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Hydrology of a groundwater-irrigated rice field in Bangladesh:
Seasonal and daily mechanisms of infiltration
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[1] Flow through a groundwater-irrigated rice field in Bangladesh was characterized with
data collected from a transect of tensiometers and time domain reflectometry sensors,
novel tracer tests, infiltration tests, soil core analyses, and calculated water budgets. The
combined data captured the dynamic hydrologic behavior of the rice field over an
entire growing season, which included many irrigation events. Recharge to the aquifer
flowed from the surface of the rice field through preferential flow paths located in the
subsoil beneath the plowed surface of the field and in the bunds, the'raised boundaries
around the perimeter of the field. Water that remained within theysoil matrix did not
recharge the aquifer. Bund flow was the dominant loss/or the field because the bulk
hydraulic conductivity of the soil beneath the bunds was gteater than that in the plowed
and planted region of the rice field. Each year, farmers plow the rice fields, destroying
cracks and decreasing the conductivity of the shallow soil, but/leave the bunds unplowed
because they follow property boundaries. We determined bund flow with a daily water
balance and confirmed its importance by comparing, irrigation losses among fields of
different sizes and geometries and hence different ratios,of perimeter to area. The
perimeter-to-area ratio predicted the fraction of water lost down the bunds for these

and other fields located throughout Southeast Asia. Finally, we determined the economic

and environmental benefits of reducing bund flow.
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1. Introduction

[2] Groundwater-irrigated rie¢ agriculture has greatly
expanded since it was introducedyto; Bangladesh in the
1980s, and the country ispnow self sufficient in food
production [Hossain et al., 2003]. In 2002, groundwater-
irrigated land coveredsroughly 21% of Bangladesh’s land-
scape [Hossain et al., 2003]; and in our study area,
groundwater-irrigated rieeé fields currently cover 40% of
the land surface [Ashfaque, 2007]. The introduction of
groundwater-irrigated agriculture in Bangladesh has not
only had a profound impact on the landscape, but has also
dramatically altered aquifer recharge behavior and ground-
water flow patterns, decreasing the residence time of water
in the shallow aquifer by more than a factor of 2 [Harvey et
al., 2000].

[3] Groundwater extracted from the shallow aquifer of
Bangladesh is often severely contaminated with naturally
occurring arsenic [British Geological Survey, 2001]. Trriga-

"Ralph M. Parsons Laboratory, Department of Civil and Environmental
Engineering, Massachusetts Institute of Technology, Cambridge, Massa-
chusetts, USA.

"Department of Geological and Environmental Sciences, Stanford
University, Stanford, California, USA.

*Department of Civil Engineering, Bangladesh University of Engineer-
ing and Technology, Dhaka, Bangladesh.

Copyright 2009 by the American Geophysical Union.
0043-1397/09/2008WR007542$09.00

XXXXXX

tion of rice moves arsenic-rich groundwater from the aquifer
and deposits it on the rice fields, lifting approximately 1400 t
of arsenic a year to the surface [Ali et al., 2003]. Much of
the irrigation water then returns to aquifer. At our study
site, water balance calculations show that rice fields
contribute roughly half of the water that recharges the
arsenic-contaminated aquifer every year [Harvey et al.,
2006]. This cycling of groundwater through rice fields
raises the question of what role the fields play in the arsenic
contamination problem. The first step in understanding their
role is to determine the spatial pattern and timing of rice
field recharge. Knowledge of the physical system is required
for the interpretation of chemical data and the estimation of
chemical fluxes.

[4] Previous agricultural studies describe three features of
rice fields that are important for their hydrology: the plow
pan, which is a layer of low hydraulic conductivity that
forms when the field is plowed in water-saturated condi-
tions, termed puddling; the bund, or raised property bound-
ary around the perimeter of the field that keeps irrigation
water contained; and cracks that form preferential flow
channels. The plow pan acts as a barrier to water flow.
Studies have shown that excavating through the plow pan
significantly increases water loss from the field [ Wopereis et
al., 1992; Tuong et al., 1994; Chen and Liu, 2002]. Plow
pan formation occurs because working the fields in water-
saturated conditions destroys soil aggregates, thereby pro-
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Figure 1.
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E90°17'58

Datalogger

Tower Rice Fields

—irrigation Canal

Irrigation Well

Village Area

Plan view of field site. (a) Google Earth image of the rice ﬁelds in our study area. Field A was

the 1nten51vely studied rice field with a perimeter to area ratio of.0.098 m/m Water level changes wete
monitored in fields B, C, and D, which have perimeter to area ratios of 0.133, 0.068, and 0.066 m/m?,
respectively. (b) The intensively studied field with thetlocations of instrumentation and tracer tests
marked: S, sensor station installed 2006 (tensiometer’and TDR probes); P1, 2006 and 2007 pressure
transducer; P2, 2007 pressure transducer; T1, 2006 tracer test; T2, 2007 tracer tests; F, 2008 infiltrometer
tests; M1, 2007 Marriott bottle evapotranspiration system; M2,,2008 Marriott bottle evapotranspiration
system; C1, 2007 bund soil core; and C2, 2007 field soil core.

ducing smaller soil particles that fill pore space fd séal

cracks and macropores as they settle [Moormann and van
Breeman, 1978; Sharma and De Datta, 1986]. The differ-
ence in effective conductivity between the plow pan.and the
subsoil allows for the development of an unsaturated zone
directly underneath the pan, even while the.fieldisurface is
flooded [Takagi, 1960; Zaslavsky, 1964; Woperezs et al.,
1994b; Chen and Liu, 2002].

[s] Bunds and preferential flow channels act like drains
for the field. Although bunds serve as dikes<that contain
surface water within the field, they also‘allow for water loss
via downward infiltration. Becausé bunds follow property
boundaries, they are usually notgremoyed when the field is
puddled. Therefore the hydraulic conductivity of the soil
underneath the bund is significantlyagreater than that in the
planted portion of the fieldsIn rice/fields with established
plow pans, the horizontal and then vertical movement of
surface water into and thén down through bunds often
provides the largest loss offwater from the fields [Walker
and Rushton, 1984; Tuong et al., 1994; Walker, 1999;
Huang et al., 2003; Janssen and Lennartz, 2009]. Rice
fields also lose water through cracks in the subsoil. Tracer
tests conducted in China by Sander and Gerke [2007] and
Janssen and Lennartz [2008] on dry and harvested rice
fields showed that within 1 day, dye reached a depth of 120
and 90 cm by flowing through channels in the field and in
the bund, respectively. In both experiments, the tracer
spread horizontally above the plow pan, which allowed it
to reach the bund or to access cracks in the pan, and then
penetrated through macropores in the subsoil to reach
deeper depths.

[6] In our study, we examined a number of different
fields and used a variety of methods including season-long
tracer tests, laboratory analyses on collected soil cores, and
a network of field-deployed pressure transducers, tensiom-
eters, and water content probes to (1) map the transient
patterns of flow in an individual field for a complete

agricultural season, (2) determine water loss rates and
irrigation requirements for fields of various sizes and
‘geometries, (3) characterize macropores and preferential
flow, and (4) estimate a seasonal water balance that differ-
entiates evapotranspiration, infiltration through the bunds,
infiltration through the soil matrix, and flow through pref-
erential channels. We conclude by considering how the
determined rice field flow behavior can inform arsenic
investigations and water conservation efforts.

[7] Our field study extends previous research by
describing the spatial and temporal patterns of flow under
a rice field on a hourly time scale for an entire irrigation
season, by quantifying the relationship between field water
loss and field geometry, expressed as the field’s perimeter-
to-area ratio, by demonstrating the importance of the
perimeter-to-area ratio in rice field water budgets, and by
showing that preferential flow through the bunds and field
macropores occurs during the irrigation season, enabling
rice field water to reach and recharge the shallow aquifer.

2. Methods
2.1. Field Site

[8] The studied rice field is located in Bashailbhog
village in the Munshiganj district of Bangladesh, which is
roughly 30 km south of Dhaka and 7 km north of the
Ganges River (Figure 1). Irrigation water is pumped up
from the aquifer with a diesel engine, flows through the
irrigation canal denoted in Figure 1b, and enters the rice
field at its southwestern corner.

2.2. Tensiometers and Time Domain Reflectometry
Probes

[9] A transect of three bundles of three vertically distrib-
uted pairs of time domain reflectometry (TDR) probes
(Campbell Scientific CS616) and tensiometers (UMS
T4E) were installed to monitor water content and both
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bund

muck

a pIoTN pan

tensiometers

subsoil

Figure 2. Profile view of sensor transect (S in Figure 1)
and field features.

positive and negative water pressure. Figure 1b shows the
plan view of the sensor transect and Figure 2 shows the
profile view. The probes were connected to a multiplexer
(Campbell Scientific AM16/32) and data logger (Campbell
Scientific CR10X) and were powered by a 12-V deep
cycle marine battery. They were installed after the field
was puddled and planted with rice. Because the field site
is submerged by approximately 4.5 m of monsoon flood
waters every year, the data logger, multiplexer and battery
were stored in a 9-m-tall tower that was installed at the
southwestern corner of the field (Figure 1b). Wires ftom
the sensors were run along the top of the field to the
tower. They were not buried for fear of breaking the plow
pan.

[10] The sensors were installed by auguring'a hole'in the
field to the desired depth. The TDR probes were positioned
vertically with the steel rods pointing dewnward, pushed
through the bottom of the augured hole. Their,water content
measurements represented the“average. condition of an
approximately 30-cm vertical segment of soil centered at
the depth of the corresponding ‘tensiometet (Figure 2). The
sensor holes were backfilled with seil and locally obtained
bentonite. Since the standardfequations used to convert raw
TDR measurements into watetycontent values are not
accurate for the silty'clayey loam at our site [Jones et al.,
2002], we calibrated the TDR probes using undisturbed soil
cores. The details and results of the calibration are presented
in the auxiliary material.’

[11] The elevations of the installed tensiometers were
determined relative to a nearby, surveyed well using a
clear, flexible, water-filled tube. The tensiometers measure
the pressure difference from atmospheric by use of a
porous diaphragm located at the top of the sensor. After
the first irrigation season ended, we attempted to protect
the porous diaphragm from the 4.5-m-high monsoon flood-
waters by running air tubes down from the tower and
sealing them around the diaphragm. However, since the
sensors’ calibration was lost during the monsoon season
(see auxiliary material), it appears that floodwater leaked
into the protective tubes and that the 4.5 m of pressure
ruptured the porous diaphragm. Therefore, our tensiometer
data are restricted to the 2006 irrigation season.

'Auxiliary materials are available in the HTML. doi:10.1029/
2008WR007542.
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2.3. Tracer Tests

[12] Three season-long tracer tests were conducted on the
studied field, one in 2006 and two in 2007. For all three
tests, at the start of the irrigation season, an approximately
76-cm-diameter concrete ring was pushed into the top of the
plow pan. The seal between the ring and the plow pan was
tested by irrigating the field and ensuring that the soil inside
the ring remained dry. During a subsequent irrigation event,
a concentrated bromide solution (~40 g/L) was poured into
the ring to the same height as the surrounding irrigation
water and was allowed,to infiltrate into the rice field as the
surrounding irrigation water’ infiltrated. During the experi-
ment, water levels both inside and outside of the concrete
ring were monitored. After incorporating evaporative losses,
the rate of water losssifiside of the tracer ring provided data
on the vertical infiltration rate of water into the rice field.
The ring, was removed from the field once the bromide
solution  had completely infiltrated. At this point, the soil
inside ‘theiring and in the rest of the field was dry, so the
farmer irrigated. The field was then left to the regular
irrigation management of the farmer.

[13]%At the end of the irrigation season, after the rice crop
was harvested, a trench was dug through the location of the
bromide release. The face of the trench was sprayed with a
silver ferrous cyanide solution, which reacted with the
bromide tracer to form a Prussian blue color [Lu and Wu,
2003], revealing the location of water from the start of the
4-month-long irrigation season. In 2006, the monsoon rains
came earlier than expected and flooded the trench. Since the
visualization experiment could not be completed, a series of
soil cores were collected from the tracer test location and
brought back to MIT for visualization. Both tests in 2007
were successful. After the on-site visualization was com-
plete, all the soil contaminated by the silver ferrous cyanide
solution was collected and transported back to Dhaka for
disposal. The trenches were filled with soil and left to
consolidate during the monsoon season, and were thor-
oughly puddled before the next irrigation season.

[14] Most studies of water flow in surface soils utilize dye
tracers that are visualized within a few days of the tracer
release [Flury et al., 1994; Forrer et al., 1999; Yasuda et al.,
2001; Kulli et al., 2003; Ohrstrom et al., 2004; Sander and
Gerke, 2007; Janssen and Lennartz, 2008]. Dyes allow for
easy visualization of flow paths, but they degrade over time
and sorb to the soil surface [Flury and Wai, 2003]. The use
of bromide, a nearly conservative tracer, permitted us to
carry out the tracer test for the entire 4-month-long irriga-
tion season without concern of tracer degradation, while the
spray method developed by Lu and Wu [2003] allowed us to
visualize the bromide tracer as if it were a dye.

24.

[15] The vertical infiltration rate of water into the rice
field was measured three different ways. The first approach
monitored the rate of water loss inside of the tracer ring, as
explained above in section 2.3. The second approach used
the calculated travel time for the bromide infiltration front
from the tracer tests (see section 3.3). The third approach
employed a double-ring infiltrometer with a sealed inner
ring. We followed the ASTM standard [ASTM International,
2002] for this final measurement method, except (1) the
outer ring of the infiltrometer was an approximately 76-cm-

Infiltration Tests
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diameter concrete ring, which was pushed into the top of the
plow pan, (2) the inner ring was a 10-cm-diameter plastic
bucket with a bulkhead fitting on the bottom of the bucket,
and (3) a Marriott bottle constructed out of a 15-L Nalgene
carboy and a rubber stopper with an air tube was placed next
to the concrete ring to maintain a constant water level in the
outer ring.

2.5. Water Level Measurements

[16] The water level above the plow pan was measured
with a pressure transducer (Solinst 3001 Levelogger Gold).
The transducer was placed inside a small piece of PVC well
screen that was capped on both ends. The PVC well screen
was covered with a fabric sock to ensure that the fine-
grained soil in the rice field did not enter and clog the
screen. The transducer system was then pushed to the top of
the plow pan through the surface muck, which when the
field is flooded, is an unconsolidated slurry of soil particles
that does not maintain a hydraulic head gradient. The entire
transducer system was surrounded by sand to ensure rapid
equilibration of the water inside the PVC pipe with the
water in the field. Transducers were also placed in four
fields of varying area (Figure 1a). Measurements from these
fields helped us understand the relationship between water
loss and the field perimeter-to-area ratio.

[17] The Solinst pressure transducers measure absolute
pressure, which is affected by changes in atmospheric
pressure. Therefore, a transducer was also placed in the
tower to monitor atmospheric pressure. The error associated
with the water level measurements was conservatively
estimated as +0.6 cm, on the basis of the resolution of the
pressure transducers.

2.6. Meteorological Data

[18] Meteorological data, including rain andypan evapo-
ration, were collected from a metéorologieal station located
4 km southwest of the field site and run,by the Bangladesh
Water Development Board. Rain'nieasurements were made
with a totaling rain gauge that was, emptied daily. We
estimated the error associatedswith this measurement as
+0.05 cm on the basis of the precision of the rain gauge. At
the meteorological stationypan evaporation was determined
by adding or removing\water everyday with a cup of a
known volume so that the water level in the pan was always
at a specified height. Evaporation was determined from the
volume of water added divided by the area of the pan. On
days when water was removed from the pan, the rain gauge
data were used to determine net evaporation. On the basis of
the error involved in determining the area of the pan, the
volume of the cup, and the fractional amounts of water
removed or added with the cup, the uncertainty in the pan
evaporation measurement was conservatively estimated as
+0.1 cm.

[19] Pan evaporation measurements from the meteorolog-
ical station were compared to evapotranspiration measure-
ments taken in the rice field using a large-scale Marriott
bottle, following the protocol outlined by Tomar and
O’Toole [1980] (see auxiliary material). The pan evapora-
tion measurements approximated field evapotranspiration
measurements both at the beginning of the irrigation season
(January) and toward the end of the irrigation season (April)
(see auxiliary material). Therefore, pan evaporation mea-
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surements from the meteorological station were used for
field evapotranspiration estimates.

2.7.

[20] The application of irrigation water to our rice field
was monitored primarily with changes in the measured
water level. Increases in the water level were attributed to
irrigation input if the nearby meteorological station did not
detect rain. This method was verified two different ways.
The first approach involved the farmer recording when he
started and when he cenipleted irrigating the rice field. The
second approach involved, placing a weatherproof camera
(Cuddeback Expert).in the tower that was programmed to
take a picture of the field’s irrigation inlet every hour during
the day. Irrigation events generally lasted from one to two
hours. The farmer’s log and the photographs were used,
along with the irrigation well’s average pump rate [Harvey

Irrigation Input

et al., 2006], to,caleulate the amount of water added to the :

field.

[21]" This method for determining irrigation input assumes
that losses during an irrigation event are small compared to
the amount of water applied to the field. Data show that an
irrigationyevent adds roughly 6 cm of water to the field,

while 03 cm is lost to evapotranspiration and different :

infiltration pathways (see auxiliary material). The amount of
water lost is smaller than the error associated with the
irrigation input measurement, which was determined by
propagating the uncertainty of the pressure transducer
measurements for the initial and final field water levels:
+1/0.6cm? + 0.6cm? = £0.85 cm.

2.8. Soil Cores

[22] Soil cores used for laboratory measurements of soil
properties were collected from the bund and from the
puddled portion of the rice field (Figure 1) in 3” by 30"
(7.6 cm by 76.2 cm) Shelby tubes. The tubes were pushed
into the field as far as possible by hand. Once they stopped

advancing, they were gently hammered down into the soil :

until the top of the tubes corresponded with the top of the
soil. The ends of the retrieved, soil-filled tubes were capped
with plastic caps for shipment back to MIT.

[23] The collected cores were X-rayed to nondestruc-
tively determine the quality of the core and the structure of
the sampled soil profile. The radiograph can detect density
differences within the soil core due to compaction or
cracks. Using the radiograph as a guide, multiple 3-inch
(7.6 cm) sections of the rice field core were chosen for
hydraulic conductivity, bulk density, and porosity measure-
ments. The constant rate of strain test (CRS), which works
well for clayey and cohesive soil, was utilized to deter-
mine all three of these parameters [Wissa et al., 1971;
ASTM International, 2006]. The bund core was not ana-
lyzed because the CRS test requires a cohesive soil
section, and the bund core was full of cracks and macro-
pores (see section 3.5). Processed data and calculations
from the CRS tests are in the auxiliary material. The error
in the hydraulic conductivity measurement was conserva-
tively estimated at 50% because of data fitting that is
required in the CRS methodology (see auxiliary material).
The error associated with the porosity and bulk density
measurements were estimated at 15% and 1%, respectively,
and were determined by propagating the uncertainty asso-
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