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Climate change likely to occur in the near future would 
result in changes in precipitation patterns, as well as the 

onset of snowmelt and runoff. These changes in the timing of 
available water may in turn affect the volume and frequency 
of water input over farmland. Groundwater contamination by 
nitrate from agricultural lands is a serious environmental issue 
in many countries, including Japan, and the pathways and the 
rates of nitrate leaching from agricultural lands are controlled by 
many factors, including precipitation, soil properties, and farm-
ing practices such as irrigation and fertilizer application.

Laboratory and small-scale fi eld experiments have provided 
insights into micro- to small-scale mechanisms of nitrate leach-
ing. Blevins et al. (1996) identifi ed the fate of a single application 
of N fertilizer by means of small-scale fi eld experiments. Mantovi 
et al. (2006) demonstrated that nitrate from slurry accumulated 
in the surface layer in warm periods and leached quickly after 
rain due to macroporosity. Many researchers have reported fast 

infi ltration of nitrate from the ground surface to depth via mac-
ropores generated by earthworms and plant roots. Macropores 
are relatively large continuous openings in porous media that 
are distributed ubiquitously over the fi eld and densely near the 
surface (Munyankusi et al., 1994). Omoti and Wild (1979) 
reported that earthworm channels ranged from 2 to 10 mm in 
diameter and had an average density of 100 pores m−2. They also 
reported that macropores played an important role in transport-
ing nitrate vertically in the fi eld. Sugita et al. (2005) found that 
the onset of macropore fl ow depends on rainfall intensity, while 
the rate of macropore fl ow depends on rainfall intensity and 
duration. Catchment studies have also pointed out the impor-
tance of preferential fl ow and subsurface storm fl ow, which lead 
to larger-scale subsurface heterogeneity in nitrate discharge into 
surface water (Soulsby et al., 2003; Schilling and Zhang, 2004).

Large lysimeter experiments allow us to assess the effects of 
subsurface heterogeneity on nitrate transport without sacrifi c-
ing accuracy in quantifi cation of water and solute fl uxes. Owens 
et al. (1995) obtained an accurate nitrate mass balance using a 
large undisturbed lysimeter and proposed a strategy for reducing 
nitrate leaching from agricultural land to groundwater. Schoen 
et al. (1999) performed tracer experiments using a large lysim-
eter packed with undisturbed soil and found an occurrence of 
preferential fl ow during nitrate leaching.

Although laboratory studies have been conducted under 
constant water fl ux to investigate roles of macropore fl ow on sol-
ute transport in the vadose zone (Buttle and Leigh, 1997), actual 
rainfalls are not constant, which could result in even faster leach-
ing. Our study investigated the combined effects of rainfall input 
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different porous media. A series of artifi cial rainfall amounts from 4.0 to 26 mm were applied every 24 h in 10 min dura-
tions over a weighing lysimeter packed with either fi ne sand, fi eld soil over fi ne sand, or fi ne sand with artifi cial macropores. 
Movements of nitrate, chloride, and water in the lysimeter were monitored. Signifi cant nitrate leaching occurred with piston-
like fl ow caused by the highest applications in all porous media. The nitrate movement coincided with that of chloride in a 
homogeneous sand medium. In a layered medium with soil cover over sand, nitrate/chloride ratios in the fi eld soil decreased 
with time, suggesting the presence of degradation processes. Some parts of the soil may be serving as spots for denitrifi cation. 
High nitrate concentration remained in the topsoil layer under light to intermediate rainfall applications in the two-layered 
medium, causing large vertical spreading of nitrate under intermediate rains by which infi ltration occurs. Double peaks in the 
concentration profi les were observed in the macroporous medium under 26-mm applications, indicating that part of the nitrate 
was transported by preferential fl ow while the rest was transported by matrix fl ow. We estimated that heterogeneity of the porous 
medium resulted in large dispersion under intermediate to heavy rains and denitrifi cation under light rains. Heterogeneity also 
affected pathways of leaching under heavy rainfalls. We estimated that climate change could signifi cantly increase the chance 
of nitrate leaching by at least 25% in the Pacifi c East area of Japan through increases of heavy rain frequency and precipitation 
intensity and decreased time for denitrifi cation in the surface soil.
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patterns and subsurface heterogeneity on nitrate leaching in the 
vadose zone by means of laboratory tracer experiments using a 
weighing lysimeter equipped with an artifi cial rainfall generator. 
Following a nitrate tracer application to the surface, rainfalls of 
constant amount and constant intervals were repetitively applied 
over the weighing lysimeter packed with either homogeneous 
fi ne sand, soil over fi ne sand, or a macroporous medium, and the 
movements of water and solutes were monitored. The experi-
ments were repeated at different rainfall application rates.

Materials and Methods

The weighing lysimeter was 3.0 m long, 1.0 m wide, and 
0.6 m deep (Fig. 1). The simulated groundwater table was main-
tained at 0.55 m below the surface by a Marriott tank connected 
to the lysimeter. Air fl ow over the lysimeter was controlled to 
have a constant wind speed of 1.5 m s–1, temperature of 20°C, 
and a relative humidity of 50%. The soil water was allowed to 
evaporate into the air during all experiments, and the evapora-
tion rate was monitored by weighing the lysimeter.

The fi rst set of experiments was conducted with the lysim-
eter packed with homogeneous fi ne sand (average diam. = 0.14 
mm). Tracer solution containing 1000 mg L–1 of chloride and 
1000 mg L–1 of nitrate was applied as 2 mm of rain before every 
set of experiments. Precipitation properties during 2001 to 2005 
at Tsukuba, where our laboratory is located, are summarized in 
Table 1. On a daily basis, 38.5% of rainfall events recorded was 
less than 4 mm. Artifi cial rainfall of 4 mm per application was 
applied once every 24 h over the lysimeter for 16 applications. 
The set of experiments was repeated by changing the rainfall 
amount per event to 6.8, 13, and 26 mm. It took approximately 
10 min to apply a single rainfall event over the lysimeter for all 
application rates. The experimental conditions and the number 
of rainfall applied in each case are summarized in Table 2. Each 
rainfall was applied every 24 h until total rainfall exceeded at 
least 52 mm.

Water movement in the lysimeter was monitored every min-
ute with pressure transducers (Daiki Rika Kogyo Ltd., Saitama, 

Japan) connected to tensiometers inserted at 0.05, 0.1, 0.15, 
0.2, 0.3, 0.45, and 0.5 m below the surface in the lysimeter. 
The lysimeter and Marriott tank were weighed every minute to 
estimate the water input and loss from the system. The drainage 
from the lysimeter was collected in a plastic bottle and was mea-
sured manually once a day when drainage was observed. Tracer 
movement was monitored by taking 2- to 10-mL samples of soil 
water using suction samplers (Sankei Rika Ltd., Tokyo) placed at 
0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 and 0.6 m below the surface in 
the lysimeter. The water samples were analyzed for chloride and 
nitrate using ion chromatography (PIA-1000, Shimazu, Kyoto). 
The tracer was prepared each time for a tracer application, which 
resulted in a slightly different tracer concentration each time. 
To compensate for the tracer concentration variation effect, the 
observed concentrations were normalized by the concentration 
ratio of control tracer to tracer applied (normalized concentra-
tion = observed concentration × concentration of control tracer/
concentration of tracer applied).

The source of nitrate in natural systems is most often 
located on the ground surface. Thus, it is likely for nitrogen 
to come in contact with an organic soil layer before infi ltrating 
to the groundwater. Field soil was taken from a woodlot where 
vegetables used to be grown near the laboratory, and the top 
0.2 m of sand layer in the lysimeter was replaced by the soil. 
The soil was a dark Andosol with a high porosity (66%) and 
organic content (on average, 3%), and a well-developed double 
porosity structure. The two-layered system represents actual fi eld 
conditions better than the homogeneous medium, although it 
still is a highly idealized and artifi cially packed porous medium. 
The series of experiments were repeated over the two-layered 
medium.

Three hundred nonconnected vertical macropores were 
artifi cially generated over the lysimeter (100 pores m−2) by 
inserting and removing a stainless steel rod (2 mm diam.). Half 
of the macropores (150 pores) extended to 0.2 m from the sur-
face, while 75 pores extended to 0.3 m, and the remaining 75 
pores extended to 0.6 m from the surface, since macropores were 
more densely distributed near the ground surface in actual fi elds 
(Munyankusi et al., 1994). Although many inlets of the macro-
pores were collapsed during rainfall applications, they remained 
as they were until the end of the set of the experiments.

FIG. 1. The weighing lysimeter fi tted underneath the wind tunnel.

TABLE 2. Amounts and duration of simulated rainfall events repeated 
in each experimental condition. The rainfall was applied every 24 h, 
and water samples were taken before the rainfall application and 24 
h after the last rainfall application.

Rainfall amount 
per event

Number of rainfall events 
repeated Total rainfall Duration

mm mm h
4.0 16 64 384
6.8 16 108.8 384
13.0 8 104 192
26.0 5 130 120

TABLE 1. Number of days and amount of precipitation observed from 
2001 to 2005 at Tsukuba, Japan (Japan Meteorological Agency, 
2006).

P (precipitation per day) Number of days P is 
observed Precipitation amount

P ≤ 4 mm 186 d (38.5% 396 mm (6.2%)
4 mm < P ≤ 13 mm 144 d (29.8%) 1612 mm (25.1%)
13 mm < P ≤ 26 mm 93 d (19.3%) 1497 mm (23.3%)
P > 26 mm 60 d (12.4%) 2707 mm (45.3%)
Total 483 d (100%) 6412 mm (100%)
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Results and Discussion
Water and Nitrate Movement in Response to 

Rainfall Applications

Homogeneous Medium

Concentration profi les of chloride and nitrate after 52 
mm of total rain at different rainfall amounts per event in the 
homogeneous medium are shown in Fig. 2. It shows the profi les 
observed 24 h after 13 daily events of 4-mm rain, after 8 events 
of 6.8-mm rain, after 4 events of 13-mm rain and after 2 events 
of 26-mm rain. Evaporation from the lysimeter was almost com-
parable to or exceeded rainfall during the 4-mm applications. 
Thus, no signifi cant downward solute movement was observed 
under this application rate. Approximately 80% of the rain was 
lost to evaporation during the 6.8-mm applications, while 47 
and 23% of the rain was lost to evaporation during the 13- and 
26-mm applications, respectively.

Figure 3 shows the typical water content profi les at 60 
and 600 min after single 4- and 13-mm applications. No sig-
nifi cant change in water content was observed during 4-mm 
applications. Although an increase of water content in the 
vadose zone was observed under 13-mm application, no sig-
nifi cant downward solute infi ltration took place under either 
4- and 13-mm application rates.

Apparent solute leaching took place only during the 
highest application rate (26 mm). The solute profi les after 52 
and 104 mm of total rain at 26-mm applications are shown in 
Fig. 4. The profi les of chloride and nitrate coincide with each 
other, and piston-type infi ltration was clearly observed.

In the homogeneous medium, chloride and nitrate pro-
fi les coincide with each other under all experimental condi-
tions, indicating that nitrate behaved as a conservative tracer. 
No degradation of nitrate was observed during the experi-
mental period. Both solutes reached the groundwater table 
as piston fl ow only by 26-mm applications. The properties of 
the profi les observed are summarized in Table 3. On a daily 

FIG. 4. Chloride and nitrate profi les after 52 and 104 mm of total rain 
by repeating 26-mm rainfalls in the homogeneous medium.

FIG. 2. Chloride and nitrate profi les after 52 mm of total rain by re-
peating rainfall of different amounts per event in the homogeneous 
medium. The concentration was normalized by the concentration 
ratio of control tracer to the tracer applied.

FIG. 3. Volumetric water content profi les 60 min and 600 min after the 
4- and 13-mm rainfall applications.

TABLE 3. Summary of nitrate profi le properties observed at the end of each 
experimental case. Depths of the concentration peak and that of nitrate front 
are in meters below the surface. Two peaks are in one case for macropo-
rous medium.

Application Total 
rain

Profi le 
properties

Homogeneous 
medium

Two-layered 
medium

Macroporous 
medium

–––– mm –––
4.0 64 depth of peak ≤0.1 ≤0.1 ≤0.1

depth of front ≤0.1 ≤0.1 ≤0.1

degradation – degradation in 
top soil –

6.8 108.8 depth of peak ≤0.1 ≤0.1 ≤0.1
depth of front 0.1 0.1 0.2

degradation – degradation in 
top soil –

13.0 104 depth of peak ≤0.1 ≤0.1 ≤0.1
depth of front 0.3 0.1 0.3

degradation – degradation in 
top soil –

26.0 130 depth of peak 0.3 0.3 0.2, 0.4
depth of front 0.5 0.5 0.5
degradation – – –
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basis, 12.4% of the rainfall events from 2001 to 2005 in Tsukuba, 
Japan, exceeded 26 mm per day (Table 1). Thus, nitrate applied 
from the ground surface would not be leached by 87.6% of rain-
fall events if the porous medium is homogeneous.

Two-Layered Medium

In the two-layered system in which fi ne sand was covered 
by 0.2 m of organic soil, evaporation between events exceeded 
rainfall after daily 4-mm applications, as observed in the homo-
geneous medium. No signifi cant downward solute movement 
was observed.

Figure 5 shows the chloride and nitrate concentration pro-
fi les after 52 and 104 mm of total rain from 13-mm applica-
tions. The profi les were obtained 96 h (4 rainfalls) and 192 h 
(8 rainfalls) after the tracer application, respectively. The nitrate 
concentration in the soil water was inherently high (range, 
55.1–104.0 mg L–1) probably due to preceding land use (veg-
etable cultivation). Nitrate did not leach beyond 0.3 m below 
the surface during the 13-mm applications. However, both 
nitrate and chloride concentrations increased in the soil (0.1- to 
0.2-m depth) during the fi rst four applications and then started 
to decrease, indicating that solute leaching followed by dilution 
due to the repeated rainfall applications.

The ratio of nitrate concentration to chloride concentration 
should be constant if both behave conservatively. The nitrate/
chloride ratio decreased from 2.5 to 2.2 at 0.15 m below surface 
and 0.88 to 0.83 at 0.2 m below the surface in the soil layer 
between 96 and 192 h after the tracer application. In contrast, 
the nitrate/chloride ratio was constant or slightly increased in the 
sand layer below the top soil. The decrease of the ratios suggests 
the occurrence of nitrate degradation. Although the denitrifi ca-
tion rate was small, hot spots where denitrifi cation takes place 
are often found in the unsaturated zone (Parkin, 1987). The top-
soil layer is inherently heterogeneous and has structure in which 
there are anaerobic parts. These anaerobic parts may have acted 
as hot spots of denitrifi cation in our lysimeter.

Figure 6 shows components of the average water balance 
(soil-water storage, evaporation, and discharge) and estimated 
chloride and nitrate distributions after 104 mm of total rain 

for three different application rates. More than 80% of water 
was lost to evaporation during 6.8-mm rains, and 100% of the 
chloride remained in the porous medium, while 8.2% of nitrate 
was estimated to have undergone denitrifi cation. Approximately 
50% of the cumulative rainfall water was lost to evaporation 
under 13-mm application cases. A slight loss of mass was esti-
mated for nitrate, whereas 100% of the chloride remained in the 
porous medium. During 26-mm applications, approximately 
one-third of the rainfall was lost to evaporation, and another 
one-third was lost to discharge. The distributions of chloride 
and nitrate were quite similar, and no evidence of denitrifi ca-
tion was observed. The solute residence time (the experimental 
period over which the water balance was estimated) was 16 d for 
the 6.8-mm application, 8 d for the 13-mm application, and 4 d 
for the 26-mm application. A short residence time did not allow 
nitrate to undergo denitrifi cation during 26-mm application.

In the two-layered system, water and a signifi cant amount of 
solute reached the groundwater table only at the 26-mm applica-
tions. On the other hand, denitrifi cation was observed in the top 
soil layer under light rains.

Macroporous Medium

Effects of rainfall patterns on nitrate transport in a macro-
porous medium were examined using the fi ne sand with artifi -
cially generated macropores. Soil water near the surface drained 
or evaporated quickly after the rain in the macroporous medium, 
so that it was not possible to obtain water samples at depths shal-
lower than 0.2 m, under 4- and 6.8-mm application-rate con-
ditions. Concentration profi les of chloride and nitrate after 52 
mm and 104 mm of total rain at 13-mm application rates are 
shown in Fig. 7. Considerable increases in both chloride and 
nitrate concentrations were observed up to 0.3 m below the sur-
face, indicating fast transport of solutes via macropores followed 
by quick infi ltration of solute from macropores to the matrix. 
Dilution is estimated to be the main mechanism of the observed 
concentration decrease.

The concentration profi les of chloride and nitrate under 26-
mm applications are shown in Fig. 8. Double peaks are clearly 
observed in both profi les, suggesting fast macropore fl ow fol-

FIG. 5. Chloride and nitrate profi les after 52 and 104 mm of total rain 
by repeating 13-mm rainfalls in the two-layered system.

FIG. 6. Average water, chloride, and nitrate distributions after 104 mm 
of total rain as percentage of total input by mass.
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lowed by matrix fl ow, which resulted in large vertical spreading 
of the solute.

Fast nitrate leaching under intermediate applications and 
double peaks under 26-mm applications were observed due to 
macropore fl ow, whereas no effect of macropores was found dur-
ing light rains.

Expected Change in Rainfall Patterns and Its Effect 
on Nitrate Leaching

The Japan Meteorological Agency (2006) estimated the 
precipitation change over Japan due to global warming using the 
regional climate model (RCM20) with the A2 scenario (IPCC, 
2000). They reported that a slight increase of the average annual 
precipitation and pronounced increases in the variation and 
intensity of precipitation are expected for the Eastern Pacifi c 
region of Japan, which includes Tsukuba and Tokyo. It is also 
expected that the region will receive precipitation of more than 
50 mm d−1 three more days per year than under historical con-
ditions. Our laboratory experiments indicated that signifi cant 
nitrate leaching occurred only under the precipitation of more 
than 26 mm in all porous media. Tsukuba received daily precipi-
tation of more than 26 mm for 12 d per year on average during 
2001 to 2005, which accounted for 45.3% of the total precipita-
tion (Table 1).

Three more days of precipitation exceeding 50 mm under 
the A2 scenario will result in at least a 25% increase of intensive 
rainfalls that cause nitrate leaching. It is known that denitrifi ca-
tion occurs in the vadose zone in actual fi elds, and denitrifi cation 
in organic soil was observed during our experiments. Andosol in 
which soil structure is developed covers broad areas of Japanese 
fi elds, and it offers spots for denitrifi cation before the nitrate 
reaches the groundwater table or surface water. Increased pre-
cipitation variation will also increase soil-water residence time 
variation, which may result in increased amount of soil water 
reaching groundwater without denitrifi cation processes. Sugita 
et al. (2005) observed that the onset of macropore fl ow that 
causes nitrate leaching depends on precipitation intensity and 
antecedent soil-water conditions. Increased precipitation inten-
sities under climate change will also increase the onset of nitrate 

leaching Therefore, overall, climate change will signifi cantly 
increase the chance of nitrate leaching through increased pre-
cipitation intensity, frequency of heavy rain, and decreased soil-
water residence time.

Conclusions

Nitrate movement in response to repeated artifi cial rainfall 
events in a homogeneous, layered, and macroporous media were 
observed and summarized in Table 3. No vertical leaching of 
the solute was observed under 4-mm applications in all porous 
media due to water loss to evaporation processes. Signifi cant 
amounts of nitrate leached to the groundwater only at the high-
est (26 mm) application rates in the homogeneous and layered 
media. In a layered medium, with soil cover over sand, the high-
est nitrate concentration remained in the topsoil under light to 
intermediate applications, resulting in large vertical spreading 
of nitrate under intermediate rainfall application cases. Double 
peaks in the soil-water concentration profi le were observed in a 
macroporous medium under the highest (26 mm) applications, 
indicating that some nitrate was transported by preferential fl ow 
while the rest was transported more slowly by matrix fl ow. Traces 
of the nitrate reached groundwater under intermediate (13 mm) 
rainfalls in a macroporous medium due to preferential fl ow, 
which led to broad vertical distribution of nitrate.

Nitrate movement coincided with that of chloride in the 
homogeneous sand medium. The nitrate/chloride ratio in the 
topsoil of the layered medium, however, decreased with time 
under light rains, suggesting the presence of degradation pro-
cesses. Part of the soil that has structure may be serving as spots 
for denitrifi cation in the lysimeter when the solute residence 
time is long.

It was found that heterogeneity of the porous medium 
causes large dispersion under intermediate to heavy rains and 
denitrifi cation under light rains. It also affects pathways of leach-
ing under heavy rainfalls.

On a daily basis, 38.5% of rainfall events that Tsukuba 
received between 2001 and 2005 were less than 4 mm per day, and 
12.4% of rainfall events exceeded 26 mm (Japan Meteorological 

FIG. 8. Chloride and nitrate profi les after 104 mm of total rain by re-
peating 26-mm rainfalls in the macroporous medium.

FIG. 7. Chloride and nitrate profi les after 52 and 104 mm of total rain-
fall by repeating 13-mm rainfalls in the macroporous medium
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Agency, 2006). Therefore, it is suggested that nitrate did not 
move downward at all for 38.5% of the rains and experienced 
minimal downward movement for 87.6% of rainfall events in 
Tsukuba under current climate conditions. Climate-change sce-
narios that result in higher frequencies of heavy rains could cause 
increased nitrate leaching by at least 25%. An increase of disper-
sion and decreased chance of denitrifi cation in the subsurface 
system are also expected due to potential climate change.
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