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Abstract A newly-developed suction controlled lysimeter was applied to
measure water and solute transport in unsaturated forest soil. The lysimeter
consists of a porous plate connected to a vacuum system and two tensiometers.
Soil matric pressure heads are measured just above the horizontally-installted
porous plate, and at the same depth in the naturat soil profile, at three-second
intervals. The vacuum system is automatically controlled so that the readings
of the two tensiometers match each other. The lysimeter succeeded in keeping
soil moisture conditions in the water-sampling profile almost identical to that
in the ratural soil profile, Field observation showed that about 68% of rain-
waler was discharged at 30 cm depth; Cl concentrations in discharge-water
showed a delayed peak compared to rainwater; NO; was not detected in
discharge-water because of extraction by roots; and about 5200 mgm™ of
$10; was discharged at 30 cm depth as a result of soil weathering.
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INTRODUCTION

1t is difficult to quantify the unsaturated infiltration processes of rain- and irrigation-
water in field soils accurately, although they are a major source of groundwater
recharge, and solute transport in the unsaturated zone is important to groundwater
quality. This is partly because existing unsaturated soil water sampling techniques are
not necessarily appropriate given the mechanism of soil water flow. For instance, the
tension-free-lysimeter can collect water only when the soil pore water pressure at the
sampling depth becomes positive. Therefore, it makes soil moisture conditions in the
sampling profile wetter than that in the natural soil profile. On the other hand, the
widely-used tension-lysimeter collects water through porous cups by applying a
constant vacuum pressure of about —200 to —400 cmH,O. Since the water sampling
rate depends on the applied vacuum pressure, the equipment cannot measure the actual
infiltration rate. Moreover, the quality of water sampled by a tension-lysimeter
reportedly depends on the applied vacuum pressure (Rhoades & Oster, 1986}

This study evaluates a new method of sampling soil water from the unsaturated
zone that minimizes disturbance to soil moisture conditions in the sampling profile and
can collect all of the infiltrated water.
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METHOD
Suction controlled lysimeter

A lysimeter, which can automatically control a negative pressure for extracting water
from unsaturated soil according o soil moisture conditions in the sampling profile, has
been developed (Kosugi, 2000), Figure 1{a) is a schematic of the suction controfled
lysimeter. The equipment consists of two tensiometers (DIK-3150, Daiki Rika Kogyo)
and a porous plate (0675B0.5M2, Soilmoisture Equipment) connected to a suction
system. The porous plate has an air entry value of 0.5 kPa (=~ -510 cmH,0) and a
saturated hydraulic conductivity of about 3 x 10 cm s”'. The porous plate is buried
horizontally at the water-sampling depth in the sampling profile, and the soil matric
pressure head just above the porous plate (\w,) is monitored by one of the tensiometers.
The other tensiometer monitors the matric pressure head () at the same depth in the
natural soil profile. In the sampling profile, infilirated water is collected through the
porous plate by applying suction so that v, becomes equal to ;. The suction system
consists of a water container connected to a vacuum pump, a valve to release the
negative pressure, and a pressure transducer to monitor the air pressure in the water
container (p;). The water-sampling rate is automatically measured by weighing the
waler container. A data logger (CR10x, Campbell Scientific) was used to record y,, W
and p, as well as to control the vacuum pump switches and the release valve through
relay systems.
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Fig. 1 {a} Schematic of proposed suction conlrolled lysimeter, and (b) flow chart for
water suction control {modified from Xosugi (2000}).
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Water suction control

Figure 1{(b} is a flow chart for controlling the suction system for collecting soil water.
Values of y,, ., and p, are continuously menitored at three-second intervals. When
Wa < Wy (that is, the sampling profile is dryer than the natural profile), the pump is
turned off, and the valve is opened (only when p, < -10 emH,0) in order to stop water
extraction immediately by releasing the negative pressurc in the water container.

When y, > y,, the sampling profile is wetter than the natural profile and soil water
in the sampling profile should be extracted. Because the negative air-pressure applied
to the porous plate should be greater than its air-entry value, the pump is turned off
when the air-pressure in the water container, p,, becomes less than 450 cml,O. As
water is extracted, p. gradually increases and the extraction rate gradually decreases. In
order to maintain the high extraction rate, the pump is restarted when p. becomes
greater than —400 cmH;0. To ensure smooth starting of the pump, the release valve is
temporarily opened to increase p, to greater than —300 cmH; O, then the valve is closed
and the pump is turned on. Use of this control method prevents soil water extraction
when y, < 450 emH;O. However, water and solute movement may be negligible
under such dry conditions because of the low infiltration rate.

Several previous studies (van Grinsven er al, 1988; Brye et al, 1999; Qzak,
1999) have proposed to control a suction pressure for caollecting water from
unsaturated soil by referring to tensiometer observations in sampling and natural soil
profiles. These studies used longer intervals to monitor tensiometers (more than 3 min)
and a gradual change of suction pressure in order to make the extraction rate the same
as the infiltration rate. We suspect that the methods proposed in these studies cannot
necessarily cope with the rapid changes of soil water content in a sampling profile
which may occur under heavy storms and intensive irrigations. To avoid this difficulty,
we use much shorter intervals to monitor the tensiometers (i.e. 3 s), and apply the large
suction rate when v\, > v, and stop the extraction immediately by releasing the
negative pressure when i, < . That is, the water extraction period is controlled in
our method.

Field observation

The suction controlled lysimeter was installed at the water-sampling depth of 30 cm in
a sparse forest consisting of both evergreen and deciduous broadleaved trees. In order
not to disturb the soil structure, the porous plate was inserted through a honzontal
tunne! from an adjacent soil pit. Upward force was applied to the plate by using screw
jacks to make sufficient capillary commection between the plate and soil. The naturai
soil profile where y, was measured was 0.6 m distant from the water-sampling profile.
Neither the sampling nor the natural profile was covered by the forest canopy. In the
samphing profile, tree and grass rcots were homogencously scattered and no
remarkable preferential flow passes (e.g. macropore connections) were observed.
Water sampling was conducted continuously from 16 May through to 28 August 2000.
An open space for precipitation measurements was located 12 m distant from the
water-sampling profile.
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RESULTS AND DISCUSSION

Figure 2(a) shows that the suction controlled lysimeter succeeded in maintaining y,
similar to v, that is, soil moisture conditions in the sampling profile were about the
same as in the natural profile and the water sampling rate was comparable with the
infiltration rate in the natural profile throughout the observation period. During dry
periods, v, showed diumal ¢hanges which may be attributable to evapotranspiration.
Even in these periods, w, was similar to vy, In detail, y, tended to exceed vy, during
wetting processes following relatively dry conditions {e.g. day numbers 24-25 and 85—
86 in Fig. 2(a)).

Total discharge (that is, the total amount of water collected by the lysimeter) and
total precipitation during the observation period were 280.5 and 4103 mm,
respectively, and their ratio was (.684. Figure 2(b) indicates that the ratio of discharge
to precipitation was relatively large until day 38, and declined after that. This may be
attributable to the increase in evapotranspiration in the summer season. The relationship
between cumulative precipitation and discharge for each storm event is shown 1n Fig. 3
which ncludes data for five events observed in April 2000. The ratio of cumulative
discharge to precipitation ranged from 0.24 to 0.99, and exhibited a slight trend to
increase when the initial y, value was greater than —50 cmH,0. The correlation
between the ratio and the initial y, value may suggest that the antecedent water loss by
evapotranspiration reduces the discharge. However, the correlation is not so distinct
because the cumulative discharge depends on duration and intensity of rainfall ag well.

Concentration and cumulative mass flux of some chemicals are shown in Figs 2(c—).
In Fig. 2{c}, the CI" concentration of discharge-water shows a rapid decrease for the
first 15 days, while the rainwater C1I' concentration remains almost constant. It is
reported that the C1 concentration of rainwater exhibits a seasonal change in the study
area; precipitation caused by northwestern winter winds contains more Cl” (Tokuchi er
al., 1991). Moreover, Tokuchi er af. (1991) showed that peaks in the Cl” concentration
of discharge-water from soil colummns of 20 to 30 cm length lagged behind a peak in
the Cl' concentration of rainwaler by | to 4 months. The lag was explained by the
mobile-immobile water flow concept; Cl” brought by small winter storms was
supposed to be captured in the immobile region of soil pores (i.e. smaller soil pores)
and to need a longer time to discharge (Ohte et al., 1991). Therefore, it is probable that
the rainwater had a peak in CI' concentration before the observation period, which
caused a delayed peak in the Cl” concentration of the discharge-water Fig. 2(c).

Figure 2(d) shows that NO;" was not detected in discharge-water whereas rain-
water brought about 1100 mg m™ of NO; during the whole observation period. This is
attributable to the extraction of NO;™ by plant roots since trees usually suffer a nitrogen
deficit in forests in Japan (Suzuki, 1992). On the other hand, the SiO; concentration of
discharge-water was about 20 mg 1" over the whole observation period in spite of zero
concentrations in rainwater (Fig. 2(¢)). This indicates that about 5200 mg m™? of SiO,
was discharged at 30 cm depth as a result of soil-weathering,

This work demonstrates that unsaturated convective chemical fluxes as well as
unsaturated water flux can be measured using the new water samphing method. This
quantitative information on water and solute transport in unsaturated soils can be used
for mass balance analyses and validation of simulation models.
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Fig. 2 (a) Mairic pressure heads above the porous plate, y/,, and in the natural soil
profile, yp; (b} cumulative precipitation and discharge; and concentration and
cumulative reass of (¢} CF, (d) NOy, and (&} Si0, of rain- and discharge-water.
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Fig. 3 Relationship between cumulative precipitation and discharge for each storm
event. Plot symbol represents , value observed just before the storm event.

Acknowledgements The authors express their gratitude to Prof. Mizuyama (Kyoto
University) for his supports and valuable suggestions. This research was partly
supported by a grant from the Menbusyo Fund for Scientific Research (12760105).

REFERENCES

Brye, K. R., Norman, J. M., Bundy, L. G. & Gower, S. T. (1999) An equilibrium tension lysimeter for measuring drainage
through soil. Soif Sei. Soc. Am. J. 63, 536343,

Kosugi, K. (2000) A new sampling method of vertical infiltration water in unsaturated soil without disturbing soil moisture
condition (in Japanese with English summary). /. Japan Soc. Hydrol. & Wai. Resour. 13, 462-471.

Ohte, N., Tokuchi, N., Suzuki, M. & Iwatsubo, G. (1991} A numerical model for water and solute movement in forest soils
and its application to CI' transport in microlysimeters. [n: Hydrological Interactions Between Atmosphere, Soil and
Vegetation {ed. by G. Kienitz, P. C. D. Milly, M. Th. Van Genuchten, D. Rosbjerg & W. J. Shuttleworth) (Proc.
Vienga Symp., August 1991}, 217-226. IAHS Publ. no. 204

Ozaki, Y. (1999) A buriable lysimeter for collecting infiltrated soil water (in Japanese). In: Monitoring of NOs-N Leaching
Sfrom Field Crops (Proc. NO3-N Leaching Symp., November 2000), 9-19. National Agricolture Research Center,
Tsukuba, Japan.

Rhoades, J. D. & Oster, J. D (1986) Solute content. In: Methods of Soil Analysis, Part 1: Physical and Mineralogy
Methods (ed. by A, Klue), 985-1006. Soil Sci. Soc. Am., Madison, Wisconsin., USA.

Suzuki, M. (1992) Hydrological study of strexm water chemistry in a forested watershed (in Tapanese). Research Report,
Kyoto University, Kveto, Japan,

Tokuchi, N., Kureda, Y. 8f Twatsubo, G. (1991) Vertical changes of water-chemicals in a forest coosystem. T Vertical
movement of CI', Na© and seit water in a sugi forest {in Japanese with English summary). J. Japan For. Soc. 73,
135-144.

Van Grinsven, J. J. M., Booltink, H. W. (., Dirksen, C., van Breemen, N., Bongers, N. & Waringa, N. (1958) Automated
in sity measuremenl of unsaturated soil water flux. Soil Sci. Soc. Am. J. 52, 1215-1218.





