for June and July in 1997, when relatively
high pH in soil water was observed (Figure 4.18), the effect of pH on the seasonal variation of
C,/C, was smaller than the effect of soil temperature.

The C,/C, decreased with depth throughout the observation petiod except for a depth of 20
cm. The profiles of pH (Figure 4.20) were similar to those of C,/C,, whereas annually averaged
soil temperatures were not so different among the depths. Under low pH conditions, the
dissociation of carbonic acid into bicarbonates and the corresponding increase in dissolved

carbonate species are inhibited, thus such C, /C, profiles would be caused by lowering pH with
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depth. In the same manner, relatively smal values of C,/C, at a depth of 20 cm was due to the
exceptionally low pH at the depth.

Overall, the values of C,/C, at the grassland were low relative to those at the forest, partly
due to the higher averaged soil temperature (see Section 4.1) and partly due to the lower pH in
soil water. The C,./C, approximately ranged from 1.0 to 2.0 except at depths of 5 and 10 ¢cm. In
the summer of 1997, the values of C,/C, at depths of 30 to 70 cm were less than 1.0, namely
CO, concentrations in soil air exceeded those dissolved in soil air. The scasonal variation of
C,./C, showed a pattern opposite to the variation of soil temperature (Figure 4.8) other than at
depths of 5 and 10 cm in the spring of 1998, when exceptionally high pH values were obtained at
these depths (Figure 4.19).

Like at the forest, the profiles of C,/C, were in good agreement with those of plI at the
grassland (Figure 4.21). In many cases, the C,/C, was largest at a depth of 10 cm, and then
decreased with depth until 70 cm, at which the smallest value in the profile was obscrved. The
C,/C, values less than 1.0 found at depths of 30 to 70 cm in the summer of 1997 are partly due
to the low pH values at these depths, as well as the high temperatures in this period.

The relationship between CO, concentrations in soil air and dissolved in soil water at both
sites is summarized as follows: In response to the seasonal variation of soil temperature, CO,
concentration in soil air rose from spring to summer and fell from autumn to winter, while the
solubility of CO, into soil water varied reversely. Consequently, the ranges of the seasonal
variation of CO, concentration dissolved in soil water became smaller than the ranges of the
variation in soil air. Therefore, the Max/Min of CO, concentration observed for cach depth was
less in soil water than in soil air. On the other hand, CO, concentration in soil air generally
increased with depth. In contrast, pH in soil water decreased with depth. Because of the little
difference in RpH among the depths, the profile of pH would be considerably affected by the
profile of CO, concentration itsell. Consequently, the difference in CO, concentration dissolved
in soil water among the depths became smaller than the difference in soil air. Therefore, the
Max/Min of CO, concentration observed in each profile was less in soil water than in soil air.

Namely, owing to such a dependence of dissolved CO, concentration on temperature and pH,
the dissolution of CO, in soil air into soil waler would reduce the temporal and spatial

differences in CO, within the soil profile at both sites.
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4.3 Evaluation of the content of carbon dioxide in bulk soil

4.3.1 Methods

The content of CO, in a unit volume of bulk soil was calculated from the measured values of
the concentration of CO, in soil air and the pressure head of soil water (Section 4.1) and the
evaluated values of dissolved CO, concentration in soil water (Section 4.2). First, the pressure
head at each depth was converted to volumetric water content, 6, using the soil waler
characteristic curve of the depth at both sites (Figures 3.3 and 3.4). Hysteresis in the curve was
not considered. Next, air-filled porosity, 6,, at each depth was given by the difference between

total porosity, 8, and volumetric water content at the same depth, namely:

6,=6,-8, (4.10)

At a depth of 5 cm, where the pressure head was not measured, it was assumed that the
volumetric water content had the same value as that at 10 cm. In 1996, the pressure heads were
not measured at depths of 40 and 150 cm. Therefore, using the values measured in 1997 and
1998, the relationships on volumetric water content between at 40 cm and at 30 and 50 cm, and
between at 150 c¢m and at 100 cm, were established by the regression analyses between the
values at the depths. The relationships were sufficiently expressed by the regression curves and
the values of volumetric water content at depths of 40 and 150 cm were estimated using the
curves. From January to April in 1998, the values of pressure head at a depth of 10 cm at the
grassland site were given by the values at 20 cm due to the failure of tensiometer at 10 cm.
Because of the lack of data on the pressure head, CO, contents were not evaluated from
December 1996 to May 1997.

From the volumetric ratio in the soil obtained above and the concentrations of CO, in soil air
and dissolved in soil water, the contents of CO, in gaseous phase, M,, and in liquid phase, M,,,

per unit volume of bulk soil (gCO,-cm™ soil) were given as follows:

M =C. -0 4.11)
M =C.-6 (4.12)
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Finally. A, the total content of CO, per unit volume of bulk soil was obtained:

M, =M+ M, (4.13)

4.3.2 Results and discussion
(1) Content of carbon dioxide in the gaseous phase of bulk soil

The seasonal variations of the content of CO, in gaseous phase per unit volume of bulk soil,
given by Equation 4.11, at the forest and the grassland site are shown in Figures 4.28 and 4.29,
respeclively.

At the forest site, CO, content in the gaseous phase increased from spring to summer and
decreased from autumn to winter, corresponding to the seasonal variation of CO, concentration
in soil air (Figure 4.9). The Max/Min in the CQ, content found at each depth ranged from 2.8 to
4.6 and exceeded the Max/Min in the COQ, concentration, ranged from 1.9 (o 4.0, at all the depths.
This suggests that the seasonal variation of CO, content was enhanced more largely than the
variation of CO, concentration, due to the increase in air-filled porosity in summer months, when
CO, concentration was also high.

The profiles of CO, content in the gaseous phase were slightly different from those of CO,
concentration (Figure 4.11); the CO, content gradually increased with depth to a depth of 70 cm
and then rapidly decreased. At a depth of 70 cm, CO, concentration was highest next to at depths
of 100 and 150 cm, and air-filled porosity showed relatively high values of 0.2 to 0.3 (Figure
3.1). Consequently CO, content in the gaseous phase was always highest at 70 cm in the profile
and reached the maximum value of 5.14x 10 gCO,cm™ soil in September 1997. While at 100
cm, where the highest concentration of CO, in the profile was always found, CO, content in the
gaseous phase was as low as that at depths of 5 to 20 cm and less than the half of the content at
70 ¢m, due to the low air-filled porosity of 0.05 to 0.1. At a depth of 150 cm, air-filled porosity
was lowest in the profile, so that the CO, content was also smallest.

Due to the extremely low air-filled porosity, CO, content in the gaseous phasc at the grassland
was similar to or even lower than that at the forest except at a depth of 70 cm, although CO,
concentration in soif air was much higher than at the forest. The Max/Min in CO, concentration
at each depth ranged from 3.2 to 8.1, whereas the Max/Min in CO, content ranged from 13 to 14

near the ground surface, 5 to 6 at depths of 50 and 70 cm, and 23 to 27 at the other depths. Such
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high values of the ratio like 23-27 were mainly due to the small values of the minimum CO,
contents caused by the extremely low air-filled porosities (Figure 3.2), and actually the CO,
content was little at these depths.

The difference in the characteristic on CO, content among the depths was evident at the
grassland site. Near the ground surface, air-filled porosity largely varied in the range of 0.08 io
0.48 and increased in summer to extend the seasonal variation of CO, content more widely than
the variation of CO, concentration. As a result, CO, content at depths of 5 and 10 cm was
relatively large and ranged from 0.5 to 3.0x10° gCO,cm” soil. At depths of 20 to 40 cm, in
contrast, little CO, was found in the gaseous phase due to the extremely low air-filled porosities
{0.01 to 0.05 at the maxima for each depth, Figure 3.2) and CO, content rarely exceeded 0.5x10°
gCO,cm™ soil. At depths of 50 and 70 ¢m, much higher concentrations of CO, (Figure 4.12) and
relatively large values of air-filled porosity kept CO, contents high; the maximum values at these
depths were observed in the extremely dry summer of 1996 and reached 4.15 and 16.8x10°¢
gCO,.cm™ soil, respectively. At depths of 100 and 150 cm, where CO, concentrations were
comparable to those at 70 cm, the low air-filled porosities kept CO, contents lower except in the

summer cf 1996,

(2) Content of carbon dioxide dissolved in the liquid phase of bulk soil

The seasonal variations of the content of CO, dissolved in liquid phase per unit volume of
bulk soil, given by Equation 4.12, at the forest and the grassland site are shown in Figures 4.30
and 4.31, respectively.

At the forest site, the seasonal variation of the content of CO, dissolved in the liquid phase
was similar to the variation of dissolved CO, concentration (Figure 4.24). The content of CO,
was larger than that in the gaseous phasc at the same depth and time except in some dry periods,
because CO, concentration dissolved in soil water was about 1.5 to 2.5 times as high as that in
soil air (Figure 4.26) and volumelric water content was larger than air-filled porosity at most of
the depths (Figure 3.1). The CO, content at a depth of 100 cm was always largest in the profile,
as well as dissolved CO, concentration at the depth, and reached the maximum of 2.55x10°°
gCO,cm” soil in July 1997. The Max/Min in CO, content in the liquid phase observed at each
depth ranged from 1.7 to 2.7 and was similar to the Max/Min in dissolved CO, concentration,

ranged from 1.8 to 2.8. In dry periods, however, especially from late July to early September in
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1996, the decrease in volumetric water content reached a depth of 100 cm caused the depression
in CO, content larger than the depression in dissolved CO, concentration.

Overall, the effect of the variation of volumetric water content on the content of CO,
dissolved in the liquid phase was smaller than the effect of the variation of air-filled porosity on
the content in the gaseous phase at the forest site. This was due to the general distribution of the
gaseous and liquid phases in the soil profile (Figure 3.1). For air-filled porosity, the Max/Min at
cach depth ranged from 1.4 to 3.9 and the Max/Min in the profile reached more than thirty. For
volumetric water content, in contrast, the Max/Min at each depth ranged only from 1.1 to 1.7,
and the Max/Min in the profile was less than two. In addition, volumetric water content generaily
increased with depth, as well as dissolved CO, concentration. Consequently, the temporal and
spatial distributions of the content of CO, dissolved in the liquid phase highly depended on the
distributions of dissolved CO, concentration.

Mainly due to the large volume of liquid phase (Figure 3.2) and partly due to the dissolved
CO, concentration in soil water higher than CO, concentration in soil air (Figure 4.27), CO,
content dissolved in the liquid phase was about an order of magnitude as large as the content in
the gaseous phase at the grassland site, except near the ground surface. The maximum value was
12.6x10° gCO,-cm™ soil, observed at a depth of 70 ¢m in October 1997. While the Max/Min in
dissolved CO, concentration at each depth ranged from 1.5 to 5.4, the Max/Min in CO, content
was relatively large near the ground surface, 6.3 at 5 cm and 9.0 at 10 cm, but nearly equal to the
Max/Min in the concentration below these depths, ranged from 1.5 to 4.7.

At the grassland, the effect of the variation of volumetric water content on the content of CO,
dissolved in the liquid phase was smaller than at the forest, because as indicated by the soil water
characteristic curves (Figure 3.4), the change in volumetric water content in response (o the
change in pressure head was small except near the ground surface. From 70 to 150 cm, however,
the CO, content decreased with depth nevertheless dissolved CO, concentrations among these

depths were similar. This was due to the decrease in volumetric water content according to the

decrease in total porosity.

(3) Total content of carbon dioxide in bulk soil
The seasonal variations of the total content of CO, per unit volume of bulk soil, given by

Equation 4.13, at the forest and the grassland site are shown in Figures 4.32 and 4.33,
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respectively. Due to the common seasonal trends of CO, content in the gaseous and liquid phases,
inevitably total CO, content given by the sum of both CO, contents showed similar seasonal
variation. Then, to compare the contribution of both CO, contents to the total content, the
proportion of the CO, content in the liquid phase to the total content, M,/M,, at both sites is
plotted in Figures 4.34 and 4.35.

By the magnitude of total CO, content, the forest soil was classified into three layers; at
depths of 5 to 20 cm, 30 to 50 cm, and 70 to 150 cm. First, at depths of 5 to 20 cm, total CO,
contents were relatively small and ranged from 0.2 to 0.7x10° gCO,cm™ soil, and increased with
depth. In addition, the M, /M, approximately ranged from 50 to 70%, and became less than 50%
in dry periods. As a result, it was suggested that CO, contents in the gaseous and liquid phases
almost equally contributed to the total CO, content at depths of 5 to 20 cm.

Secondly, at depths of 30 to 50 cm, total CO, contents ranged from 0.6 to 1.2x10* gCOyem™
soil, but were not so different among the depths. The M,, /M, was about 80% and higher than that
in the upper layer, therefore it was shown that the total CO, content was mainly determined by
the content in the liquid phase. Exceptionally, for dry periods in the summer and from October to
November in 1997, the increase in CO, content in the gaseous phase accompanied by the
increase in air-filled porosity offset the decrease in CO, content in the liquid phase to some
extent, and then the reduction in the total CO, content became small.

Thirdly, at depths of 70 to 150 cm, the largest values of total CO, content in the profile were
always observed at 100 cm, where tile contents generally ranged from 1.5 to 2.5x1 0° gCO,-cm™
sofl and reached 2.69x10° gCOycm? soil at the maximum in July 1997. At depths of 100 and
150 cm, the M, /M, usually exceeded 90% and therefore total CO, content at these depths was
dominated by the content in the liquid phase, whereas the values of M,/M, ranged from 70 to
85% at 70 cm and were similar to those at 30 to 50 cm. Furthermore CO, content in the gaseous
phase at a depth of 70 cm was much larger than the content at any other depths (Figure 4.28), so
that total CO, contents at 70 cm were higher than those at 150 ¢m nevertheless CO, content in
the liquid phase was often less than that at 150 cm (Figure 4.30).

At the grassland site, total CO, content of bulk soil was almost equal to the content in the
liquid phase, because of the extremely Jow air-filled porosity throughout the profile (Figure 3.2).
Exceptionally, at depths of 5 and 10 cm, the M, /M, ranged widely from 35 to 95% and the total

CO, content reached up to 1.5-2 times as large as the content in the liquid phase in dry periods.
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Besides these depths, at depths of 70 and 100 cm, air-filled porosities were relatively high and
the values of M, /M, were about 5 to 10 %. The CO, content in the gaseous phase at 70 cm was
much larger than that at 100 cm (Figure 4.29), while CO, content in the liquid phase at 70 cm
was similar to that at 100 em (Figure 4.31). Therefore, total CO, contents at a depth of 70 cm
were larger than those at 100 cm and reached 13.6x10™ gCOycm’ soil at the maximum in
October 1997. Except for these depths, the values of M,,/M, were usually more than 95% and the
contribution of CO, content in the gaseous phase was little.

Comparing the contribution of the content of CO, in the gaseous and liquid phases of the soil
to the total content of CO,, the importance of the liquid phase as a reservoir of CO, in soils was
indicated at both observation sites. Some of the previous studies have also presented the amount
of CO, contained in soil profiles (e.g. Kirita, 1971; Haibara et al, 1997), but most of them
estimated the content only in the gaseous phase. In general, CO, in soil air is in equilibrium with
the CO, dissolved in soil water, so that the content in the liquid phase must be taken into

consideration to clarify the dynamics and storage of CO, in soil profiles.
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the grassland site.
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Figure 4.7. Seasonal variations of soil temperature and the pressure
head of soil water at the forest site.
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Figure 4.8. Seasonal variations of soil temperature and the pressure
head of soil water at the grassland site.
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Figure 4.9. Seasonal variation of CO, concentration in soil air at the
forest site.
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Figure 4.11a.  Profiles of CO, concentration in soil air at the forest
site in 1996.
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Figure 4.11b.  Profiles of CO, concentration in soil air at the forest
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Figure 4.11c.  Profiles of CO, concentration in soil air at the forest
site in 1998.
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Figure 4.12a.  Profiles of CO, concentration in soil air at the grass-
land site in 1996.
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Figure 4.12b.  Profiles of CO, concentration in soil air at the grass-
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Figure 4.12¢c.  Profiles of CO, concentration in soil air at the grass-
land site in 1998.

67



0.03; T T T T T T T T T T T T T T T [ T T]
" | 9 |
o W.on
- 5 S .Q“ ' —
g 0.02 Q| a0 5
. : t:; G@\\ o
N , VA g -
< '-,‘ nEe ;
- ' o
5 001 i o W
L] 2 ’ -.(2%"- ! “ oio "' A
2 IR N
s s @8 (o4
Eh K
= |
.9 000 _A'H /V“Vé _.\.
= rV* ! \v] V\‘V :
C&S MY AN P v Y
E 4 "'-._“‘ '}lv v \V ’v' ; .
: '
= -0.01F =
Q : Depth (cm)
U H P i
P -0 0-5 —4-20-30 --0-{ 50-70
i ! —~@- 5-10 -£&--30-40 —v- 70-100
| -0-10-20 -®-40-50 --v-i100-150
). T T R S o
J S D M ] S D MM
1996 1997 1998
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Upward gradients are shown in positive values.
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Figure 4.15. Diagram of the structure of the tensiometer (SK-5500E,
Sankei Rika Co. Ltd.) used for the determination of pH
in soil water and the operation of water sampling.
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and those in soil water of the Red Pine forest.
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Figure 4.18.  Seasonal variations of pH and RpH in soil water at the
forest site.
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Figure 4.20. Profiles of the arithmetic mean values of pH and RpH in
soil water at the forest site.

Error bars show the minimum and the maximum values at each depth.
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Figure 4.21. Profiles of the arithmetic mean values of pH and RpH in
soil water at the grassland site.

Error bars show the minimum and the maximum values at each depth.
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Figure 4.22. Profiles of the difference in proton content in soil wa-
ter between before and after degassing dissolved CO,
(AH) at the forest site.
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Figure 4.23.  Profiles of the difference in proton content in soil wa-
ter between before and after degassing dissolved CO,
(AH) at the grassland site.
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Figure 4.25. Seasonal variation of dissolved CO, concentration in
soil water at the grassland site.
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Figure 4.26.  Seasonal variation of the ratio of CO, concentration
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the forest site.
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Figure 4.27. Seasonal variation of the ratio of CO, concentration
dissolved in soil water (C,,) to that in soil air (C,) at
the grassland site.
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Figure 4.28. Seasonal variation of CO, content in gaseous phase per
unit volume of bulk soil at the forest site.
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Figure 4.29. Seasonal variation of CO, content in gaseous phase per
unit volume of bulk soil at the grassland site.
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Figure 4.30.  Seasonal variation of CO, content dissolved in liquid
phase per unit volume of bulk soil at the forest site.
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Figure 4.31.  Seasonal variation of CO, content dissolved in liquid
phase per unit volume of bulk soil at the grassland site.
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Figure 4.32.  Seasonal variation of the total content of CO, per unit
volume of bulk soil at the forest site.
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Figure 4.33.  Seasonal variation of the total content of CO, per unit
volume of bulk soil at the grassland site.
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Figure 4.34.  Seasonal variation of the proportion of CO, content in
the liquid phase (M,) to the total content (M) per unit
volume of bulk soil at the forest site.
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Chapter 5

Production and Transport of Carbon Dioxide

5.1 Measurement of soil respiration rate

5.1.1 Methods

The rate of soil respiration, namely the amount of CO, which is transferred from the soil into
the atxﬁosphere across a unit area of the ground surface within a unit time, was observed for a
whole year from June 1997 to May 1998. Two spots for measuring soil respiration rate were
placed at each observation site. At the forest site, the one was placed at midmost among the Red
Pine trees (hereinafter referred to as SR-F1) and the other at the foot of a Red Pine tree which
had a diameter of 16.9 cm at the breast height (SR-F2). At the grassland site, a small space ina
closed community of grass (SR-G1) and nearly bare soil surface (SR-G1) were selected as the
measuring spots for soil respiration rate.

The rate of soil respiration was measured by a closed chamber method. A cylindrical closed
chamber (21 cm in dia. and about 14 cm in height) equipped with a gas sampling port and a
digital thermometer was used for the measurement. The design of and the schematic operation on
the chamber are illustrated in Figure 5.1.

In advance of the measurement, the chamber was laid on its side adjacent to the measuring
spot for two or three minutes and the air inside the chamber was mixed with the ambient air. At
the beginning of measurement, the chambér was turned on the spot and immediately pushed into
the soil by about 1 cm depth. After that, the air inside the chamber was collected from the gas
sampling port with a syringe, for several times at intervals of two to three minutes. Before each
sampling, some amount of the inside air was pulled out and pushed in using the syringe for
several times to disturb and homogenize the inside air. At the same time, air temperature in the
chamber was measured with the digital thermometer. The air collected into the syringe was

immediately sampled into the T-type gas sampling glass tube (Figure 4.3) which had been
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evacuated previously. After the sampling, CO, concentration in sampled air was determined by
GC (see Section 4.1.1).

The concentration of CO, in the chamber, C. (gCO,cm>), was calculated from CO,
concentration in the sampled air (¢, % in vol.) and temperature inside the chamber (7, K), by

analogy with Equation 4.9:

. P
C.o=— 7 we %107 5.1
=R c (5.1}

Then the total content of CO, in the chamber (M., gCO,} was given as follows:
Mo=h.-A--C, (5.2)

where /. and A are the height (cm) and the bottom area (cm?®) of the inside of the chamber,
respectively. For the chamber used in this study, they were 13.0 cm and 346.6 cn’,

The amount of CQ, contained in the chamber per unit area of the ground surface, namely
M_/A., was plotted against the time for sampling. For example, the result of the plot obtained
for June 1, 1997 is shown in Figure 5.2. As indicated in the graph, the slope of the linear
regression curve was regarded as the soil respiration rate (gCO,-cm™s").

It has been suggested that the closed chamber method have some possibilities for both
overestimating and underestimating soil respiration rate. The rise in CO, concentration inside the
chamber will inhibit the diffusive transport of CO, out of the soil. In addition, particularly at the
grassland spots, air temperature inside the chamber was likely to increase with time; this might
cause the increase in the inside air preséure and the corresponding mass flow of the air into the
soil. These phenomena could act as the cause of underestimate of soil respiration rate. In fact, in
the result shown in Figure 5.2, the increase in CO, concentration of SR-G2 was inhibited after
six minutes from the beginning of the measurement. The effect of these phenomena becomes
increasingly large with time, so that the measurement was usually completed within six minutes
in this study.

On the other hand, sampling of air inside the chamber will reduce the inside air pressure, and

then draw soil air into the chamber compulsorily. In tun, this could be a cause of overestimate of
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soil respiration rate. Betsumiya (1992) reported on the eflect of air sampling on the measured
value of the rate. According to her result, the measured values by a closed chamber were in good
agreement with those by a flow-through chamber, provided that each volume of the sampled air
was less than 0.2% of the capacity of the chamber. If the sampling volume was more than 0.6%
of the capacity, the closed chamber method overestimated soil respiration rate by 20%. In this
study, the sampling volume of air inside the chamber was about 15 cm’, equivalent to 0.33% of
the capacity of the closed chamber of 4500 cm’, therefore some overestimate might be occur.

In practice, these effects of the phenomena on the measured values of soil respiration rate
depend on the magnitude of soil respiration itself, and micrometeorological factors such as wind
speed and surface temperature. Moreover, the effects for overestimating and for underestimating
the rate might more or less offset each other. The detailed discussion on the improvement and
development of the method for measuring soil respiration rate deviates from the objective in this

study, so this issue is no more discussed below.

5.1.2 Results and discussion
(1) Seasonal variation of soil respiration rate

The seasonal variations of soil respiration rate at the measuring spots in the forest and the
grassland are shown in Figures 5.3 and 5.4, respectively. The values of the rate are expressed in
the unit of daily mass flux of CO, per one square meter of the ground surface. Soil temperatures,
measured at a depth of 5 cm in the forest and at 2 ¢cm in the grassland, are also plotted.

At the forest site, soil respiration rates measured at both spots were high in the summer and
low in the winter, corresponding to the soil temperature at a depth of 5 cm. The maximum rates
were obtained in late June and early July of 1997 and reached 18.1 and 17.3 gCO,-m*day” at
SR-F1 and SR-F2, respectively. The minimum rates were recorded in January 1998 at both spots
and were 0.24 at SR-F1 and 0.22 at SR-F2. Thus, the difference in the soil respiration rates
between both spots was not significant.

In the Red pine forest, Yasui and Oikawa (1993) have measured soil respiration rate using a
flow-through chamber method. According to their results, the rate ranged from 0.5 to 12.1
gCO, m?-day" and showed large values in the summer and small values in the winter, similar to
the soil respiration rate observed in this study. Although the maximum rate presented by Yasui

and Oikawa (1993) was relatively lower than those obtained in this study, this was probably due
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to the lack of measurement from mid-July to mid-August in their observation, when soil
respiration rates higher than the measured maximum rate might have been observed because of
the high temperatures in the period, rather than due to the difference in methodology.

At the grassland, the maximum values of soil respiration rate were obtained about a month
later than those at the forest and reached 27.2 and 11.3 gCO,m?day' at SR-GI and SR-G2,
respectively. In January 1998, the minimum rate of 0.13 gCO,m*-day' was obtained at SR-G1,
but a negative value was evaluated at SR-G2, so that the rate was regarded as zero. The soil
respiration rates observed at SR-G1 was about 1.5 to 4.5 times as high as those at SR-G2, and the
values were equal to or larger than those at SR-F1 and SR-F2. Therefore, the rate measured at
SR-G2 was always lower than the rates at the forest spots. Relative to the forest spots, soil
respiration rates showed sensitive fluctuations in response to the change in micrometeorological

conditions at the grassland spots.

(2) Relationship between soil respiration rate and soil temperature

As shown in Figures 5.3 and 5.4, the seasonal variations of soil respiration rate at the forest
and the grassland spots were almost similar to the variations of soil temperature near the ground
surface. Thus the relationships between soil respiration rate and soil temperature at both sites are
plotted in Figures 5.5 and 5.6. As expected from the seasonal variation, the soil respiration rates
generally increased with the soil temperatures. At the forest site, soil respiration rates measured
at both spots similarly increased corresponding to rising soil temperature. On the other hand, the
response of soil respiration rate observed at SR-G2 to the rise in soil temperature was more
gradual than the response at SR-Gl.

The results of the regression analysis on the relationships are listed in Table 5.1. The
regression curves obtained from the analysis are also plotied in Figures 5.5 and 5.6. The soil
respiration rates were well expressed as exponential functions of the soil temperature. The
regression analyses using linear and parabolic functions were also carried out, but the correlation
was less significant. The coefficients of determination at the forest spots were 0.90 and 0.88,
indicating high correlation between the soil respiration rate and the soil temperature. At the
grassland spots, the coefficients of determination were 0.87 and 0.47, lower than those at the

forest spots.
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5.2 Evaluation of the fluxes of carbon dioxide in a soil profile

5.2.1 Methods
(1) Definition of a virtual soil column

In contrast to CO, flux across the ground surface, which is given as soil respiration rate, the
rale of CO, transport at any depths in a soil profile cannot be measured directly. The fluxes of
CO, in a soil profile, therefore, were evaliated from the analysis of CO, transport processes in
the profile using the soil physical properties given in Chapter 3, and the concentrations and
contents of CO, and the environmental factors obtained in Chapter 4. For the analysis, a
horizontally homogeneous soil was assumed for the observation sites and only vertical CO,
transport was considered.

As a framework for the analysis of the fluxes and mass balance of CO,, a virtual soil column
was defined, with reference to the similar framework applied in de Jong and Schappert (1972).
The diagram of the column is illustrated in Figure 5.7. The column has a unit bottorn area and
consists of several soil compartments, and each compartment has a depth number o which ranges
from O to V. Physical or chemical variables of the compartment d are represented by the values
determined at a depth of z,, which is placed in the center of the compariment. The soil
compartment d is divided from the upper (d-1) and the lower (d+1) compartment at the middle
depth of z,., and z, and the middle depth of z, and z,,,, respectively. By way of exceptions, the
depths of the upper division of the compartment 0 and the lower division of the compartment N
are defined as z, and z,,, respectively. The thickness of the compartment d, /,, is given by the
difference between the depths of the upper and lower divisions of the compartment.

The values of the parameters of the virtual soil column applied to the analysis are listed in
Table 5.2. All the depths at which CO, concentration in soil air was measured were given as z,,
from the ground surface to a depth of 150 cm. In addition, the divisions of the compartments
were partly modified to conform with the real conditions: The soil compartment O represents the
ground surface, has no thickness, and gives the upper boundary condition of the virtual soil
column; the soil compartment 1 ranges from the surface to a depth of 7.5 cm and reflects the
values determined for a depth of Sem. Using the virtual soil column, the analysis of the fluxes
and mass balance of CO, was carried out for the whole year from June 1997 to May 1998,

namely the second half of the observation period in this study, because of the continuous
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measurements of the pressure head of soil water {Sectjon 4.1} and soil respiration rate (Section

5.1} in the second-half period.
(2) Diffusive flux of carbon dioxide in soil air

In principle, the flux of molecular diffusion in gaseous phase obeys Fick’s first law. Thus the

vertical diffusive flux of CO, in soil air, J, (gCO,cm™s™), is described as follows:

Jy =D, Sk (53)

where D, is the diffusion coefficient of CO, in soil air (cm-s™), C, is the concentration of CO; in
soil air (gCO,em™) and z is depth (cm). The negative sign in the right side of Equation 5.3
indicates that the CO, will diffuse from the depths of the higher concentrations to the depths of
the lower. The diffusion coefficient in soil air is a function of the coefficient in free air, D,,

which is given by:
D =D, m(ﬁﬁ] (5.4)

where P and 7 are the total pressure (hPa) and temperature (K) of the air, and the subscript 0
refers to the standard state, namely P, and 7, are 1013 hPa and 273.16 K (equivalent to 0°C),
respectively. The D, is the diffusion coefficient of CO, at the standard state and » is an empirical
constant, and both of them have characteristic values for CO,.

The diffusive flux of CO, in soil profiles were evaluated by applying Equation 5.3 to the soil
sections which consist of couples of the soil compartments adjacent to each other in the virtual
soil column. The diffusive transport of CO, between the compartments d—1 and o was given by
the mean diffusive flux in the soil section between depths of z,, and z,. The diffusive flux was
calculated from the difference in CO, concentration and the averaged diffusion coefficient
between these depths. Therefore, the diffusive flux of CO, in soil air between the soil
compartments d-1 and d, J,(¢-1, d), was obtained by rearranging Equations 5.3 and 5.4 as

follows:
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J(d-1,d)=-D(d-14d) Cp(d) ~C(d 1)

Zg T 241 (5.5)
C{dy-C (d-1 )
=-&(d —-1,d) D,(d - 1.,d) g( ) g( )
Zg ™ 24
po(r, +T,Y
D(d-1,d)=D,—2| &l —d 5.
(d ~1,d) OP( 27,0] (5.6)

where C,(7) and 7, are the concentration of CQ, in soil air and the soil temperature at a depth of
z; D, ), DG, j) and & (i, j) represent the diffusion coefficients of CO, in soil air and in free air,
and the relative diffusion coefficient, respectively. Referred to Nakano (1991), the values of
0.135 cm-s™ and 1.71 were applied to Dy and n, respectively. The relative diffusion coeflicient is
defined as the ratio of the diffusion coefficient in soil air to that in fiee air, namely /D, and

described below.

(3) Determination of the relative diffusion coeflicient

The diffusion coefficient in soil air is smaller than that in free air, since soil particles and soil
water will cut off and lengthen the pathways for diffusion in soil air. Thus the relationships
between the relative diffusion coefficient, D,/D,, and soil physical properties such as air-filled
porosity and total porosity have been investigated in many studies.

For example, Penman (1940) showed a simple relationship between D,/D, and air-filled

porosity (8,):

D,/ D, =0660, (5.7)

On the other hand, Millington and Quirk proposed more complex relationships, expressed as
functions of air-filled porosity and total porosity, & (Millington, 1959; Millington and Quirk,
1961):

10/3

D /D, =5 (5.83)

2
t
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DD, -t (5.9)

s o 62/‘3

Other relationships between D,/D, and ¢, and/or @ similar to these equations have been
presented by many researchers (e.g. Blake and Page, 1948; van Bavel, 1952; Marshall, 1959;
Currie, 1960; 1961), but the relationships which have been mainly used for estimating D, /D, are
the three equations mentioned above. Hereinafter, these equations are referred to as the Penman
(Equation 5.7), and M-Q 1 (Equation 5.8) and M-Q 2 (Equation 5.9) equations, from the names
of proposers. The relationships between D,/D, and the air-filled porosity and total porosity of the
soil are shown in Figure 5.8.

To select the equation used for estimating the diffusion coefficient in soil air in this study, the
utility of the three equations was examined. The averaged diffusive fluxes of CO, between the
ground surface and a depth of 5 cm were calculated from Equations 5.5 and 5.6, using the
relative diffusion coefficients estimated by each equation, and then compared with the rates of
soil respiration obtained in Section 5.1, because the soil respiration is mostly caused by the
diffusive transport of CO,. The results of the comparison at the forest and the grassland site are
indicated in Figures 5.9 and 5.10, respectively. The diffusive fluxes are plotted after converted to
the same unit of the soil respiration rate (gCO,-m”-day™).

During the period for the comparison, the largest value of the diffusion coefficient in soil air
was always estimated by the Penman equation, the next by M-Q 2, and the least by M-Q 1. At
the forest site, the evaluated diffusive fluxes of CO, using the Penman equation were in good
agreement with the measured rates of soil respiration, but sometimes exceeded the rates. The
values of the flux evaluated by the M-Q 2 equation were slightly less than the measured values
of soil respiration rate, in contrast to those by the Penman. For the M-Q 1 equation, the evaluated
fluxes were nearly equal to or even lower than the half of the soil respiration rates. At the
grassland site, in many cases, the diffusive fluxes of CO, evaluated by the Penman were higher
than the soil respiration rates measured at SR-G1, while the fluxes evaluated by the M-Q 1 were
lower than the rates measured at SR-G2. For the M-Q 2, the evaluated fluxes were similar to the
measured rates at either of the spots or intermediate between the rates at both spots.

Soil respiration rate is a CO, flux at the ground surface. On the other hand, the diffusive flux

of CO, evaluated for the soil section between depths of 0 and 5 cm represents the averaged flux
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for these depths. In practice, the production of CO, would occur between these depths, so that the
CO, flux at the ground surface became larger than the averaged flux by the amount of CO,
produced between these depths. Considering the CO, production, it was suggested that the
diffusive flux of CQ, evaluated by the M-Q 2 equation best agreed with the real flux.

Actually at both sites, the differences between the evaluated flux by the M-Q 2 and the
measured rates of soil respiration were relatively large from spring to summer in 1997, when the
soil temperatures near the ground surface were higher than those in deep soils (Figures 4.7 and
4.8), and were small from autumn to winter. This can be explained as follows: From spring to
summer, the production rates of CO, at depths between the ground surface to 5 em were high due
to the high temperatures, so that the difference between the soil respiration rate and the averaged
CO, flux between 0 and 5 cm became large; from autumn to winter, the production rates are low
due to the low ternperatures, so that the difference between them became small. In addition, Jin
and Jury (1996) also compared the D./D, estimated by the same three equations with the
experimentally determined values of D,/D,, and found that the estimated values by the M-Q 2
equation provided significantly better agreement with the measured values. According to these
results, the M-Q 2 equation was used for estimating the diffusion coefficient in soil air in this
study.

Consequently, &(d-1, d) in Equation 5.5 was given by:

6,(d—1,dy

Lt 5.10
6, (d-1,d)"" G40

£(d ~1,d)

where 8,(i, /) and 6, (i, j) represent air-filled porosity and total porosity averaged for the adjacent
depths of z; and z;. At depths of 0 and 5 cm, the values of air-filled porosity and total porosity are
assumed to be equal to the values at 10 cm.

Finally, by substituting all the related equations into Equation 5.5, the diffusive flux of CO, in

soil air at the soil section between depths of z,., and z, was obtained by the following equation:

J(d—=1d)=- (G, (d-D)+ 9g(d))/22]m Dog’G_(T(d— 1)+T(d)j C (d)~C,(d~1)
[Gd-D+o@ni2F P 2,

Zq 7244
(5.11)
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(4) Advective flux of carbon dioxide accompanied by the mass flow of soil air

Essentially, the mass flow flux of soil air is given as the product of the total pressure gradient
and the aeration coefficient. Because of the little difference in total pressure in a soil profile,
however, it is difficult to evaluate the mass flow flux precisely using this method.

On the other hand, temporal and spatial distributions of air-filled porosity was obtained in this
study using soil water characteristic curves (Figures 3.3 and 3.4) and the measured values of the
pressure head of soil water (Figures 4.7 and 4.8), and showed fairly large variations in response
to the patterns of precipitation and evapotranspiration. These variations of air-filled porosity will
cause the mass flow of soil air. Furthermore, soil temperatures at all the depths also varied
largely, so that the expansion and shrinking of soil air corresponding to the change in soil
temperature might cause the mass flow. Thus, in this study, the advective flux of CO,
accompanied by the mass flow of soil air caused by the changes in air-filled porosity and soil
temperature was evaluated.

In the case of the passage of a front, however, rapid temporal change in the atmospheric
pressure would occur and might cause relatively large mass flow of soil air by the total pressure
gradient. In this study, however, most of the measurements of CO, were carried out on fine days,
so that the effect of the change in the atmospheric pressure was probably small. The convective
flow of soil air due to the temperature gradient in the soil profiles and the turbulent flow caused
by wind were also not taken into consideration because of the difficulty of quantitative analysis
of them. In the cases that these effects on the mass flow of soil air became important, the
advective flux of CO, evaluated in this study becomes less reliable.

To evaluate the mass flow flux of soil air and the accompanied advective flux of CO, in soil
profiles, the virtual soil column defined above was applied as the framework for analysis. If a
soil compartment which has a thickness / shows the values of air-filled porosity of &, (#) at a
time of f, and 6, (t,) at a time of £, the change in the volume of gaseous phase in the

compartment between ¢, and £, is given by:
AV, =1-6,(5)~1-6,() (5.12)

On the other hand, the volume of soil air itself initially contained in the compartment also

changes in response to the change in soil temperature, provided that the total pressure of the air
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is kept constant. Therefore, for the same compartment, if the soil temperature and the volume of

soil air changed from 7, and ¥, to T, and V, between?, and 1,, the volumetric change of soil

air itself is given by:

1,
AV, =V, -V, =1-0,(4)x [}-_ ] (5.13)

4

From Equations 5.12 and 5.13, the net change in the volume of gaseous phase in the

compartment between £, and £, is obtained:

T
AV, = AV, ~ AV, =1 {9301) E"L - g(rz)} (5.14)

f

By this net volumetric change, the total pressure of soil air will change unless the net inflow
or outflow of so0il air on the soil compartment occurs, whereas the total pressure gradient of soil
air is negligible under conditions without remarkable source or sink of a gas, wetting front and
redistribution of soil water (Nakano, 1991). To keep the total pressure of soil air constant, the
mass flow into or out of a soil compartment must occur by the amount equivalent to the net
decrease (AV,, < 0) or increase (AV,, > 0) of the volume of gaseous phase in the compartment.
For example, if the volumetric increase of gaseous phase according to the increase in air-filled
porosity exceeds the volumetric increase of soil air itself in response to the rise in soil
temperature, the remainder must be replenished by the inflow of equivalent volume of soil air
from the upper and lower compartments.

The mass flow flux of soil air between each pair of the soil compartments in the virtual soil
column was calculated by accumulating the net change in the volume of gaseous phase at each
compartment. The lower boundary of the column s placed at a depth of 150 cm, where the soil
was nearly saturated and the volume of gaseous phase was little (Figures 3.1 and 3.2); so that it
was assurned that the mass flow flux of soil air across the lower boundary of the column was not
occurred. According to the assumption, the net increase or decrease in the volume of gaseous
phase in the soil compartment ¥, the bottom of the column, causes the mass flow of soil air out

of or into the upper compartment N—1. Therefore, the mass flow flux of soil air between the
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compartments ¢—1 and d was given by the accumulation of the net change in the volume of
gaseous phase in the compartments from d to .

In addition, the soil air which moves among the compartments changes its volume in response
to the difference in soil temperature. If the compartments i and j have soil temperatures of 7, and
7}, and if the soil air at the compartment j has a volume of V,, the volume of the same soil air at

the compartment i, V;, is given by:

(5.15)

N

fl

o=
NS

From Equations 5.14 and 5.15, the mass flow flux of soil air at the soil section of 1 and d,

Srg (d-1, d), was expressed as follows:

Jypld =1,d) =T AV (d) (5.16)

2. AV, (d) =i(AVm(f)/T,-) (5.17)
i=d

where T is the soil temperature at the compartment d—1 or d, which determines the volume of
the moving soil air at the compartment.

At last, the advective flux of CO, accompanied by the mass flow of soil air was given as the
product of the mass flow flux obtained above and the concentration of CO, in soil air (Section
4.1). The soil air moving upward between soil compartments d—1 and d has a CO, concentration
of C, (d) at a temperature of T, in the compartment d- the soil air moving downward has the
concentration C,(d-1) at T, in the compartment d-1. So that the advective flux of C(, between

the compartments d—1 and d, J, (d-1, d) was given by the following equations:

DAV (d) T, Co(d) (Jag(d ~1,d) > 0)
J (d-1,d)=40 (/o (d =1, d) = 0) (5.18)
S AV (d) Ty, -C(d =1y (Jyp(d —1,d) <0)

In the actual calculation, for the change rates in air-filled porosity and soil temperature, the
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averaged change rates for the three-day period, which consists of the day of CO, measurement
and before and after the day, were applied. If significant precipitation was observed only on the
third day of the period, the change rates were given by the changes between the first and the
second day of the period, because the decrease in air-filled porosity from the second to the third
day due to the precipitation do not match the drainage process of soil water observed on the
second day. The depths at which CO, concentration in soil air was failed to measure were

regarded as missing data, but regarded as zero if the mass flow of soil air itself did not occur.

(5) Advective flux of dissolved carbon dioxide accompanied by the movement of soil water

Essentially, similar to the mass flow flux of soil air, the flux of soil water is given as the
product of the hydraulic gradient and unsaturated hydraulic conductivity. Mainly due to the
variability of the unsaturated conductivity in response to the change in soil water potential,
however, it is difficult to evaluate the soil water flux precisely using this method.

On the other hand, using the observed profiles of the pressure head of soil water (Figures 4.7
and 4.8) and the soil water chara;:teristic curves (Figures 3.3 and 3.4), the profiles of the
hydraulic gradient, which determines the direction of soil water movement, and the profiles of
volumetric water content were obtained. Different from soil air, the change in the volume of soil
water corresponding to the change in soil temperature can be negligible. Thus, in this study, the
advective flux of CQ, accompanied by the movement of soil water caused by the variation of
volumetric water content was evaluated by analogy with the advective flux accompanied by the
mass flow of soil air.

As the framework for analysis, the virtual soil column defined above was also applied to
evaluate the flux of soil water and the accompanied advective flux of CO, in soil profiles. If a
soil compartment which has a thickness / shows the values of volumetric water content of 8, (¢,)
at a time of , and @, (,) at a time of £, the change in the volume of liquid phase in the

compartment between ¢, and 1, is given by analogy with Equation 5.12:
AV, =1-0,(t)~1-6,() (5.19)

On the other hand, the direction of the flux is determined by the hydraufic gradient in the

profile. For the soil compartments ¢-1, d and d+1, which are arranged continuously in the virtual
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soil column, combinations of the directions of soil water movement among these compartments
are the following four patterns: 1) consistently downward flow from the compartment d—1,
through d, to d+1; 2) consistently upward flow from the compartment d+1, through d, to d-1; 3)
divergent flow from the compartment d to d-1 and d+l; 4) convergent flow from the
compartments d-! and d+1 to d. The increase or decrease in the volume of liquid phase in a soil
compartment will cause the inflow or outflow of the equivalent volume of soil water from the
upper and lower compartments, in the case of the absence of any sources or sinks of the water in
the compartment. Then in the cases of 1) and 2), the soil water fluxes are calculated in the same
manner of the mass flow flux of soil air.

In the case of 1), the flux of soil water between the compartments d—1 and 4, J,,, (d—1, d),
was given by the accumulation of the volumetric change of liquid phase in the compartments
from d, ,zp, at which the divergent zero flux plane (hereinafter referred to as D-ZFP) is found at

first above d—1, to d-1:

d-1
Jud-Ldy= D AV, () +J,,(dy gprdyy g +1) (5.20a)

i=dy_grptl

In the case of 2), inversely:
epzep -1
Jypo(d = 1,d)=— ( D AV, (D) + Ty (dyy g I,dDmZFP)J (5.20b)
i=d

In the case of 3), the D-ZFP lies at the compartment d, so that the decrease in the volume of
liquid phase at d was simply divided into the haif and served as the upward (soil compartment d

to d~1) and downward (d to d+1) fluxes of soil water, that is:

1
Jind =1d) == AV, (d), ] (dod +1) = %A v, (d) (5.20¢)

If the volume of liquid phase at the compartment d increased, the fluxes toward both directions

were regarded as zero.
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In the case of 4), in contrast to 3), the convergent zero flux plane (hereinafter referred to as C-
ZFP) lies at the compartment d, the soil water fluxes were given by Equation 5.20a for the
downward flow from the compartment d—1 to d, and given by Equation 5.20b for the upward
flow from the compartment d+l to d, respectively. If the volume of liquid phase at the
compartment d decreases or do not increase enough to account for the amount of the inflow of
soil water, the presence of a sink of the water is needed. The sink was not taken into
consideration for the calculation because the sink within a soil compartment did not contribute to
the soil water flux between adjacent soil compartments.

At last, the advective flux of dissolved CO, accompanied by the movement of soil water was
given as the product of soil water flux obtained above and the concentration of CO, dissolved in
soil water (Section 4.2). The soil water moving upward between soil compartments d—1 and d
has a dissolved CO, concentration of C,, (d) in the compartment d; the soil water moving
downward has the concentration C,,(d—1) in the compartment d—1. So that the advective flux of
dissolved CO, between the compartments d-1 and 4, J,,(d-1, d) was given by the following

equations:

S (d=1,d)-C (d) (Jpse(d = 1,d) > 0)
J(d-1,d)y=40 (J,,(d~1,d)=0) (5.21)
Jo(d-1,d)Co(d-1)  (Jyp(d~1,d)<0)

In the actual calculation, the averaged change rate in volumetric water content for the same
three-day period used for evaluating the advective flux of CO, accompanied by the mass flow of
soil air was applied. To obtain the hydraulic gradients, the profile of the pressure head of soil
water observed at the time for CO, measurement was used after converted to the total head. If
significant precipitation was observed only on the third day of the period, the change rate was
given by the change between the first and the second day of the period; the increase in
volumetric water content from the second to the third day due to the precipitation do not match
the drainage process of soil water and the hydraulic gradient observed on the second day.

The hydraulic gradient between the ground surface and a depth of 10 cm was regarded as
upward in principle, because most of CO, measurement was carried out on rainless days. Only in

the case that the supply of soil water from the depths above 10 cm was required to account for
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the increase in the volume of liquid phase in the soil compartments below 10 cm, the equivalent
downward fluxes were given.

For the soil water flux across the lower boundary of the virtual soil column, only in the case
that the supply of soil water below a depth of 150 cm was required to account for the increase in
the volume of liquid phase in the compartments above 150 cm, the equivalent upward fluxes
were given. Except for the case, even the upward gradient was observed between depths of 100
and 150 cm, the flux across the lower boundary was considered as zero, because of the low
saturated hydraulic conductivity in deep soils (Figures 3.5 and 3.6) and relatively small hydraulic
gradients between these depths. The soil water flux across the lower boundary is hereinafter

referred to as groundwater recharge or capillary rise from groundwater.

5.2.2 Results and discussion
(1) Diffusion coefficient of carbon dioxide in soil air

As described above, the diffusion coefficient of CO, in soil air at the soil sections of the
virtual soil column is given as the product of the diffusion coefficient in free air (Equation 5.6)
and the relative diffusion coefficient (Equation 5.10). The diffusion coefficient in free air is a
function of the temperature at the soil section, but the seasonal and vertical variations were little.
The values of Max/Min of the diffusion coefficient in frec air at each depth were almost equal to
one and fluctuated only slightly, from 1.04 to 1.16 at the forest site and from 1.07 to 1.17 at the
grassland site, although the changes were found to be relatively large near the ground surface,
where soil temperatures varied largely. In contrast, the values of Max/Min of the diffusion
coefficient in soil air ranged from 2.10 to 6.01 at the forest; at the grassland, the difference in
Max/Min among the depths was large, and the ratios ranged from 1.96 to more than a hundred
and reached 318 at the soil section of 30-40 cm. Therefore, the temporal and spatial variations of
the diffusion coefficient in soil air were determined almost only by the variations in the relative
diffusion coefficient.

The seasonal variations of the diffusion coefficient of CO, in soil air at the forest and the
grassland site are shown in Figures 5.11 and 5.12, respectively. At the forest site, the diffusion
coefficient was largest near the ground surface and decreased with depth, corresponding to the
decrease in air-filled porosity (Figure 3.1). The effect of the change in total porosity was

relatively small because of its nearly constant profile. The maximum values of the diffusion
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coefficient in the profile were always observed at the soil section of 0-5 cm and reached
4.80x102 cmes” in September 1997. The reason for the agreement in the diffusion coefficient at
the soil sections of 0-5 ar:d 5-10 cm was that the same values of air-filled porosity and total
porosity were applied to both sections; the difference in the diffusion coefficient between both
sections were caused only by the difference in soil temperature.

As expected from the soil water characteristic curves at the forest (Figure 3.3), the air-filled
porosities varied largely, particularly in shallow soils, in response to the seasonal variations of
precipitation and evapotranspiration. Consequently, the diffusion coefficient in soil air also
varied with air-filled porosity. During short dry periods in the summer of 1997, such as the early
July and the early September, and the long rainless period observed in the late October, the
diffusion coefficients became high. In contrast, in August 1997, when the rainless periods were
relatively short, and after heavy rain such as the late June, the late September, and early April of
1998, the diffusion coefficients were low. These seasonal variations were evident from the
ground surface to the soil section of 50-70 cm, and were also found to some extent at 70-100 cm.
At 100-150 cm, the values of the diffusion coefficient itself were small, ranged from 1.60 to
9.60x10* cm-s”, and the seasonal trend was unclear.

In contrast to the forest site, as a result of the low air-filled porosity (Figure 3.2) and the high
water retention properties (Figure 3.4) except near the ground surface, the diffusion coefficient
of CO, in soil air was much lower and seasonally varied little at the grassland site. At the soil
section of 50-70 cm, however, slightly larger values of the diffusion coefficient were found due
to the relatively large air-filled porosities at these depths, but the values were only 3.40-7.80x 10"
cm-s’, as low as the values at the soil section of 100-150 cm of the forest. Except this section
and near the ground surface, the diffusion cocfficient mostly ranged from 0.02 to 2x10™* cms™
and reached only 3.47x10* cm:s™ at the maximum.

On the other hand, the diffusion coefficients in soil air near the ground surface at the
grassland compared with those at the forest. The maximum values of the diffusion coefficient in
the profile were also always observed at the soil section of 0-5 cm and reached 4.68x107? cmss™
in July 1997. At the soil section of 10-20 cm, the values of the diffusion coeflicient were nearly
one-third of the values at the sections of 0-5 and 5-10 cm. At these sections, the diffusion
coefficients varied in response to the variation of micrometeorological conditions, as well as at

the forest site. The diffusion coefficients were extremely high in dry periods such as early July
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and late October in 1997, and extremely low in wet periods such as the late June and the late
September. The variations of the diffusion coefficient at these soil sections were much larger and
much more rapid than the variations at the sections of the forest, because of the sensitivity of soil
moisture condition to the micrometeorological conditions at the grassland, similar to the soil

respiration rate (Section 5.1).

(2) Diffusive flux of carbon dioxide in soil air

The seasonal variations of the diffusive flux of CO, in soil air at the forest and the grassland
site are shown in Figures 5.13 and 5.14, respectively. All the profiles of the diffusive flux
observed at each site are also indicated in Figures 5.15a and b for the forest, and Figures 5.16a
and b for the grassland. The diffusive flux of CO, insoil air at the soil sections of the virtual soil
column was given by Equation 5.11, as the product of the concentration gradient of CO, in soil
air (Figures 4.13 and 4.14) and the diffusion coefficient in soil air (Figures 5.11 and 5.12).
Therefore, the temporal and spatial variations of the diffusive flux reflected the effects of the
variations of both variables.

At the forest site, the seasonal variation of the diffusive flux in soil air generally reflected the
variation of the concentration gradient of CO,. The effect of the seasonal variation of the
diffusion coefficient was remarkably found, provided that large concentration gradients were
observed during the periods or at the soil sections. From the ground surface to a depth of 40 cm,
and at the soil section of 50-70 cm, the diffusive fluxes increased in early July, early September
and late October in 1997, and decreased in the late September. For these periods, the variations
of the concentration gradient at these sections were relatively small, so that the variations of the
diffusion coefficient mainly affected the fluxes.

On the other hand, the diffusive flux in soil air generally decreased with depth, similar to air-
filled porosity (Figure 3.1) and then similar to the diffusion coefficient, except for the soil
sections of 40-50 and 50-70 cm. At the soil sections of 0-5 and 5-10 cm, the largest flux in the
profile was always observed. Especially in the summer of 1997, mainly due to the large
concentration gradients during the period and partly due to the largest diffusion coefficients in
the profiles, the diffusive fluxes at these sections were much larger than any other soil sections.
The maximum value of the flux was 1.80x10°®* gCQ,-cm™s”, observed at the soil section of 0-5

cm in early September of 1997. Comparing the two uppermost soil sections, because of almost
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the same values of the diffusion coefficient, the diffusive flux at the upper section exceeded that
at the lower section in the summer of 1997 and the spring of 1998, when the concentration
gradient at the upper was larger than at the lower.

At the soil sections between 10 and 40 cm, the diffusive fluxes were largest next to those at
the above sections and were about 0.3-0.6x10® gCO,-cm®s™ in the summer and 0.1-0.2x10°®
gCO,-cm™s" in the winter. Among the soil sections, the diffusion coefficients decreased with
depth whereas the difference in the concentration gradient was little, consequently the diffusive
flux decreased with depth. At the soil section of 40-50 cm, the absolute values of the diffusive
flux were extremely small and rarely exceeded 0.1x10% gCO,-cm™s™'. During the period for
analysis, the direction of the flux was downward in the spring and summer, and upward in the
autumn and winter. The magnitude and direction of the diffusive flux observed at the soil section
were mainly due to the specific trend in the concentration gradient.

At the soil section of 50-70 cm, in contrast to the upper section, the diffusive fluxes similar to
those found between 10 to 40 cm were evaluated, because the concentration gradient at the
section was usually largest in the profile. At 70-100 cm, the low diffusion coefficients kept the
diffusive flux less than 0.1x10® gCOycm™s’ in most cases, nevertheless the concentration
gradient was also large and nearly equal to the gradients at the soil sections between 10 and 40
cm. At the deepest section, 100-150 em, the smallest values of the diffusion coefficient in the
profile inhibited the diffusive flux almost completely.

At the grassland site, different from the forest site, the diffusive flux of CO, in soil air was
mainly determined by the diffusion coefficient in soil air. Except for the winter months,
nevertheless the concentration gradients of CO, at all the soil sections of the grassland were
much higher than the gradients at the same depths of the forest, the diffusive fluxes were much
lower due to the extremely low diffusion coefficients caused by the low air-filled porosity
(Figure 3.2), except near the ground surface and the soil section of 50-70 cm.

At the soil section of 0-5 cm, the diffusive flux was almost always much larger than at any
other soil sections. The maximum value of the flux was 2.26x10® gCO,cm™s™, observed in
early August of 1997. At the soil section of 5-10 cm, in contrast, the diffusion coefficient was
almost equal to that at the upper section but the concentration gradient was much smaller, so that
the diffusive flux became much lower, too. The exceptionally large values of the flux evaluated

in June and July of 1997 were obtained, because CO, concentrations in soil air at a depth of 5cm
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were failed to measure during the period and then given by the averaged concentration measured
at the ground surface and at 10 cm. Except for the period, the diflusive flux at the soil section
never exceeded 0.5x10® gCOem?s', The low concentration gradients found at the section
might be due to the difference in the method for sampling soil air for the determination of CO,
concentration between these depths; at a depth of 5 ¢cm, soil air was directly sampled through a
penetrated injection needle into a syringe; at 10 cm, soil air was collected from the soil air
collection probe, which was permanently installed at the observation sites (Section 4.1.1).

At the soil section of 10-20 cm, the concentration gradient was usually larger than that at the
upper section, but the diffusion coefficient was always much lower. Consequently, the diffusive
flux at the section became slightly lower than at 5-10 cm in many cases.

At the soil sections between 20 and 40 cm, due to the diffusion coefficients much lower than
those at the above sections, the diffusive fluxes were almost inhibited. At 20-30 cm, even by the
large upward concentration gradients observed in summer of 1997, the flux never exceeded
0.05x10* gCO,-cm?-s™. At 30-40 cm, as well as at 40-50 cm at the forest site, the downward flux
of CO, was sometimes obtained also in the spring and summer; namely, late June, early August
and late September of 1997, and mid-May of 1998.

At the soil sections of 40-50 cm and 50-70 cm, the concentration gradients were extremely
large and the diffusion coefficients were slightly large relative to atthe upper and lower sections.
As a result, especially at 50-70 cm, the diffusive fluxes much larger than those at the adjacent
sections were evaluated. At the soil sections between 70 and 150 cm, different from other
sections, the concentration gradients were downward throughout the period for analysis, but the
absolute values were much smaller than those at 40-50 and 70-100 cm. Due to the small values
of the gradients and the diffusion coefficients, practically no diffusive fluxes was observed at
these sections.

As indicated in Figures 5.15 and 5.16, the diffusive flux of CO, in soil air evaluated at the soil
section of 50-70 cm was much larger than the flux at the upper section, namely 40-50 cm,
throughout the period fqr analysis at both observation sites. This might cause some troubles; to
keep such a profile of diffusive flux, the presence of a net CO, sink must be assumed at a depth
of 50 cm, unless the diffusive flux is offset by other fluxes. Such a large flux evaluated at the soil
section of 50-70 cm probably suggests that the diffusive flux at the section would be

overestimated. The relative diffusion coefficient estimated by Equation 5.10 was validated by the
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comparison of the measured values of soil respiration rate and the diffusive fluxes evaluated
using the relative diffusion coeflicient at the soil section of 0-5 cm only, so that it is possible that
the estimated values of the diffusion coefficient of CO, in soil air were more or less different
from the real values other than at 0-5 cm. For example, Haibara et al. (1997) showed the
difference in the relationship between the relative diffusion coefficient and air-filled porosity
among the depths.

There is evidence supporting the overestimate of the diffusion coefficient at the soil section of
50-70 cm at the forest site. As shown in Figure 3.5, the saturated hydraulic conductivity at the
soil core sampling bores representing the observation site showed rapid decreases around a depth
of 50 cm in the profiles. Especially for SC-F3, the conductivity around 70 cm was also extremely
low. Although little or no relationship has been established between the diffusion coefficient in
soil air and the hydraulic conductivity, both parameters indicate the permeability of substances in
the soil and are determined essentially by the geometric structure of pore space in the soil. The
sudden decrease in the saturated hydraulic conductivity at a depth of 50 cm would imply that the
soil around the depth has a structure of pore space that inhibits the transport of substances more
intensively than the structure at the upper and lower depths, and that such a difference in the
structure is not always reflected in the three-phase distribution (Figure 3.1).

Such a specific structure of pore space at a depth of 50 ¢m around the forest site might cause
the overestimate of the diffusion coefficient at the soil sections of 40-50 cm and 50-70 cm using
Equation 5.10. Fortunately, the absolute values of the concentration gradient of CO, in soil air
were extremely small at 40-50 cm, so that the effect of the overestimate would be small. In
contrast, the concentration gradient at 50-70 cm was usually largest in the profile, thus the values
of the diffusive flux probably much larger than the real values were evaluated.

In the Red Pine forest of ERC, Uchida (1995) also has been observed the concentration of
CO, in soil air and the similar trend in the profiles that showed little or even inverse gradient
between depths of 20 and 40 cm. To avoid the presence of a net CO, sink caused by the
convergent fluxes of CO, calculated from the gradients, he obtained an averaged distribution of
CO, concentration shown as an exponential curve from the regression analysis between the
concentration and the depth. Using the averaged distributions, he inevitably obtained the profiles
of the production rate of CO, exponentially decreased with depth. However, no scientific

evidence is present supporting the exponential concentration profiles and the neglect of the little
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or inverse gradients between depths of 20 and 40 cm.

Because of the less amount of plant roots (Figure 3.7) and soil organic carbon (Figure 3.9)
below a depth of 50 cm relative to the above depths, paradoxically, the large upper gradients of
CO, concentration at the soil sections below 50 ¢cm would result from the inhibition of CO,
diffusion caused by the specific geometric structure of soil pores around 50 cm. Thus, the
transport processes of CO, in soil air were probably more or less different between above and
below a depth of 50 cm, so that separating the profile into several soil layers would be more
appropriate for the analysis of CO, transport rather than simply giving an exponential
distribution throughout the profile.

On the other hand, at the grassland site, the effect of the soil structure on the diffusion
coefficient is more apparent. As mentioned in Chapter 2, the grassland soil was largely disturbed
and a dressed clay layer was lain between depths of 25 and 40 cm (Table 2.1). Around the depths,
the saturated hydraulic conductivity also much lower than the other depths (Figure 3.6).

From these evidences, it is readily expected that the real values of the diffusion coeflicient at
these depths would be smaller than the values estimated by Equation 5.10. Due to the much
larger concentration gradient than any other soil sections, the diffusive flux was highly
overestimated at the section of 50-70 cm, as well as at the same depths of the forest site, while
the diffusive flux at 40-50 cm was not overestimated so much. At the grassland site, the large
upward gradient of CO, concentration at the soil sections below 40 cm might be partly due to the
presence of soil organic carbon contained in the old surface soil (Figure 3.9), but was probably

due to the inhibition of CO, diffusion caused by the highly compacted clay layer.

(3) Advective flux of carbon dioxide accompanied by the mass flow of soil air

The seasonal variations of the advective flux of carbon dioxide accompanied by the mass flow
of soil air at the forest and the grassland site are shown in Figures 5.17 and 5.18, respectively.
Because the measurements of CO, concentration were cartied out on rainless days in principle,

the downward flow of soil air caused by increasing air-filled porosity during the drainage

process was dominant. By way of exception, after rainfall such as late November of 1997 and

early April of 1998, upward flow of soil air caused by decreasing air-filled porosity was

observed.

As shown in Figures 4.11 and 4.12, CO, concentration in soil air generally increased with
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depth at both observation sites. On the other hand, when the downward flux of soil air was found
at all the soil sections, the downward flux decreased with depth because the increase in the
volume of gaseous phase was accumulated from the bottom of the virtual soil column to the
upper soil sections. The advective flux of CO, accompanied by the mass flow of soil air,
obtained as the product of these contrarily distributed variables, resulted in relatively complex
profiles at both sites.

At the forest site, the mass flow flux of soil air decreased linearly with depth except late
November of 1997 and early April of 1998 when the upward fluxes were dominant. The
downward flux at the soil section of 0-5 cm, which represents the inflow of air from the
atmosphere into the soil, reached about I cm-day"' at the maximum. In contrast, at the lowest
section, 100-150 cm, little flux of the mass flow was observed.

Consequently, the advective flux of CO, was relatively high at the soil sections between 10
and 50 cm and relatively low at the above and below sections. At the soil sections between 10
and 50 cm, the advective fluxes were about —0.2x10"® gCOycm™s" from July to November in
1997, and the maximum downward flux of —0.45x10™"° gCO,.cm™s" was observed at 20-30 cm
in late June of 1997. The absolute values of the advective flux found at these sections were,
however, two orders of magnitude as low as the values of the diffusive flux in soil air at the
sections of the same depth.

At the soil sections between 0 and 10 cm, the downward fluxes of mass flow were always
larger than the fluxes at the below sections while CO, concentrations in soil air were lower. As a
result, the advective fluxes were relatively small. Especially at 0-5 cm, the soil air which moved
downward had low CO, concentrations equivalent to those at the ground surface, so that the
advective flux was lowest in the profile next to at 100-150 cm and limited to about ~0.05x 10"°
gCO,cm™s". In contrast, at the soil sections below 40 cm, the downward fluxes of mass flow
were smaller than the fluxes at the above sections whereas CO, concentrations in soil air were
higher. Consequently, the advective fluxes werc also relatively small. In many cases, the linear
decrease in the downward advective flux was observed from the soil section 0f 40-50 cm to that
of 100-150 cm.

The downward advective flux of CO, was generally high in the summer and low in the winter.
This resulted from the higher concentrations of CO, and the higher change rates in the volume of

gaseous phase corresponding to the higher rates of evapotranspiration in the summer relative to
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those in the winter.

In late November of 1997 and early April of 1998, some rainfall was observed a few days
before the CO, measurements. The upward fluxes of mass flow observed in the periods were
therefore caused by the decrease in air-filled porosity in response to the redistribution of soil
water after the rainfall. Especially in the late November, the soil was extremely dry afler the
almost rainless period lasting about a month, so that much of the rainfall was consumed for the
recovery of volumetric water content and little water was served as groundwater recharge. In
both periods, however, the decrease in gaseous volume in deep soils was almost offset by the
increase in the volume in shallow soils, as a result the outflow of soil air across the ground
surface was small.

On the other hand, in late June and late September of 1997, some rainfall also observed
several days before the measurements contrarily resulted in the large downward fluxes of the
mass flow. This can be explained that the air-filled porosity that had been decreased by the
rainfall rapidly increased again in the drainage process. Such a difference in the effect of rainfall
might be partly due to the difference in the season. In late June and late September of 1997,
relative high rates of evapotranspiration would rapidly increase air-filled porosity. In late
November of 1997 and early April of 1998, inversely, relatively low rates of evapotranspiration
might retard air-filled porosity from increasing.

As naturally expected from the soil water characteristic curves (Figure 3.4), little change was
found in the volume of gaseous phase at the grassland site, except near the ground surface. The
mass flow flux of soil air was usually largest at the soil section of 0-5 cm in the profile and the
upward and downward maximum fluxes were both observed in April 1998, 5.76 and —14.87
mm-day”, respectively. Because of the failure of tensiometer at 10 c¢m, however, the values of
pressure head at the soil section were given by the measured values at 20 ¢cm in this period, and
therefore the estimated air-filled porosity was less reliable. Excepting the period, the observed
maximum values of the upward and downward fluxes were 4.97 and -5.80 mm-day”,
respectively. At the soil section of 5-10 cm, the flux of mass flow was about the half of the flux
at the upper section, and most of the fluxes were less than 1 mm-day™ below 10 cm.

Consequently, the advective flux of CO, accompanied by the mass flow of soil air was high at
the soil sections of 5-10 and 50-70 cm relative to the other sections. Mainly, the former was due

to the large flux of mass flow and the latter was due to the extremely high concentration of CO,
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in soil air. At these sections, the advective fluxes generally ranged from 02 to —0.4x 10
gCOyom™s" and were relatively high in the summer and low in the winter, mainly
corresponding to the seasonal variations of CO, concentration and partly the variations of the
mass flow flux. At 50-70 cm, in particular, exceptionally high values of the advective flux were
observed several times. The maximum values of the upward and downward fluxes reached 0.901
and -0.587x10™" gCO,yem™s”, but the orders of magnitude were lower than those of the
diffusive fluxes near the ground surface by two orders.

At the soil section of 0-5 cm at the grassland, as well as at the same depths of the forest, the
lowest concentration of CO, in the profile inhibited the advective flux, which showed the values
similar to those at the forest. At the soil sections between 10 and 50 ¢m, the combination of the
mass flow fluxes smaller than the upper section and the CO, concentrations lower than the lower
section caused the advective fluxes to be relatively small. At the soil sections of 70-100 and 100-
150 cm, little flux of the mass flow of soil air almost inhibited the advective fluxes, nevertheless
CO, concentrations were much higher than those at the above sections. Once some mass flow
was generated, however, extremely large values of the advective flux were obtained as well as at
50-70 cm. The maximum values of the upward and downward fluxes at 70-100 cm reached 1.69
and —0.539x107 gCO,-cm™ s’ respectively.

In contrast to air-filled porosity, the effect of the temporal and spatial variations of soil
temperature was little. In principle, increasing soil temperature will cause the expansion of soil
air and the following outflow of soil air into the atmosphere, and decreasing soil temperature will
cause the inverse processes. In addition, under the condition of decreasing temperature with
depth, the volume of soil air which moves downward decreases and then additional soil air must
move downward by the amount equivalent to the shrinkage; the volume of soil air moving
upward inversely increases and then additional movement must oceur by the amount equivalent
to the expansion; therefore, the mass flow of soil air will be enhanced at both upward and

downward directions under the condition. In contrast, under the condition of increasing

temperature with depth, the mass flow will be weakened.

In practice, however, no effect of the variations of soil temperature was found in the advective

flux of CO,. The terms of the temperature effects, T,/T;, in Equations 5.13-5.15 showed almost
constant values of 0.99-1.01 at both sites, though the seasonal trends in the effect were in

agreement with the principle described above. As a result, the fluxes of the mass flow of soil air,
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and therefore the following advection of CO, were determined as a function of almost only air-

filled porosity.

(4) Advective flux of dissolved carbon dioxide accompanied by the movement of soil water

The seasonal variations of the advective flux of dissolved CQ, accompanied by the movement
of soil water at the forest and the grassland site are shown in Figures 5.19 and 5.20, respectively.
As described above, first, the hydraulic gradient at each soil section was determined by the
profile of the total head of so0il water derived from the measured values of the pressure head
(Figures 4.7 and 4.8); next, the soil water flux accompanied by the volumetric change of liquid
phase was estimated using Equations 5.20a, b and ¢, by analogy with the mass flow flux of soil
air; finally, as the product of the soil water flux and dissolved CO, concentration in soil water
(Figures 4.24 and 4.25), the dissolved CO, flux was calculated from Equation 5.21. Therefore, at
both sites, the dissolved CO, flux reflected the temporal and spatial variations of both the soil
water flux and the concentration of dissolved CO,.

At the forest site, the soil increasingly dried from the ground surface to relatively deep soils in
response to evapotranspiration. In the summer of 1997, the D-ZFP was found at a depth of 40 or
50 cm. The C-ZFP was also observed at 70 cm sometimes, but the hydraulic gradients at the
upper and lower soil sections were small, so that the downward flow of soil water was expected
to be dominant below a depth of 50 cm during the period. In the dry periods of early July, early
September and late October of 1997, although upward hydraulic gradients were observed
throughout the profile, the supply of water from the groundwater to the soil profile by capillary
rise was probably small due to the small gradient at the soil section of 100-150 cm. In the winter
months and the wet periods of the late June and the late September, in contrast, downward
hydraulic gradients were large from the ground surface to a depth of 70 cm, and were little below
the depth.

By such profiles of the hydraulic gradient, the upward fluxes of soil water were obtained

between the ground surface and a depth of 50 cm during the dry periods. Because the flux was

calculated by accumulating the decrease in volume of the liquid phase from the D-ZFP to the

ground surface, it became larger with approaching the surface and reached the maximum at the
soil section of 0-5 cm. The maximum value of the flux observed at the section was about 5

mm-day™. In practice, however, particularly near the ground surface, vaporization of soil water

116



and water uptake by plant roots also reduce the volume of liquid phase, as well as the movement
of soil water into another depths. Such reduction of the water will act as the sink of soil water
within the soil compartments, not considered in the calculation. Asa result, the upward fluxes of
soil water near the ground surface were more or less overestimated. Below 50 e¢m, downward
flux of soil water was usually dominant; although some upward fluxes were observed, the values
were not so large.

On the other hand, in the winter and the wet periods, the soil sections that had downward
fluxes of soil water were dominant. In late June and late September of 1997, the downward
fluxes occurred below a depth of 30 ¢cm and reached the maxima of about 3 mm-day’ at the
section of 50-70 cm. Such large downward fluxes suggested the presence of intensive sink of soil
water at 70 cm, but the sink was not taken into account in the calculation. The sink was partly
due to the overestimate of soil water flux by the amount equivalent to the decrease in volume of
the liquid phase caused by the uptake of soil water in shallow soils, but might be partly due to
the systematic error on the total head at 70 cm, because of the small hydraulic gradients found at
the upper and lower soil sections. In the winter months, the volumetric change of liquid phase
was generally small, so that the flux of soil water was also small except for January 1998, when
consistently downward flux and the groundwater recharge of 3.8 mm-day’ were obtained due to
the infiltration of snowmelt water.

By way of exception, in carly April of 1998, continuous rainfall was observed during the
three-day period for the analysis and reached the total amount of 70 mm, and downward
hydraulic gradients were found throughout the soil profile. So that the throughfall of 23.25
mm-day’, given by 90 % of the total rainfall (Indra, 1997), was served as a source of soil water
from the ground surface; the loss of water by evapotranspiration was neglected. Consequently,
the supply of water resulied in the groundwater recharge of 24.6 mm-day’. Only 1.38 mm was
contributed to the recharge by the volumetric decrease in liquid phase, namely the water that had
been stored in the soil profile by the preliminary rainfall. In addition, relatively high saturated
hydraulic conductivity at the forest site (Figure 3.5) would indicate that the saturated water flux
ranged from 1 to 10 cm-day” can occur even in deep soils. These results suggest the important
role of heavy rain and the corresponding soil water movement without the volumetric change in
liquid phase.

As given above, the absolute values of upward flux of soil water found in shallow soils were
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generally larger than the values of downward flux in deep soils. On the other hand, CO,
concentration dissolved in soil water was increased with depth (Figure 4.24). As a result, the
advective fluxes of dissolved CO, accompanied by the movement of soil water showed similar
values for both upward and downward directions. The dissolved CO, fluxes reached about
+0.5%10™" gCO,-em™s™ at the maxima, similar to the maximum values of advective flux of CO,
accompanied by the mass flow of soil air, and two orders of magnitude as small as the diffusive
flux of CO, in soil air at the soil sections of the same depth.

The maximum upward flux of dissolved CO, was usually found at the soil section of 3-10 cm
or 20-30 cm. The former was due to the higher dissolved CO, concentration at 10 ¢cm than at 5
cm where the upward flux of soil water was larger, and the latter was due to the larger soil water
flux at 20-30 cm than the fluxes at the sections of 30-40 and 40-50 cm, because dissolved CO,
concentrations among the depths were almost similar. However, the dissolved CO, fluxes
obtained at these sections were probably overestimated due to the overestimate of soil water flux.

On the other hand, the downward flux of dissolved CO, was usually largest at the soil section
of 100-150 cm, where dissolved CO, concentration was highest in the profile. This section was
usually placed below the lowest D-ZFP and therefore not affected by the sinks of soil water
caused by vaporization and the uptake by plant roots, and the sinks within the section were also
expected to be negligible. Thus, the dissolved CO, flux would be correctly evaluated at the soil
section relative to near the ground surface.

In early April of 1998, because of the heavy rain and the corresponding specific operation on
the evaluation of soil water flux, exceptionally large downward fluxes of dissolved CO, were
obtained throughout the profile. The maximum downward flux of -5.99%10" gCOyem™s” was
observed at the soil section of 100-150 cm. Because of the missing of measured value of CO,
concentration, the dissolved CO, flux across a depth of 150 ¢m into the groundwater was not
evaluated and plotted in the figures. However, if the dissolved concentration at 100 cm is applied,
the flux results in —5.94x107"° gCO-em™s™.

In the winter months, the small downward fluxes of soil water and the low concentrations of
dissolved CO, caused little advective fluxes of dissolved CO, except for January 1998, when the
dissolved CO, flux reached up to —~0.93x107° gCO,-cm™s” at the soil section of 100-150 em, due
to the infiltration of snowmelt water and the following consistently downward flux of soil water.

As shown in Figure 4.8, the decrease in the pressure head of soil water corresponding to dry
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conditions did not tend to advance into deep soils at the grassland site. Thus the hydraulic
gradient was not formed clearly below a depth of 40 cm except for early September of 1997,
when the effect of evapotranspiration during the summer was accumulated. Relatively dry
conditions were also observed in the early July and the late October, but remarkable upward
gradients were limited between the ground surface and a depth of 40 cm. In relatively wet
periods, directions of the hydraulic gradients were generally upward at the soil section of 10-20
cm, downward at the sections of 20-30 and 30-40 cm, and also little below 40 cm. As the result
of the profiles of hydraulic gradient, the D-ZFP was found at 20 cm in the wet periods and at 70
or 100 cm in the dry periods. Although the D-ZEFP at a depth of 70 or 100 ¢m was sometimes
observed under wet conditions, the soil water flux around the depth would be little in practice
because of the small hydraulic gradients at the upper and lower soil sections. In addition, the C-
ZFP was frequently found between 30 and 50 cm, but the gradient at the lower section was
almost equal to zero, so that the convergent movement of soil water to the C-ZFP probably
occurred little.

Due to the high water retention properties as shown in Figure 3.4 and the profiles of hydraulic
gradient described above, the flux of soil water movement evaluated by the volumetric change of
liquid phase was extremely small except near the ground surface. The soil water flux was usually
largest at the soil section of 0-5 cm in the profile and the upward and downward maximum
fluxes were both observed in April 1998, 13.6 and ~6.05 mm-day’, respectively. As mentioned
previously, however, because of the failure of tensiometer at 10 cm, the values of the pressure
head at the soil section were given by the measured values at 20 cm in this period, and therefore
the estimated volumetric water content was more or less different. Excepting the period, the
observed maximum values of the upward and downward fluxes were 7.50 and -4.52 mm-day’,
respectively. At the soil section of 5-10 cm, as well as the mass flow of soil air, the soil water
flux was about the half of the flux at the upper section. In practice, however, the evaluated fluxes
at these sections were probably overestimated because of the presence of the sink of soil water.
Below 10 cm, most of the fluxes were less than | mm-day’, though the effect of the sink was
relatively small. Such small fluxes were in good agreement with the saturated hydraulic
conductivity between depths of 10 and 40 cm, which showed the values of less than 1 mm-day”’
(Figure 3.6).

At the grassland, such a heavy rain continued during the three-day period for the analysis,
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similar to the rainfall observed in early April of 1998 at the forest, was never observed. Although
some rainfall was received in the three-day period for several times, the infiltration of the rainfall
was not considered because of the extremely low saturated hydraulic conductivity in shallow
soils. In practice, however, the depth of groundwater table at the observation field of ERC tended
to rise rapidly in response to heavy rain. This may suggest the importance of horizontally
heterogeneous phenomena, such as preferential flow of soil water downward into the
groundwater through macropores or the spots that have relatively high hydraulic conductivity.

The advective flux of dissolved CO, accompanied by the movement of soil water was given as
the product of the soil water flux presented above and the dissolved CO, concentration in soil
water (Figure 4.25); the flux mainly depended on the latter. Most of the case, the maximum
upward flux of dissolved CO, in the profile was obtained at the soil section of 50-70 cm, and the
maximum downward flux was found at 70-100 and 100-150 cm. These fluxes had the dissolved
CO, concentrations at depths of 70 and 100 cm, where the largest values of the concentration in
the profile were observed. The upward and downward maximum fluxes at these sections were
both observed in late Septernber of 1997, 0.71 and -0.74x10™° gCOyem™s”, respectively. At
another soil sections, relatively large upward fluxes were evaluated at 0-5 and 5-10 cm, where
the soil water flux was largest in the profile but probably overestimated.

In spite of the much higher dissolved CO, concentration, the magnitude of the advective flux
of dissolved CO, at the grassland was generally similar to the magnitude at the forest due to the
lower fluxes of soil water caused by the smaller volumetric changes in liquid phase of the
grassland soils. As a result, the dissolved CO, flux at the grassland site was two orders of
magnitude as low as the diffusive fluxes near the ground surface. During the heavy rain, however,
preferential downward flow of soil water might cause the large downward flux of dissolved CO,,

removing the accumulated CO, in deep soils into the groundwater.

(5) Total flux of carbon dioxide and the proportions of each flux

As the sum of the three types of CO, flux discussed previously, that is, the diffusive flux in
soil air and the advective fluxes accompanied by the movement of soil air and soil water, the
total flux of CO, was obtained. Due to the extremely large values of the diffusive flux of CO,
near the ground surface at both sites, however, the temporal and spatial distributions of total CO,

flux were almost similar to the distributions of the diffusive flux. Then, to examine the
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contributions of each flux to the total flux, the sum of the absolute values of each flux, J;,

defined as:

S =l e (5.22)

and the proportions of each value to the total value at the forest and the grassland site are plotted
in Figures 5.21 and 5.22, respectively. The arithmetic mean values averaged for each depth
during the period for analysis, at the depth and time at which all the three fluxes had been
obtained, were plotted.

At the forest site, the total value of the absolute values of each flux generally decreased with
depth, as well as the diffusive flux in soil air (Figure 5.15). The total flux was largest near the
ground surface, 0.90 and 0.82x10°® gCOycm™s™ at the soil sections of 0-5 and 5-10 cm,
respectively. At the sections between 10 and 40 cm, the total flux gradually decreased with depth,
from 0.4 to 0.2x10% gCO,em™s”. Then the total flux rapidly decreased to 0.04x10"
gCOz-cm‘2-s" at the soil section of 40-50 cm, at which downward flux was often observed due to
the inverse gradient of CO, concentration in soil air frequently obtained at the section (Figure
4.11). At the soil section of 50-70 cm, the total flux suddenly increased to 0.31x10°
gCO,¢m?s", probably due to the overestimate of the diffusive flux. Because a sink of CO, must
be present at 50 cm if such an averaged profile were actually obtained. Thus, in fact, the total
flux of CO, at the soil section would be much smaller. Below the soil section, the total flux
decreased again and became less than 0.01x10° gCOyem™s™ at 100-150 ¢cm, where downward
flux was usually observed.

On the proportions of each flux of CO, to the total flux, the diffusive flux in soil air was
dominant at most of the depths. The proportion of the diffusive flux was particularly large in
shallow soils and was never less than 99% of the total flux at the soil sections between the
ground surface and 20 cm, except for early April of 1998, when large advective flux of dissolved
CO, was evaluated (Figure 5.19). Except for the period, the proportion of the diffusive flux was
more than 98% at the sections of 20-30 and 30-40 cm. Even at 40-50 cm, the proportion was
usually more than 80% of the total flux; only in the carly April of 1998, it dropped to 7.8%. At
the soil section of 50-70 cm, the proportion of the diffusive flux to the total flux ranged from

78.3 to 99.9% and averaged 97.8%, but was probably much lower in practice because of the
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overestimate of the diffusive flux. Below the section, the proportion decreased with depth as well
as the total flux. At the lowest soil section, 100-150 cm, the proportion of the diffusive flux
varied in the range of 20 to 80 % and averaged 55.3%.

The proportions of the advective flux of CO, accompanied by the mass flow of soil air were
small throughout the profile. The proportion of the advective flux averaged for all the depth and
time was only 1.52% of the total flux. At the soil section of 40-50 cm, exceptionally, the
proportion ranged from 0.78 to 32.3% and averaged 6.63%. Also at 100-150 ¢m, the maximum
value of 14.6% and the mean value of 4.81% were obtained. Except for these soil sections, the
proportion of the advective flux was usually less than 1.0% and never exceeded 3.0%.

The proportions of the advective flux of dissolved CO, accompanied by the movement of soil
water was also generally small. By way of exception, during heavy rain observed in the early
April of 1998, the proportion of the advective flux of dissolved CO, exceeded 10% below 20 cm,
and reached the maximum of $8.8% at the soil section of 40-50 cm. Except for the period, the
proportion was less than 1.0% at the sections between the ground surface to 40 cm. In deep soils,
however, the proportion of the dissolved CO, flux increased with depth; in average, 1.71% at 50-
70 cm, 5.8% at 70-100 cm, and 39.9% at 100-150 cm where the proportion ranged from 9.01 to
76.0%.

In general, the profiles of the total flux of CO, and the proportions of each flux to the total
flux at the grassland site were similar to the profiles at the forest site. At the soil sections
between the ground surface and 20 cm, the total flux rapidly decreased with depth, from
0.85%10% gCO,em™s™ at 0-5 em to 0.17x10® gCOyem™s™ at 10-20 cm. The proportion of the
diffusive flux in soil air was dominant at these sections, more than 99% in many cases.
Sometimes relatively large proportions of both advective fluxes were found, but usually the
{luxes were less than 1%. In contrast, at the sections between 20 and 40 cm, where the dressed
clay layer was present (Table 2.1), the absolute values of the total flux became extremely small,
less than 0.01x10* gCO,-em™s’". Because of the nearly saturated conditions (Figure 3.2), the
diffusive fluxes at these sections were two or three orders of magnitude as small as the fluxes at
the above sections, and the proportion was also small. As a result, the proportions of both
advective fluxes became relatively large. The proportions of the advective flux accompanied by
the mass flow of soil air were 22.9% at 20-30 cm and 43.1% at 30-40 cm in average; for the

advective flux of dissolved CO,, 10.8 and 26.2%, respectively. Particularly at the soil section of
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30-40 cm, downward fluxes of advection by the movement of soil air and soil water were found
to completely offset the upward flux of diffusion for several times.

At the soil sections between 40 and 70 cm, the diffusive flux in soil air was evaluated to be
relatively large due to the large concentration gradients of CO, in sbil air (Figure 4.14).
Consequently, the proportion of the diffusive flux, as well as the total flux, became large again.
By the reason discussed previously, however, the diffusive fluxes at these sections were probably
overestimated, and the observed large concentration gradients would result from the inhibition of
the upward diffusion of CO, caused by the dressed clay layer presented above. So that in practice,
the proportion of the diffusive flux would be relatively small and the proportions of the advective
fluxes would be relatively large.

Below a depth of 70 cm, the total flux was kept extremely small. The proportion of the
diffusive flux decreased with depth, while the proportion of the advective flux of dissolved CQO,
increased with depth. At the soil section of 70-100 cm, the proportion of the dissolved CO, flux
widely ranged from 3.87 to 80.4 %, except for the case when no change in the volume of liquid
phase of the soil was observed. At 100-150 cm, where only three data were obtained, the
proportions were 0.0, 48.6 and 90.3 %. On the other hand, the advective flux accompanied by the
mass flow of soil air was small at these sections, usually less than 1.0% except for the large
values more than 10% obtained for several times.

The total flux of CQ, at the grassland site was concentrated closer to the ground surface than
~ that at the forest site. Most of the upward flux was observed between the surface and a depth of
40 cm at the forest, between the surface and 20 cm at the grassland. At both sites, the diffusive
flux in soil air was dominant generally throughout the profiles. The small proportions of the
diffusive flux usually corresponded to the small values of the total flux, and did not mean the
large flux of the advective fluxes accompanied by the movement of soil air and soil water. In
deep soils, however, the advective flux of dissolved CO, increased with depth, suggesting the
importance of the dissolved CO, flux on the transport of CO, generated in soil into groundwater.
On the other hand, the advective flux accompanied by the mass flow of soil air was usually kept

little.
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5.3 Evaluation of the production rate of carbon dioxide

5.3.1 Methods
(1) Calculation of the production rate of carbon dioxide using a mass balance equation

A mass balance of a substance on a unit volume of soil is expressed by the following three
terms if the source or sink of the substance is not present in the volume; the input of the
substance into the volume, the output out of the volume and the temporal change rate in the
storage of the substance within the volume. Generally, soils have the sources of CO,, which can
be given as the remainder of the three terms in the mass balance equation for CO,. Therefore, the
production rate of CO, on a soil compartment  in the virtual soil column, ¢, was evaluated by

the following equation:
a;=J(d-1,d)y-J (d,d+1)+AS, (5.23)

where J,(i, j) is the total CO, flux between the compartments 7 and j (gCO,-cm™s™"), and AS, is
the change rate of CO, storage in the compartment d.

The mass balance of CO, on the soil compartment d is illustrated in Figure 5.23. The total
flux of CO, were given by the sum of the three types of the flux evaluated in Section 5.2; the
diffusive flux in soil air and the advective fluxes accompanied by the movement of soil air and
soil water. On the other hand, the change rate of the storage was evaluated using the total content

of CO, per unit volume of bulk soil, obtained in Section 4.3, as described below.

{(2) Evaluation of the change rate of the storage of carbon dioxide

The change rate of the storage of CO, in a soil compartment of the virtual soil column was
evaluated from temporally continuous data sets on the total content of CO, per unit volume of
bulk soil, shown in Figures 4.32 and 4.33.

An example for the evaluation is illustrated in Figure 5.24. First, the total content of CO, and
the day of CO, measurement were applied to the vertical and horizontal axes, respectively, and
then the total contents on the day of the measurement, as well as those on the days of the last and
next measurements, were ploited. Next, a linear regression for the three plotted data was carried

out and the slope determined by the regression was defined as the averaged change in the total
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CO, content with time. Finally, the change rate of CO, content given by the slope, AS;, which is
expressed per unit volume of bulk soil per day, was converted into the change rate in the soil

compartment d per second, AS,, as follows:

AS, =1, AS!) + (60 60x24) (5.24)

If one of the three data was missing, the remainder was served for the regression, as the case
for a depth of 150 cm illustrated in Figure 5.24. If more than two of the three data were missing,

the change rate was not evaluated.

5.3.2 Results and discussion
(1) Change rate of the storage of carbon dioxide

The seasonal variations of the change rate of CO, storage in the soil compartments at the
forest and the grassland site are shown in Figures 5.25 and 5.26, respectively. The change rates
of CO, storage generally indicated positive values from spring to summer, when the total content
of CO, per unit volume of bulk soil was increasing (Figures 4.32 and 4.33), and showed negative
values from autumn to winter inversely. The ranges of the seasonal variation were relatively
large in deep soils, where the total content was also large.

At the forest site, the total content of CO, peaked in the early part of the summer of 1997 at
all the depths and then decreased, so that the maximum increasing rates of CO, storage were
observed in the June. After that, the values of the change rate were generally kept negative until
January 1998, showing several large decreasing rates from July to October 1997. The change
rates turned into positive in March and April 1998 in response to increasing total CO, content.

As a whole, the ranges of seasonal variation of the change rate of CO, storage increased with
depth and largest at a depth of 100 cm in the profile, at which the total content of CO, was also
largest. The maximum values of the increasing and the decreasing rate at 100 cm were 6.10 and
—4.32x10™"" gCO,-em™s”, respectively. Such a significant difference among the depth, however,
highly depended on the difference in the thickness of the soil compartments (Table 5.2). For the
change rates per unit volume of bulk soil, the difference among the depths was much smaller,
and the maximum values of the increasing and decreasing rates were 2.25 and —1.51x10™

gCO,cm™s”, both of them were found at a depth of 30 cm.
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Similar to at the forest site, the maximum increasing rate of CO, storage was observed in June
1997 at many of the depths at the grassland site. However, the following decrease in the total
content of CQ, after that was not so apparent, even some of the increases were found in deep
soils, therefore the decreasing rates were not so large. From the August to the September, large
increasing rates of CQ, storage was observed again corresponding to the recovery of the total
CO, content. After that, the values of the change rate largely turned to negative in the October
and returned to positive during March and April 1998.

As well as at the forest, the ranges of seasonal variation of the change rate of CO, storage
generally increased with depth at the grassland. The maximum values of the increasing and
decreasing rates were 3.64 and ~2.64x 107 gCO,cm*s™, both of them were observed at a depth
of 70 cm. The large difference among the depths was also mainly due to the thickness of the soil
compartments. Especially, the reason for the similar ranges of the seasonal variationat depths of
70 and 100 cm, nevertheless the total content of CO, was always larger at 70 cm than at 100 cm,
was that the thickness of these compartments were 25 and 40 cm, respectively (Table 5.2). Like
at the forest site, the difference among the depths in the change rates per unit volume of bulk soil
was much smaller, but the maximum values of the increasing and decreasing rates were also
found at a depth of 70 ¢m, due to the total content of CO, much larger than any other depths, and
reached 1.45 and —1.05%10™" gCO,-cm™s™, respectively.

Because of the much larger content of CO,, the absolute values of the change rate of CO,
storage at the grassland site were generally larger than the values at the forest site. The values of
the change rate at both sites, however, were two or three orders of magnitude as small as the
values of the diffusive flux of CQ, in soil air and therefore as the values of the total CO, flux in
the soil profile. Consequently, the significance of the term on the change of storage in Equation

5.23, AS,, was relatively small.

(2) Temporal and spatial distributions of the production rate of carbon dioxide

The seasonal variations of the production rate of CO, at each soil compartment of the virtual
soil column, which was evaluated as the remainder of CO, mass balance using Equation 5.23, at
the forest and the grassland site are shown in Figures 5.27 and 5.28, respectively. All the profiles
of the production rate are also plotted in Figures 5.29a, band ¢ for the forest, in Figures 5.30a, b

and ¢ for the grassland. The production rate in the profile was plotted after converted into the
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rates per unit volume, divided by the thickness of each soil compartment. That is, the area
surrounded by the base line and each line plotted as a solid or broken or dotted line is equivalent
to the production rate. Because of the large proportion of the diffusive flux of CO, in soil air to
the mass balance of CQ,, the production rate was strongly affected by the seasonal variation and
the difference among the soil sections in the diffusive flux.

At the forest site, the production rate of CO, generally showed large values in the summer and
small values in the winter, similar to the seasonal variation of the diffusive flux in soil air (Figure
5.13). In many cases, the largest production rates in the profile were observed at a depth of 10
cm. The maximum value was obtained in late July of 1997, when the maximum value of the
diffusive flux at the soil section of 5-10 cm was observed, and reached 1.40x10? gCO,-om™s”.
The proportion of the production rate at a depth of 10 cm to the total production rate in the whole
profile ranged from 25.3 to 86.8% and averaged 47.4%. That is, about a half of the CO,
production in the soil of the forest site concentrated between depths of 7.5 and 15 cm, according
to the depths of division on the soil compartment (Table 5.2). ’

At a depth of 5 cm, in contrast, the production rate of CO, was much smaller and often
showed negative values. This was due to the diffusive flux in soil air at the soil section df 0-5 cm,
which was similar to or even less than the diffusive flux at 5-10 cm. However, the evaluated flux
at the section of 0-5 ¢cm indicated the averaged flux between these depths, and therefore the CO,
produced between the depths was not included. As mentioned in Section 5.2.1 (3), the diffusive
fluxes evaluated by the M-Q 2 equation at the soil section of 0-5 cm at the forest site were lower
than the measured fluxes of soil respiration, especially from spring to summer (Figure 5.9).
Consequently, in practice, the production rate of CO, at a depth of 5 cm was probably much
higher, and therefore the total production rate and the proportion of the production rate at 5 cm to
the total were relatively larger.

At the soil compartments between 20 and 40 cm, relatively large production rates were
observed. The averaged proportions of the production rate at each depth to the total production
rate were 13.5, 11.1 and 28.1%, respectively, except for negative values obtained at 30 cm for
several times. These relatively similar values of the production rate resulted from the similar
diffizsive fluxes at these soil sections. The relatively large production rate at 40 cm was due to
the extremely low flux at the section of 40-50 cm.

At depths of 50 and 70 cm, large negative and positive values of the production rate of CO,
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were kept throughout the period for analysis, respectively. The production rates evaluated for
these depths would be affected by the overestimate of the diffusive flux between both depths (see
Section 5.2.2 (2)), because the production rates at these depths changed complementarily and
were considerably offset each other. On the other hand, the uptake of dissolved CO, in soil water
by plant roots might play a role as the sink of CO,. Although the sink was not considered in the
evaluation of soil water flux among the soil compartments, some sinks of soil water were
actually obtained at the depth of C-ZFP. However, most of the sinks were found at depths of 20
and 70 cm, and the sum of the sinks in each profile ranged from 1.42x10™ to 3.85x10™
2C0O,-cm™s”, much smaller than the averaged sink of 2.01x10™ gCOyem™s”, evaluated at 50
cm. Moreover, biologically active roots probably act as a source of CO, by their respiration
rather than as a sink by their water uptake. So that the uptake by plant roots cannot explain the
sink of CO, at a depth of 50 cm. Therefore, the net sink of CO, at a depth of 50 cm would not be
present actuaily and the production rate at 70 cm must be much lower. Because of the small total
flux, the production rates of CO, at depths of 100 and 150 cm were kept extremely low.

At the grassland site, the seasonal variations of the production rate of CO, were almost similar
to the variations of the diffusive flux in soil air, showing large values and fluctuations in the
summer of 1997. The largest value of the production rate in the profile was mostly obtained at 2
depth of 5 cm. The maximum value reached 3.11x10° gCOyem™s™ in early August of 1997,
when the diffusive flux at the soil section of 0-5 ¢m was also at maximum. At a depth of 10 cm,
in contrast, the production rate showed generally smalf values or even negative values frequently.
The large values observed in June and July 1997 resulted from the exceptional treatment
corresponding to the missing of the measured values of CO, concentration in soil air at 5 cm.
Such a difference in the production rate between these depths was due to the diffusive flux at the
soil section of 5-10 ¢m much smaller than at 0-5cm; as discussed previously, this difference in
the diffusive flux might be caused by the specific method for measuring CO, concentration at 5
cm. Usually, exceptionally large values of the production rate at a depth of 5 cm accompanied
relatively large negative values of the rate at 10 cm. As aresult, the sum of the production rate at
these depths became relatively stable, and the proportion of the summed rate to the total
production rate in the whole profile ranged from 67.7 to 97.6% and averaged 79.5%. That is, the
four-fifths of the CO, generated in the soil of the grassland site concentrated between the ground

surface and a depth of 15 cm.
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At a depth of 20 ¢m, relatively large production rates of CO, were observed. The proportion
of the rate to the total production rate ranged from 6.0 to 28.8% and averaged 18.2%, but the rate
was always lower than the rate at either of the above depths and never exceeded 0.5x10°
gCO,cm™s". At a depth of 30 cm, in contrast, extremely low production rates were kept due to
the little diffusive flux in soil air. The evaluated negative values were only a few, but the
propottion of the production rate reached up to 2.16% and was usually less than 1.0%.

At depths of 40 and 50 cm, negative values were consistently evaluated as the production rate
of CO,. The reason for the negative values at 40 cm was that the total flux of CQO, was little at the
soil section of 30-40 cm while the relatively large upward flux of diffusion was obtained at 40-50
c¢m, and for 50 cm was that the larger upward flux was estimated at 50-70 cm than the flux at 40-
50 cm. On the other hand, relatively large production rates were found at 70 cm. Such positive
and negative values of the production rate evaluated at these depths were almost completely
offset. Such production rates would be due to the overestimaté of the diffusion flux in soil air at
the soil sections of 40-50 and 50-70 cm, similar to at the forest site. As well as at the forest site,
some sinks of dissolved CO, in soil water were obtained, but the rate was similar to that at the
forest, much smaller than the evaluated sinks by the mass balance. Hence the net sinks of CO, at
depths of 40 and 50 cm were actually absent, and the production rate at 70 cm was probably
much lower. At a depth of 100 c¢m, the extremely small total flux was usually kept the production
rate little. At 150 cm, where few data were obtained because of the missing of CO, measurement,
the evaluated values of the production rate were also little.

The difference in the total production rate of CO, between both observation sites was small.
At the grassland site, however, the CO, production was concentrated closer to the ground surface
than the production at the forest site. Except for the depths affected by the overestimate of the
diffusive flux at both sites, the soil layer in which CO, was mainly produced ranged from the
surface to a depth of 45 cm at the forest, and to 25 cm at the grassland. The profiles of the
production rate were corresponding to the distribution of plant roots at both sites; namely, both
CO, production and plant roots were found in deeper soils at the forest than at the grassland
(Figures 3.7 and 3.8). This agreement of the distribution between the production rate and the
plant roots would support the reliability of the deterministic approach used for evaluating CO,
production rate in this study.

At both sites, the negative production rate, namely the net sink of CO, was obtained around a
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depth of 50 cm. Such negative values have been also obtained previous studies that used similar
approaches. For example, de Jong and Schappert (1972) divided the soil profile into every 15-20
cm depth interval and estimated the production rate of CO, as the difference in the diffusive flux
of CO, among the depths. They attributed the obtained negative activities to the low reliability of
soil moisture profiles determined with a neutron moisture probe as well as the variation of the
relationship between the relative diffusion coefficient and air-filled porosity. On the other hand,
Wood et al. (1993) and Davidson and Trumbore (1995) divided the soil profiles into soil layers
which had at least 1 m in thickness to avoid the problem. Instead, the detailed processes within
the thick soil layers could not be examined. In this study, the soils around the depth at which the
negative production rates were evaluated showed relatively low saturated hydraulic conductivity
(Figures 3.5 and 3.6), so that it was suggested that the diffusion coefficient of CO, in soil air
estimated by the M-Q 2 equation, which was validated only near the ground surface, would be

overestimated especially around the depth.

(3) Relationship between the production rate of carbon dioxide and soil temperature

The relationships between the production rate of CO, per unit volume of bulk soil and the soil
temperature at the same depth of the forest and the grassland site are shown in Figures 5.31 and
5.32, respectively. The relationship was plotted for the depths in shallow soils at which
significant production of CO, was observed; from the ground surface to a depth of 40 cm for the
forest, from the surface to 20 c¢cm for the grasstand. The production rate of CO, generally
increased in response to the rise in soil temperature.

At the forest site, the production rate of CO, exponentially increased with rising soil
temperature. From the regression analysis on the relationships excepting the negative values of
the production rate, at depths of 10 and 40 ¢cm, where relatively high production rates were
observed, the production rates were well expressed as exponential functions of the soil
temperature, as well as the relationship between soil respiration rate and soil temperature near
the ground surface (Figure 5.5), and showing the coefficients of determination of more than 0.85.
The mean values of the production rate averaged for the soil compartments between depths of 5
and 40 cm also exponentially increased with the averaged soil temperatures weighted by the
thickness of the compariments at these depths. The coefficient of determination of the

relationship was 0.939.
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At the grassland site, high production rates of CO, were also found under high temperature
conditions, but the amount of scatter was large. The averaged production rate between 5 and 40
cm distributed widely against the weighted mean values of soil temperature at these depths. The
correlation between them was lower than that at the forest site, showing the coefficient of
determination of 0.551. The difference in the correlation of the relationship between the forest
and the grassland, which was also obtained relative to soil respiration rate (cf Figures 5.5 and
5.6), was probably due to the high variability of the micrometeorological conditions other than
soil temperature, such as soil moisture condition at the grassland site.

The relationship that the production rate of CO, exponentially increases in response to the
linearly rising soil temperature has been presented in previous studies using the collected soil
samples by laboratory experiment (e.g. Seto et al., 1978; Howard and Howard, 1993). Therefore,
the relationships between the production rate and soil temperature obtained in this study would
be suggest that the production rate given as the remainder of CO, mass balance (Equation 5.23)

was evaluated reasonably.

(4) Mean residence time of carbon dioxide

The residence time of a substance, namely the time in which the substance is stored within a
reservoir, is given by the turnover time that is calculated by dividing the amount of the stored
substance by the input or output fluxes of the substance, if the system is under steady-state and
the substance is completely mixed in the reservoir (Yamamoto, 1986). In this study, for the soil
compartments in shallow soils of both sites showing significant CO, production, the change rate
of the storage of CO, in the compartment was much lower than the production rate and the
diffusive flux in soil air, so that the system of CO, movement in the shallow soils can be
regarded as almost steady-state. Thus, for the soil compartments at these depths, the mean
residence time was estimated simply by dividing the storage of CO, in the compartment by the
total flux out of the compartment. The results of the estimate at the forest and the grasstand site
are shown in Figures 5.33 and 5.34, respectively. The mean residence time was not estimated for
the depth and time at which negative values of the production rate were obtained.

In general, at both sites, the total content of CO, per unit volume of bulk soil increased with
depth (Figures 4.32 and 4.33), whereas the total flux of CO, decreased with depth (Figures 5.21

and 5.22). As a result, inevitably, the mean residence time of CO, was shortest near the ground
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surface and increased with depth. At the forest site, the mean residence time at a depth of 5 cm
was within an hour at maximum and less than thirty minutes at minimum. The mean residence
time increased gradually with depth, but even at 40 cm, the time ranged from 8 to 24 hours and
was rarely more thana day.

At the grassland, in contrast, the mean residence time of CO, was much longer than at the
forest, due to the higher total content and the lower total flux except near the grouund surface. At
a depth of 5 ¢cm, the mean residence time reached more than half a day at maximum, though the
time became less than half an hour at minimum. At depths of 10 and 20 cm, the values of the
mean residence time at minimum were also similar to the time at the same depths of the forest
site, but the values at maximum became extremely large. The largest values of the mean
residence time obtained at both depths were 58.9 and 190 hours, respectively.

The mean residence time of CO, also varied seasonally, short in the summer and long in the
winter. This seasonal trend suggests that the increasing rate of the total flux of CO, was higher
than the rate of the total content of CO, in the summer, and the decreasing rate of the flux was
higher than the rate of the content in the winter.

The mean residence time of CO, in a soil has been estimated by Kirita (1971). He estimated
roughly the residence time in the shallow soil layer ranged from the ground surface to a depth of
60 cm, using the measured values of soil respiration rate and the concentration of CO; in soil air
at a warm-temperate evergreen broadleaf forest in the Southwestern Japan. According to his
results, the mean residence times were about two to three hours. In Kirita (1971), the air-filled
porosity was assumed as a constant value of 50%, and the CO, dissolved in liquid phase of the
soil was not considered. In addition, Kirita (1971) determined the soil respiration rate by alkali
adsorption method, which has been suggested to be likely to overestimate the rate. Considering
these aspects, the estimated values of the residence time by Kirita (1971) was probably
underestimated, and the residence time actually might be similar to the time obtained in this
study. The reasonably estimated mean residence time of CO, in the soils is one of the factors that
suggest the reliability of the deterministic approach used in this study for assessing quantitatively

the production and transport processes of CO, in soil profiles.
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Figure 5.1.  Design of and schematic operation on the closed chamber
used for measuring soil respiration rate.
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Figure 5.2. Temporal variation of CO, content in the closed chamber
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Figure 5.3. Seasonal variations of soil respiration rate and the soil
temperature at a depth of 5 cm at the forest site.
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Figure 5.4. Seasonal variations of soil respiration rate and the soil

temperature at a depth of 2 cm at the grassland site.
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Figure 5.6. Relationship between soil respiration rate and the soil
temperature at a depth of 2 cm at the grassland site.

* Data which showed zero as the value of soil respiration rate was omitted
from the regression analysis.
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Table 5.1. Results of the regression analysis between the soil temperature at a
depth of 5 cm or 2 ¢m (x, °C) and soil respiration rate (y, gCO,-m™*
day') at the forest and the grassland site. Regression curves are
expressed as y=aexp (bx), and the number of the samples and the
coefficient of determination are shown as # and R?, respectively.

Spot n a b R
SR-F1 17 2494 009125 0.897

SR-F2 17 2.545 0.08543  0.880
SR-G1 I5 1.369 0.1015 0.866

SR-G2 14 1.548 0.05874  0.467
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Figure 5.7. Diagram of the virtual soil column applied to the analysis
of the fluxes and mass balance of CO,.
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Table 5.2. List of the values applied to the parameters of the virtual soil column
to analyze the fluxes and mass balance of CO,. Depth number of the
soil compartment are shown as d, and the depth and the thickness of
the compartment & are shown as z, and /;, respectively.

2 Depth of division ¥
(cm) (cm) (cm)
0 0 —
0
! 5 15
7.5
2 10 15
15
3 20 10
25
4 30 10
35
5 40 10
45
6 50 15
60
7 70 25
85
8 100 40
125
9 150 25
150
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Figure 5.8. Relationship between the relative diffusion coefficient
(D,/D,) estimated by each equation (Penman, M-Q 1 and
2) and the air-filled porosity and total porosity.

* Cited from Penman (1940).
** Cited from Millington (1959) and Millington and Quirk (1961).
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Figure 5.9. Comparison of the measured soil respiration rate and the
evaluated diffusive flux of CO, in soil air at the soil sec-
tion of 0-5 cm using each equation at the forest site.
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Figure 5.10. Comparison of the measured soil respiration rate and the
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tion of 0-5 ¢cm using each equation at the grassland site.
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Figure 5.11. Seasonal variation of the diffusion coefficient of CO, in
soil air at the forest site.
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Figure 5.12. Seasonal variation of the diffusion coefficient of CO, in
soil air at the grassland site.
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Figure 5.13. Seasonal variation of the diffusive flux of CO, in soil air
at the forest site.
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Figure 5.15b.  Profiles of the diffusive flux of CO, in soil air at the
forest site in 1998.
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Figure 5.17.  Seasonal variation of the advective flux of CO, accom-
panied by the mass flow of soil air at the forest site.
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Figure 5.18.  Seasonal variation of the advective flux of CO, accom-
panied by the mass flow of soil air at the grassland site.
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Figure 5.19. Seasonal variation of the advective flux of dissolved
CO, accompanied by the movement of soil water at the
forest site.

* Dissolved CO, flux across the lower boundary of the virtual soil column
into or out of the groundwater.
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Figure 5.20. Seasonal variation of the advective flux of dissolved
CO, accompanied by the movement of soil water at the

grassland site.

* Dissolved CO, flux across the lower boundary of the virtual soil column
into or out of the groundwater.
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Figure 5.21. Profiles of the arithmetic mean of the total of absolute
values of each CO, flux and the proportions of each
flux — diffusive (J)), advective (J,) and dissolved (/)
— to the total flux at the forest site.
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Figure 5.29a. Profiles of CO, production rate at the forest site from
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Chapter 6

General discussion

6.1 Processes of the formation of concentration profiles of carbon dioxide

From the deterministic approach used in this study, the processes of the production and
transport of CQO, were quantitatively assessed in the inverse order of the real processes. Here, the
results obtained in Chapters 4 and § are geperally reviewed, and the processes of CO, in soil
profiles at the forest and the grassland site are presented in the same order of the actual
processes; 1) production, 2) transport, and 3) formation of the concentration profiles.

At the forest site, significant CO, production was observed from the ground surface to a depth
of 45 cm (Figure 5.29). Especially at the soil compartment of a depth of 10 cm, about a half of
the total production of CO, in the soil was concentrated. This resulted from the relatively large
amount of plant roots (Figure 3.7) and TOC (Figure 3.8) in shallow soils at the forest site. In
addition, considerable upward fluxes of CO, were obtained at these depths (Figure 5.15). The
total flux was dominated by the diffusive flux in soil air (Figure 5.21) due to the large air-filled
porosity at these depths (Figure 3.1). Thus, in spite of the higher production rates of CO,, the
concentrations in soil air (Figure 4.13) and in soil water (Figure 4.24) and the total content in
bulk soil (Figure 4.32) were kept lower than those in the decper soils by the larger fluxes into the
atmosphere. As a result, the mean residence time of CO, at these depths was relatively shott,
usually less than a day (Figure 5.33).

For the soil compartment at a depth of 50 cm, negative production rates were evaluated by the
CO, mass balance (Figure 5.29). In practice, the pet sink of CO, must be absent, but the real
values of the production rates would be much smaller than those in the upper soils. Around the
depth, some changes in the soil physical property were implied by the sudden decrease in
saturated hydraulic conductivity (Figure 3.5), so that such physical properties might prevent the

plant roots from penetrating into the depth. Probably because of the small production rate, the
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inflow of CO, produced in the upper soils would occur in the summer, and therefore the
downward gradient of CO, concentration (Figure 4.13) and the downward flux of diffusion
(Figure 5.15) were found at the soil section of 40-50 cm in the summer, though the magnitude of
the downward flux would be much smaller. In the winter, the inhibition of CO, production in
shallow soils by the low temperatures would cause the evolution of CO, accumulated around a
depth of 50 c¢m during the summer inte the upper depths, and this might be the reason that the
concentration gradient and the diffusive flux at 40-50 cm became upward in the winter.
Consequently, CO, concentration at a depth of 50 cm was similar to that at 40 cm (Figure 4.11),
and the mean residence time probably becomes much longer.

{n contrast, for the soil compartments at depths of 70 and 100 cm, considerable production of
CO, was estimated (Figure 5.29). The real values of production rate must be much lower because
the evaluated production rates at these depths were almost offset by the negative production rates
evaluated at 50 cm. The CO, produced at these depths were then probably accumulated within
the depths due to the specific soil physical properties around a depth of 50 cm. As a result, large
concentration gradients were formed at depth intervals between 50 and 100 cm (Figure 4.13).
The relatively large diffusive fluxes evaluated from the concentration gradients (Figure 5.15),
however, must be much smaller in reality. The accumulated CO, might be removed into the
groundwater by the large advective flux of dissolved CO, during heavy rain (Figure 5.19).
Consequently, the highest concentrations (Figures 4.9 and 4.24) and the largest total content
(Figure 4.32) of CO, in the profiles was observed at a depth of 100 cm, probably due to the
combination of the low production rate and the intensive inhibition of diffusion. Inevitably, the
mean residence time at these depths would be extremely long.

Little CO, was preduced at a depth of 150 cm, and much of the CO, around the depth would
be brought from the upper soils, partly by the consistently downward flux o f diffusion at the soil
section of 100-150 ¢m (Figure 5.13). As the groundwater table approached, the proportion of the
diffusive flux to the total flux became smaller whereas the proportion of the dissolved CO, flux
became larger (Figure 5.21). The dissolved CO, flux is important as a source of carbonate
species in groundwater, though its magnitude is much smaller than that of the diffusive flux into
the atmosphere.

On the other hand, at the grassland site, the soil layer in which CO, was actively generated

ranged from the ground surface to a depth of 25 cm (Figure 5.30), concentrated closer to the
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surface than at the forest site. The four-fifth of the total CO, was produced in the soil
compartments at depths of 5 and 10 cm. This profile of the production rate is in good agreement
with the distribution of grass roots (Figure 3.8). Similar to the same depths of the forest, large
upward fluxes of CO, were observed at these depths (Figure 5.16). Because of the higher
production rates and the larger fluxes, consequently, the lower concentrations in soil air (Figure
4.12) and in soil water (Figure 4.25) and the smaller total content in bulk soil (Figure 4.33) were
obtained in these depths than those found in the deeper soils. Due to the inhibition of the
diffusive flux caused by the extremely low air-filled porosity (Figure 3.2), however, CO,
concentration in soil air was higher than the concentration at the same depth of the forest. So that
the mean residence time became much longer (cf Figures 5.33 and 5.34), nevertheless the
production of CO, was concentrated closer to the ground surface and then the produced CO,
could escape into the atmosphere more readily at the grassland.

The production rate of CO, in the soil compartment at a depth of 30 cm was extremely low
(Figure 5.30). At the depth, the dressed clay layer was present (Table 2.1), which had little
content of TOC (Figure 3.9) and probably prevented the grass roots from extending downward
any further. Duc to the clay layer, the total flux of CO, was also little (Figure 5.22), as a result
CO, concentration at a depth of 30 cm was kept slightly higher than the concentration at 20 ¢m
(Figure 4.12), but the mean residence time must be much longer.

For the soil compartments at depths of 40 and 50 cm, negative values were calculated as the
production rate of CQ,, while relatively large production rates were obtained at 70 cm (Figure
5.30). As discussed previously, such production rates probably resulted from the overestimate of
the diffusive fluxes at the soil sections among these depths (Figure 5.16), so that much less
amount of CO, would be produced at these depths in fact. The old surface soils were deposited at
these depths (Table 2.1); thus the old soil organic matter contained in the soils (Figure 3.9) might
contribute to the CO, production. Moreover, slightly larger number of roots were observed at
these depths (Figure 3.8), therefore the root respiration would also contribute to the production
rate if the roots were the present vegetation’s. Most of the produced CO, would be accumulated
within the depths due to the clay layer that intensively prevented the CO, from diffusing into the
upper soils. The Jarge concentration gradients observed at the soil sections among these depths
(Figure 4.14) were probably formed by this inhibition of diffusion. Due to the extremely low

saturated hydraulic conductivity in the shallow sotls (Figure 3.6), the removal of the accumulated
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CO, into groundwater accompanied by large percolation during heavy rain could not be expected,
but horizontally heterogencous fluxes such as preferential flow of soil water might play
important roles. Because of the relatively large amount of TOC and plant roots and the presence
of the dressed clay layer, the concentrations (Figures 4.10 and 4.25) and the total content (Figure
4.33) of CO, became much higher than those at the same depths of the forest site. Also the mean
residence time must be much longer.

The production rates of CO, were little below 100 cm (Figure 5.30). Usually downward
concentration gradients were obtained at the soil sections between 70 and 150 ¢m (Figure 4.14)
so that some of the CO, contained in these depths would have been carried from the upper soils
by diffusion. Because of the closeness to the groundwater table, however, the proportion of the
diffusive flux were low, while the proportion of the advective flux of dissolved CQ, became high
(Figure 5.22). The dissolved CO, flux must be important in the transport of CO, from the upper
depths to these depths, and then into the groundwater.

Finally, the averaged proliles of the production rate, total flux and the proportions of each flux,
concentration in soil air, and mean residence time of CO, in soils at the forest and the grassland
site are summarized in Figure 6.1. Some data are arbitrarily corrected to agree with the above
discussion, and plotted by dotted lines.

At both observation sites, the soil profiles are clearly classified into two layers by the
processes of CO,. In the shallow layer, in which CO, is actively produced, the flux of CO, is also
large and mostly caused by diffusion in soil air; consequently, the concentration of CO, is kept
small. Most of the CO, production in the soil are concentrated in the layer, and almost all the
produced CO, are evolved as soil respiration, therefore the surface layer is important as a source
of CO, in the atmosphere. On the other hand, in the deep layer, although the production rates are
generally low, the diffusive fluxes are also small; consequently, relatively high concentrations are
kept. The high concentrations of CO, in soil air will heighten the dissolved CO, concentration
and then lower the pH in soil water, hence the deep layer plays an important role on the

determination of groundwater chemistry.
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6.2 Effects of vegetation and soil physical property on the production and transport of

carbon dioxide

Plant roots, as well as soil organic matter, are the important source of CO, produced in a soil.
Because of the adjacency of the forest and grassland sites, climate, geomorphology and
underlying geology at both sites can be regarded as common. Thus, the effect of the difference in
vegetation on CO, processes in the soil profiles could be examined by comparing the results
obtained at both sites.

The soil layer in which significant production rate of CO, was observed ranged from the
ground surface to a depth of 45 cm at the forest site (Figure 5.29). At the grassland, the active
soil layer ranged from the surface to a depth of 25 cm (Figure 5.30), concentrated closer to the
surface than at the forest. The ranges of distribution were in good agreement with the distribution
of plant roots at both sites (Figures 3.7 and 3.8). In addition, soil respiration rate (Figures 5.3 and
5.4), the diffusive flux in soil air (Figures 5.13 and 5.14) and the production rate (Figures 5.28
and 5.29) near the ground surface varied more rapidly and more widely in response to the
variation of micrometeorological conditions at the grassland than at the forest. This probably
resulted from the high variability in the environmental conditions near the ground surface at the
grassland, due to the lack of dense canopy. In addition, however, the response of the production
rate to the change in environmental factors might be enhanced due to the high concentration of
plant roots near the surface. Hence the temporal and spatial variations in CO, production can be
explained generally by the difference in the distribution of plant roots, and therefore the
difference in vegetation.

On the other hand, however, soil physical properties at both observation sites were largely
different, too. At the grassland site, the soil had been strongly affected by artificial disturbance
(Table 2.1). In the shallow soils, CO, concentrations in soil air were 1.4 to 1.9 times as high as
those at the forest (cf Figures 4.9 and 4.10), nevertheless the CO, production was concentrated
closer to the surface at the grassland and then it was expected that the produced CO, could be
more easily evolved into the atmosphere. This would be caused by the inhibition of the diffuston
of CO, due to the extremely low air-filled porésity (Figure 3.2). In the deep soils, CO,
concentrations were 4.4 to 8.3 times as high as those at the forest. This was probably due to the

strongly inhibited diffusive flux in soil air caused by the dressed clay layer (Table 2.1). Thus, the
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differences in the flux and concentration of CO, between both sites were directly affected by the
difference in soil physical properties rather than that in vegetation.

Actually, soil physical properties at the grassland site are highly affected by the artificial
disturbance. in general, however, a grassland soil probably shows the physical properties more or
less similar to the properties of the soil at the grassland site. Roots of trees are generally thicker
than roots of grass and are likely to extend to deeper soils. In addition, trees are essentially
perennial whereas many of grass species are annual. Consequently, the effect of tree roots on soil
physical properties would be larger and more consistent than the effect of grass roots. Moreover,
because of the lack of dense canopy, pore spaces in the surface soil of grassland can be easily
packed or filled by the impact of raindrops. For these reasons, the possibility is suggested that
even under natural conditions, grassland soiis have more compact texture and lower permeability
of substances than forest soils have.

For example, Hoover (1949) compared the hydrologic characteristics of soils between an old
cotton field which had been abandoned 35 years before and a forest which had never been
cultivated, in South Carolina, USA. The soils at the uncultivated forest showed their water
retention properties similar to those at the forest site in this study. On the other hand, high water
retention characteristics were shown by the old field soils except near the ground surface, as well
as the soils at the grassland site. From the results, it is supposed that the soil physical properties
at both observation sites in this study might be good examples of the properties at an undisturbed
forest and a disturbed land that has been created by the deforestation of the forest.

As discussed above, soil physical properties are determined not only by parent material and
by climatic condition, but also by vegetation as well as artificial disturbance. The grassland site
has been highly influenced by anthropogenic effect. However, its soil physical properties might
reflect the properties found in general grasslands except for the effects of the dressed clay layer
that shows clearly different textures and the soil organic matter contained in the old surface sotls.

Finally, the effect of vegetation on the processes of the production and transport of CO, in soil
profiles is summarized as follows: The temporal and spatial distributions of CO, production
generally correspond to the distribution of plant roots and the variation of the activity; the flux
and concentration of CO, are directly affected by soil physical properties, but at the same time, it
may be said that they are indirectly influenced by vegetation because of the considerable effect

of the vegetation on the soil physical properties.
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6.3 Contributions of soil air and soil water to the transport and storage of carbon dioxide

The two phases in which CO, in a soil can be stored, namely soil air and soil water, showed
highly different contributions to the transport and storage of CO,.

The transport of CO, in soil profiles mostly occurred as molecular diffusion in soil air
(Figures 5.21 and 5.22). The proportion of the diffusive flux in soil air to the total flux was
usually more than 99% at the soil sections between the ground surface to a depth of 40 cm at the
forest, and between the surface to 20 cm at the grassland. The diffusive flux was also dominant
at another depths in most cases. The low proportions of the diffusive flux always accompanied
with the small total fluxes.

In contrast, the fluxes of CO, dissolved in soil water are generally small. The diffusion
coefficient in water is about four orders of magnitude as low as that in air, so that the diflusive
flux of CO, in soil water was not taken into consideration in this study. The advective flux of
dissolved CO, accompanied by the movement of soil water is important as a source of carbonate
species in groundwater, and actually the proportion of dissolved CO, flux to the total flux was
relatively large in deep soils (Figures 5.21 and 5.22). However, the magnitude of the flux was
much smaller than the magnitude of the diffusive flux evolved into the atmosphere. Except for
the large proportions observed during heavy rain at the forest site (Figure 5.19), which might be
important as a process removing the accumulated CO, in deep soils into groundwater, the
proportion of dissolved CO, flux was relatively small in the whole profiles.

On the other hand, CO, concentration dissolved in soil water was generally higher than that in
soil air (Figures 4.26 and 4.27). In most cases, the C,,/C, ranged from 1.5 to 2.5 at the forest and
from 1 to 2 at the grassland. In addition, volumetric water content generally exceeded air-filled
porosity throughout the profiles (Figures 3.1 and 3.2). At the forest site, volumetric water content
increased with depth; at the grassland site, air-filled porosity was extremely low except near the
ground surface. As aresult, the M,,/M, at the forest increased with depth, 50 to 70% from depths
of 5 to 20 cm, about 80% from 30 to 50 cm, and more than 90% from 70 to 150 ¢m; at the
grassland, more than 95% except near the ground surface and the depths at which the old surface
soils were lain (Figures 4.34 and 4.35). Thus, in quantitative aspect, soil water is much more
important as a reservoir of CO, than soil air, due to the higher concentration of dissolved CO,

and the volumetric water content larger than air-filled porosity.
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Additionally, the temporal and spatial variations of dissoived CO, concentration was different
from the variations of CO, concentration in soil air, due to the dependence of dissolved CO, on
soil temperature and pH in soil water. In the summer, the concentrations of CO, became higher,
while the C,/C, became lower in response to the low solubility of CO, caused by high
temperature (Figures 4.26 and 4.27). In decp soils, the concentrations were also high, whereas
the values of €, /C, were small due to the low pH values (Figures 4.20 and 4.21), caused by high
CO, concentrations themselves in the deep soils. Because of the C,/C, that distributes inversely
to the concentrations of CQ,, the variations of dissolved CQ, concentration were moderated
temporally and spatially compared to the concentration in soil air. At the forest site, the values of
Max/Min of CO, concentration in soil air at each depth ranged from 1.9 to 4.3, while those of
dissolved CO, concentration were from 1.8 to 2.8, less than the Max/Min of the concentration in
soil air at all the depths. So that the Max/Min of the total content of CO, in bulk soil became 1.7
to 3.1. At the grassland site, the Max/Min of these variables were 3.3-8.6, 2.2-5.5 and 2.0-4.6,
respectively, except for a depth of 150 cm where only a few measurements of CO, were carried
out. Namely, the dissolution of CO, into soil water will decrease the range of the variation of
CO, storage in bulk soil.

If the C,/C, never changed and were kept as a constant value of 1.0, the total content of CQ,
can be given by the product of CO, concentration in soil air and total porosity. In this case, at the
forest site, the total content becomes 67.8 to 82.2% of the real values of the content averaged for
each depth, and the Max/Min ranges from 1.9 to 4.0, larger than the true values of Max/Min. At
the grassland site, the total content also shows small values, 71.3 to 90.8% of the real values and
the Max/Min ranges from 2.8 to 6.3, also larger than its true values. In addition, the scasonal
variation of the total content of CO, was also moderated by the change in the volume of liquid
phase, which increased in the summer and decreased in the winter. Thus, the importance of soil
water in the storage of CO, is not limited only in quantitative aspect, but also involves the
moderation of the temporal and spatial variations of the storage.

Finally, the contributions of soil air and soil water to the transport and storage of CO, are
summarized as follows: Soil air acts as the important media in which most of CO, is transpotted,

soil water plays a role of the reservoir in which much of CO, is stored stably.
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Chapter 7

Conclusions

The conclusions obtained in this study are summarized as follows:

1) The concentration of CO, in soil air was always higher than that at the ground surface. The
maximum values of the concentration were 1.26% at the forest sitc and 9.89% at the grassland
site and the both were measured in the summer of 1997. The CO, concentration in soil air
increased from spring to summer and decreased from autumn to winter, similar to the seasonal
variation of soil temperature. The concentration of CO, in soil air was lowest near the ground
surface and generally increased with depth. The maximum concentrations of CO, in the
profile were observed at 100 cm in the forest, at 70 ¢m in the grassland.

2) The concentration of CO, dissolved in soil water varied seasonally and vertically
corresponding to the variations of CO, concentration in soil air. The dissolved CO,
concentrations were generally 1.5 to 2.5 times as high as the concentrations in soil air at the
forest site, and were one- to twofold at the grassland site. The C,/C, was seasonally varied in
an opposite way to soil temperature, mainly due to the CO, solubility into water which
decreases with rising temperature. In addition, the C,/C, decreased with depth as well as the
pH in soil water. As the result of such dependence of dissolved CO, concentration on soil
temperature and pH, the ranges of the temporal and spatial variations of dissolved CO,
concentration in soil water became smaller than the ranges of the variations in soil air.

3) The total CO, content per unit volume of bulk soil showed seasonal variations similar to those
of CO, concentrations in soil air and soil water. At the forest site, the soil was classified into
three layers by the magnitude of total CQ, content; the total content of CQ, increased with
depth as well as the M, /M,, which was 50 to 70% at depths of 5 to 20 cm, about 80% at 30 to
50 cm, and more than 90% below 70 cm. At the grassland site, total CO, content was almost

equal to the content in liquid phase, because of the extremely low air-filled porosity
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throughout the profile except near the ground surface.

4) The soil respiration rates measured by closed chamber method were high in the summer and
low in the winter. At the forest site, the rate ranged from 0.22-0.24 gCO,;m™day” in January
1998 to 17.3-18.1 gCO,ym™-day” in late June and early July of 1997. At the grassland site, the
difference in soil respiration rate between the measuring spots was large, and the rates ranged
from 0.13 to 27.2 gCO, m?-day" at SR-G1 and nearly zero to 11.3 gCO,-m™day” at SR-G2.
The soil respiration rates were exponentially increased with the soil temperature near the
ground surface.

From the comparison of the measured soil respiration rate and the evaluated diffusive flux
of CO, in soil air near the ground surface, the M-Q 2 equation was selected for estimating the
relative diffusion coefficient.

5) The seasonal variation of the diffusive flux in soil air generally reflected the variation of the
concentration gradient of CO, at the forest site. The diffusive flux decreased with depth
mainly due to the decrease in the diffusion coefficient. The largest flux in the profile was
always observed near the ground surface, and the maximum value of the flux was 1.80x1¢®
gCO,em™s", observed in early September of 1997. The diffusive fluxes at the grassland were
much lower than those at the forest due to the extremely low diffusion coefficients caused by
the low air-filled porosity except near the ground surface. The diffusive flux at the soil section
of 0-5 cm was much larger than any other depths and the maximum value of the flux was
2.26x10%gCO,-cm™s™, observed in early August of 1997.

The advective flux of CO, accompanied by the mass flow of soil air was relatively high at
the soil sections between 10 and 50 cm at the forest site, and the sections of 5-10 and 50-70
cm at the grassland site. The maximum downward flux of —0.45x<10"° gCOyem™s”’ was
observed at 20-30 cm in late June of 1997 at the forest. Atthe grassland, the maximum values
of the upward and downward fluxes reached 0.901 and —0.587x10™ gCQ,cm™s'. However,
the advective fluxes at both sites were two orders of magnitude as small as the diffusive
fluxes in soil air.

The advective flux of dissolved CO, accompanied by the movement of soil water reached
about £0.5x10"°%¢CO,-em™s™ at both sites, similar to the advective flux accompanied by the
mass flow of soil air, and two orders of magnitude as small as the diffusive flux in soil air. In

early April of 1998, however, exceptionally large downward fluxes were obtained throughout
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the profile at the forest site because of the heavy rain and the corresponding specific
calculation; the maximum downward flux of —5.99x10™ gCO,cm™s" was observed at the
soil section of 100-150 cm.

Due to the extremely large values of the diffusive flux of CO, in soil air, the temporal and
spatial distributions of total CQ, flux were almost similar to the distributions of the diffusive
flux. On the proportions of each flux of CO, to the total flux, the diffusive flux in soil air was
dominant at most of the depths. The proportion of the diffusive flux was usually more than
99% of the total flux at the soil sections between the ground surfice and a depth of 20 cm.
The proportion of the advective flux was small throughout the profile. The proportion of
dissolved CO, flux was alse generally small, but increased with depth in deep soils.

6) The production rate of CO,, which was evaluated as the remainder of CO, mass balance, was
strongly affected by the seasonal and vertical distributions of the diffusive flux of CO, in soil
air. The change rates of CO, storage were two or three orders of magnitude as small as the
difference in the diffusive fluxes among the depths, so that the significance of the storage
change in CO, mass balance was small.

The production rate of CO, was generally higher in the summer and lower in the winter. At
the forest site, the Jargest production rate in the profile was observed at a depth of 10 cm and
reached 1.40x10° gCO,em™-s™'. About a half of the CO, production in the soil of the forest
site concentrated around the depth. At the grassland site, the production rate at 5 cm reached
3.11x107 gCO,cm™s™. The four-fifths of the CO, generated in the soil of the grassland site
concentrated between the ground surface and a depth of 15 cm. The active soil layer in which
CO, was mainly produced ranged from the ground surface to a depth of 45 cm at the forest,
and to 25 cm at the grassland. The profiles of the production rate reflected the distributions of
plant roots at both sites. Due to the overestimate of the diffusive flux around a depth of 50 cm,
the production rates below the depth could not evaluated correctly, but the CO, production in
the deep soils would be much smaller than that in the shallow soils.

The production rate of CO, exponentially increased in response to the linearly rising soil
temperature, indicating that the values of the evaluated production rate were reasonable. The
production rates averaged for the active shallow soils were well expressed as exponential
functions of the averaged soil temperatures at both sites. The coefficients of determination of

the relationships were 0.939 at the forest site, and 0.551 at the grassland site.
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The mean residence time of CO, was shortest near the ground surface and increased with
depth. The mean residence time in the active shallow soils was within a day at the forest site,
while the time reached nearly two hundred hours at the grassland site.

7) From the general discussion, the following suggestions were obtained: (1) The shallow soil
layer is important for the place of CO, production, while the deep soil layer is important as the
place keeping high CO, concentrations and then determining the rate of the supply of
carbonate species into groundwater. (2) The difference in vegetation directly affects the
production rate of CO, by the difference in the distribution of plant roots, and indirectly
influences the transport processes of CO,, and then its concentration, by affecting the soil
physical properties. (3) Soil air is the important media in which much of the CQ, is

transported whereas soil water is important as the reservoir in which CO, is stored.
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