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Abstract

Identifying the dominant mechanisms controlling recharge in shallow sandy soils in
tropical climates has received relatively little attention. Given the expansion of coastal
fill using marine sands and the growth of coastal populations throughout the trop-
ics, there is a need to better understand the nature of water balances in these set-5

tings. We use time series of field observations at a coastal landfill in Singapore cou-
pled with numerical modeling using the Richards’ equation to examine the impact of
precipitation patterns on soil moisture dynamics, including percolation past the root
zone and recharge, in such an environment. A threshold in total precipitation event
depth, much more so than peak precipitation intensity, is the strongest event control10

on recharge. However, shallow antecedent moisture, and therefore the timing between
events along with the seasonal depth to water table, also play significant roles in de-
termining recharge amounts. For example, at our field site, precipitation events of less
than 3 mm per event yield little to no direct recharge, but for larger events, moisture
content changes below the root zone are linearly correlated to the product of the av-15

erage antecedent moisture content and the total event precipitation. Therefore, water
resources planners need to consider identifying threshold precipitation volumes, along
with the multiple time scales that capture variability in event antecedent conditions and
storm frequency in assessing the role of recharge in coastal water balances in tropical
settings.20

1 Introduction

1.1 Background

While the literature describes many aspects of the spatial and temporal structure of
recharge, it remains difficult to predict dominant recharge mechanisms and their con-
sequences in specific settings. Previous studies have demonstrated that recharge is25
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dependent on precipitation timing and intensity, antecedent moisture conditions, and
depth to the water table in a variety of environments. There is insufficient evidence to
describe the relative importance of these factors in a sandy, tropical setting with high
precipitation and high evaporative demand.

It is well-documented that the critical timescale for precipitation’s impact on recharge5

varies by location (e.g., Jones and Banner, 2003; Taylor and Howard, 1996). For exam-
ple, mean annual precipitation is one of the primary factors impacting net recharge in
the humid eastern United States (Nolan et al., 2007) and parts of Texas (Keese et al.,
2005). In contrast, in the Victoria Nile basin in east Africa, the majority of recharge oc-
curs during heavy rainfall events (Taylor and Howard, 1996). Lewis and Walker (2002)10

describe conditions where infrequent and irregular precipitation is the primary source
of recharge. They cite studies in southeast United States, Australia, and other loca-
tions with highly irregular precipitation or precipitation patterns with strong inter-annual
variability. Jones and Banner (2003) show that seasonality in tropical climates can
be more important than average annual precipitation in determining annual recharge.15

They found higher average annual recharge when rainfall was more concentrated dur-
ing the wet season rather than evenly distributed throughout the year. We present
evidence supporting how both seasonality and characteristics of individual events and
clusters of events can impact recharge dynamics in a sandy setting with nearly 2 m yr−1

annual precipitation.20

Drainage and redistribution of soil moisture after an infiltration event can determine
how much moisture percolates deep enough to contribute to recharge. Broadbridge
and White (1988) describe infiltration and wetting front advancement through the un-
saturated zone under constant rainfall conditions. Their analytic solution shows that,
in the absence of ponding, the wetting front advances faster with higher precipitation25

rates. Under some conditions, this could lead to a correlation between higher precip-
itation rates and greater recharge quantities. In our setting, however, the rain events
are short and the solution provided by Broadbridge and White does not apply. Since it
is not adequately described elsewhere, here we evaluate the dependence of recharge
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on precipitation rates versus precipitation depth.
The relative importance of gravitational versus soil matric pressure gradients for

recharge determines, in part, the appropriate tools for future water resources stud-
ies in our setting. Despite some counter examples (Castillo et al., 2003), antecedent
moisture content typically impacts infiltration rates and shallow moisture fluxes. In un-5

saturated porous media, Darcy’s law provides a model to link these quantities:

q=−K (ψ)
(
dψ
dz

−1
)
, (1)

where q represents moisture flux per unit area (m s−1); K(ψ) represents unsaturated
hydraulic conductivity as a function of the soil matric pressure, ψ (m); and z is the
vertical position in the soil profile (m), positive downwards. With low soil moisture, the10

gravitational gradient is typically small relative to the soil matric pressure gradient, so
the gravitational gradient can be neglected (Davidson et al., 1969; Sisson et al., 1980;
Smith, 2002). However, with relatively wet soil, suction gradients are small and water
moves primarily under the influence of gravity (Hillel, 1980). This leads to a strong
correlation between antecedent moisture content and faster percolation of moisture15

through the soil column. In addition, when saturated hydraulic conductivity, Ks, is higher
than the precipitation rate, the gravitational gradient often becomes more important
than the soil matric pressure gradient (Singh, 1997; Smith, 1983).

In our sandy setting, Ks is typically higher than the precipitation rate, but the sand
fluctuates between dry and wet conditions depending on seasonality and recent pre-20

cipitation events. Precipitation and evaporative demand are both high and moisture has
the potential to move quickly through the soil column because sand has high saturated
hydraulic conductivity. These conditions are commonly found in coastal constructed fill
sites, which serve as artificial land areas in regions with high population density. Such
settings also often require innovative water resources planning. Water resources plan-25

ners need to be able to estimate recharge to groundwater to estimate water availability
if they decide to use that groundwater to supplement other fresh water sources.
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Here we apply both analysis of field observations and numerical modeling results to
provide insight into the impact of precipitation patterns on subsurface hydrologic pro-
cesses in shallow sands in humid, tropical climates. We describe the mechanisms that
control how precipitation patterns impact percolation of soil moisture beyond the root
zone and groundwater recharge in this hydrologically dynamic environment. We use5

field observations supplemented by numerical modeling to describe shallow subsur-
face moisture fluxes in a medium sand with high precipitation and evaporative demand.
Specifically, we demonstrate how recharge depends on precipitation timing, precipita-
tion intensity, antecedent moisture conditions, and depth to water table in a sandy,
tropical setting with a shallow water table. Further, we discuss the relevance of these10

findings for future recharge and water resources studies in similar environments.

1.2 Study site

We observed field conditions at the Changi East Reclamation Area, a 25 km2 con-
structed fill site on the eastern coast of Singapore (Fig. 1). Although manmade, this
accessible site is a model for natural shallow sandy aquifers since the construction15

methods created a stratigraphy that is consistent with natural aquifers (Chua et al.,
2007). The Changi East Reclamation Area was constructed using dredged marine
sands placed using dynamic compaction and surcharge, with vertical drains to facili-
tate compaction by releasing moisture from the underlying clays (Choa, 1995). Three
sides of this area are coastal, bordering the Singapore Straight, and the fourth side is20

adjacent to an older fill, which now hosts the Changi International Airport. The coastal
edges of the fill are protected by geotechnical erosion control structures. The land
surface is relatively flat with sparse vegetation. Two main horizontal surface drainage
channels enhance drainage after rainfall events and establish a base water table ele-
vation across the site slightly above mean sea level. Water from these drains is routed25

directly to the Singapore Strait. This study is one of several carried out at this site
exploring the feasibility of using the area for groundwater storage and in situ treatment
(Chua et al., 2007; Ngonidzashe, 2004; Tan et al., 2007c).
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1.2.1 Hydrogeology

The constructed fill material is primarily medium sand, with less than 10 % shells and
less than 1 % silt content (Chua et al., 2007). The average particle size is 0.42 mm.
The porosity of the sand ranges from 0.31 to 0.40 over the area (Chua et al., 2007;
Ngonidzashe, 2004). A sample taken from the top 0.50 m of sand at the field site has5

an estimated porosity of 0.36 (Minihane, 2008). The estimated horizontal saturated
hydraulic conductivity (Ks) ranges between 13 m d−1 and 220 m d−1 (Chua et al., 2007;
Ngonidzashe, 2004; Tan et al., 2004). Chua et al. (2007) estimate a vertical Ks of
6 m d−1 based on a point measurement. This suggests an anisotropy ratio between 2:1
and 36:1, with a higher hydraulic conductivity in the horizontal direction, as expected for10

a constructed fill placed in horizontal lifts and consistent with typical natural aquifers.
The field site is located within 1 km of the coast, however, water table observations

at the site show no diurnal fluctuations consistent with tidal influence (Minihane, 2008).
Ngonidzashe et al. (2004) provide a theoretical analysis explaining this observation.
They estimate that the tidal influence on water table fluctuations extends less than15

300 m to 500 m from the coast; the field site itself is further inland. Therefore, tidal
fluctuations do not significantly impact infiltration and percolation in this setting.

While the provenance of the site is anthropogenic, Chua et al. (2007) demonstrated
that the hydraulic conductivity of the fill material is similar to naturally-derived soils with
similar texture. Therefore, our results are relevant for both constructed fill sites as well20

as natural areas with similar characteristics.

1.2.2 Climate

Singapore’s climate is humid and tropical with precipitation occurring throughout the
year. The weather is characterized by relatively uniform temperature and an average
relative humidity of 84 %, varying between 41 % and 100 %. The diurnal temperature25

typically ranges from a daily minimum of 23 ◦C to 26 ◦C to a daily maximum of 30 ◦C to
32 ◦C (Singapore National Environment Agency, 2010). Air temperatures recorded at
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the field site are frequently higher than the values published by the Singapore National
Environment Agency for the nearby Changi International Airport, with the daily high
often reaching 40 ◦C. A brief description of local climate can be found on the Singapore
National Environment Agency website (2010) or in Gupta et al. (1992).

Ten years of daily precipitation and pan evaporation data at the Changi International5

Airport meteorological station (Fig. 2; data purchased from the Singapore National
Environment Agency in 2004) provides a sense of seasonality in this region. Pre-
cipitation is distributed throughout the year with a modest seasonal pattern because of
regional monsoonal weather. Rainfall is generally higher during the northeast monsoon
(December–March) and lower during the southwest monsoon (June–September). The10

daily precipitation record from the ten-year period (1994–2003) shows that rain was
recorded on 1760 days out of 3652 days: nearly half of the days. The maximum
recorded precipitation in a single day was 211.1 mm d−1, but most days had 10 mm d−1

or less rainfall. The recorded average annual precipitation is about 1.90 m yr−1. While
the field site is within 15 km of the Changi Airport meteorological station, weather pat-15

terns at the field site are generally slightly drier.
Over the period from 1994 to 2003, daily pan evaporation at the Changi International

Airport meteorological station ranged from 0.3 mm d−1 to 9.5 mm d−1, with a mean
value of 5 mm d−1. In contrast to rainfall, evaporation decreases in response to the
increased moisture levels during the northeast monsoon. For most months, precipi-20

tation exceeds pan evaporation, particularly from October through January. However,
10-yr average monthly pan evaporation exceeded precipitation for March, June, July,
and September.

1.2.3 Recharge

The seasonal differences between precipitation and evaporative demand result in25

greater recharge during the northeast monsoon (December–March). This corresponds
to the seasonally fluctuating water table at the field site which is typically shallower
December–March than it is the rest of the year.
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In a series of studies based on conditions at the Changi East Reclamation Area in
Singapore, Tan and colleagues investigated the impact of hydrogeological and meteo-
rological factors on recharge characteristics (Tan et al., 2007a, b, c). Their results show
that the fraction of precipitation that becomes recharge depends on rainfall patterns and
water table depth (Tan et al., 2007a; Tan et al., 2007c) and suggest that rainfall intensity5

has the most significant impact on recharge quantities (Tan et al., 2007a). We add to
their results by providing details on the mechanisms relating recharge and precipitation
patterns.

2 Methods

This study combines monitoring of subsurface conditions at a well-characterized field10

site with more generalized numerical modeling experiments. Direct field observations
reveal the time-varying soil moisture conditions at three depths in the subsurface.
However, these field observations alone are insufficient to evaluate how precipitation
characteristics and soil conditions together influence percolation and redistribution pro-
cesses at this site. Numerical modeling allows us to extend knowledge gained from the15

field data to a broader range of soil and meteorologic conditions.

2.1 Field data collection

The goals of the field campaign were to observe and characterize the moisture fluxes
through the unsaturated zone from the ground surface to a depth below the root zone.
The wetting front advancement is assessed via relatively high-frequency moisture con-20

tent measurements at three depths for a 9-month period in 2005. Precipitation and
other hydrometeorological parameters were also measured at the site to evaluate how
they influence wetting front advancement.

Soil moisture was measured on 10-min intervals using time domain reflectome-
try (TDR) with 0.30 m long 3-rod probes (Models TDR100 (reflectometer), SDMX5025
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(multiplexer), and CS605 (probes); Campbell Scientific, Logan, UT). A total of three
probes were installed horizontally, as follows: a piece of plywood, 0.5 m wide and
0.7 m tall, with pre-drilled holes for each of the soil moisture instruments was installed
vertically with the sand excavated on one side to enable access. One soil moisture
probe was installed at each of three depths: 0.10 m, 0.35 m, and 0.50 m. The probes5

were staggered horizontally to reduce impacts of soil disturbance during placement.
The open pit created for equipment installation on one side of the plywood was back-
filled with native materials after all instruments were in place. The TDR readings were
converted to moisture contents using parameters appropriate to the CS605 probes, as
specified in the instruction manual (Campbell Scientific, 2009).10

Hydrometeorological parameters at the field site were recorded for several periods
that overlap the soil moisture observations (Ngonidzashe, personal communication,
2005). Precipitation data were collected using a tipping bucket rain gauge for several
periods from 2003 to 2005. Surface air temperature, full spectrum solar radiation (Rs),
relative humidity, and wind speed recorded at the field site on 15-min intervals supple-15

ment the daily pan evaporation data from the Changi International Airport. We use a
Penman-Monteith combination equation (California Irrigation Management Information
System, 2010; Allen et al., 1998, 2005) to estimate hourly reference crop evapotran-
spiration.

2.2 Numerical model20

A one-dimensional finite element model approximating solutions to Richards’ equation
(COMSOL AB, version 3.4) describes moisture fluxes in a soil column. Established
theoretical work suggests that variably-saturated flow through homogeneous soil is
predominantly vertical (Bartolino and Niswonger, 1999; Freeze, 1969). We assume a
homogeneous soil profile with vertical moisture flow. This is consistent with a study of25

the site hydrostratigraphy (Chua et al., 2007) that described a largely homogeneous
vadose zone.
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A balance of computation requirements and mass balance and flux accuracies de-
termines spatial and temporal discretizations. A mesh size of 0.001 m is used over the
middle of the domain and then decreases smoothly to 0.0001 m within 0.15 m of the
top and bottom boundaries. This spatial discretization reduces mass balance errors to
less than 0.1 % of the initial stored soil moisture. The maximum time step is 60 s, which5

is necessary for accurate flux calculations. The initial model state is specified as static
hydraulic head conditions without evaporative demand.

For each simulation, the water table is fixed at the bottom of the computational do-
main. To explore the effects of the depth of the water table over ranges observed at
the field site, we adjust this fixed water table depth to 1 m, 2 m, and 3 m. The upper10

boundary condition is a specified flux equal to the precipitation rate. The observed pre-
cipitation rate is always less than the estimated Ks, so surface saturation and ponding
do not occur, as discussed in the results section.

The bare soil evaporative demand in these simulations is extracted uniformly from
the top 0.05 m of soil. The estimated evaporative demand (units of m s−1) is divided15

by the length of the extraction zone to determine the sink intensity used as the model
input in units of inverse seconds. Modeled actual evaporation is calculated based on
a combination of demand and soil moisture availability. Evaporation is assumed to be
negligible during precipitation events.

The soil and meteorological parameters are derived from field measurements and20

laboratory observations. Site data are used to inform the selection of model parame-
ters and meteorological inputs rather than to calibrate and validate the model. Most of
the numerical modeling experiments use one set of soil parameter values; however, a
sensitivity analysis is used to evaluate the relative soil moisture response for a range
parameter values. The baseline Ks used in the simulations is 8 m d−1 based on previ-25

ous work at the field site (Chua et al., 2007; Ngonidzashe, 2004; Tan et al., 2004) and
we run simulations using a modest range bracketing that value (80 m d−1–0.8 m d−1;
Table 1). The porosity is taken as 0.36 based on a point estimate at the field site that
is consistent with the range measured previously across the reclamation area. The
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van Genuchten moisture retention and relative permeability curves (van Genuchten,
1980) are used to model these variably-saturated soil properties. Pressure plate ob-
servations in the laboratory using a sample from the field site inform the selection of
moisture retention characteristic curve parameters (Minihane, 2008). Table 1 provides
a summary of the parameter values used for the analysis.5

3 Field results

3.1 Observed precipitation rates

Most of the observed 15-min rainfall intensities at the field site (September 2003
through January 2004) are less than 10 mm h−1. For this period, the highest recorded
15-min intensity is equal to 105 mm h−1. The estimated vertical Ks at the field site10

(6 m d−1 or 250 mm h−1; Chua et al., 2007) is higher than any of the 15-min rainfall
intensities recorded in this time period or those reported by Fook (1992). Based on this
comparison, and supported by observations at the field site, ponding does not typically
occur and infiltration excess (Hortonian) overland flow generation is rare here.

3.2 Moisture content response to precipitation patterns15

Field observations of moisture content during percolation of individual precipitation
events demonstrate key aspects of the relationship between precipitation character-
istics and percolation through the shallow vadose zone in this environment. We com-
pare the precipitation events and subsequent soil moisture changes to provide insight
into the relative impact of precipitation depth, precipitation intensity, and antecedent20

moisture content on recharge in this sandy, tropical environment.
Soil moisture and precipitation recorded at three depths during a sample 25-day

period demonstrate soil moisture conditions in the absence of precipitation and in
response to precipitation events (Fig. 3). Moisture content generally increases with
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depth, and moisture content changes are typically observed at all three depths in re-
sponse to larger precipitation events. However, there are some events for which a
moisture content change is only observed in the shallowest location. In this short sam-
ple period, three distinct soil moisture responses are observed. On Day of Year (DOY)
86–87, the shallowest soil moisture increases quickly in response to precipitation; after5

the shallow moisture content peaks and begins to decrease, the deeper moisture con-
tents gradually increase, suggesting relatively slow propagation of a wetting front down
through the first 0.50 m of the soil column. The soil moisture does not return to an-
tecedent moisture content levels following the event. In contrast, on DOY 92, moisture
content increases at the shallowest measurement point in response to precipitation on10

that day, but not at the deeper measurement points. Finally, on DOY 94-95, the soil
moisture responds rapidly at all three depths in the soil column. For this event, the soil
moisture profile less than one day after the precipitation event begins is close to the
initial moisture profile.

Figure 4a, b, and c zooms in on three days from another time period to compare the15

24-h dynamics associated with infiltration and percolation events. These events were
chosen because they have similar total event depth: 7.4 mm, 7.1 mm, and 8.1 mm, but
different maximum 15-min precipitation intensities.

On DOY 132, the maximum 15-min precipitation intensity is 4 mm h−1 and the initial
soil moisture is 0.09, 0.13, and 0.17 at 0.10 m, 0.35 m, and 0.50 m, respectively. Prop-20

agation of the wetting front through the soil is gradual, as is the falling moisture content
during drainage. In comparison, the maximum precipitation intensity for an event on
DOY 145 is greater (12 mm h−1), and the initial soil moisture before the wetting front
arrival at each depth is higher (0.13, 0.19, and 0.20, respectively). The sharp wetting
front propagates much faster through the shallow soil for this event. The third event25

(DOY 183) has a total of 8.1 mm of precipitation, largely occurring in a single 15-min
period. The initial moisture content is similar to that on DOY 132, but the precipitation
intensity is much higher, approximately 30 mm h−1. The shallow moisture response is
fast, but the wetting front does not propagate quickly beyond 0.10 m. The deeper soil
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moisture response is similar to that of the longer, less intense event on DOY 132.
Of these three events, the only one for which the wetting front propagates quickly

beyond the top 0.10 m is the event on DOY 145, which has the highest initial moisture
content. This event has neither the highest maximum precipitation rate nor the greatest
precipitation depth.5

3.3 Moisture content change at 0.5 m

We have chosen to use moisture content change at 0.50 m as a metric for estimating
relative event contribution to recharge. Of the 34 events recorded at the field site, 24
resulted in a moisture content change at 0.10 m, but only 16 resulted in a measurable
moisture content change at 0.50 m. In Fig. 5, the moisture content change at 0.50 m is10

compared to both the maximum 15-min precipitation rate (upper plot) and the total pre-
cipitation depth (lower plot) for each event. The moisture content change is determined
by taking the difference between the moisture content at the start of the infiltration event
and the maximum moisture content at the same depth following the infiltration event.
There is a significantly stronger linear relationship with the rainfall quantity than with15

the maximum 15-min precipitation rate.
A different view of the data provides insight into the relative impact of precipitation

event depth and antecedent moisture content. Figure 6 presents two scatter plots,
both showing the maximum change in moisture content at 0.50 m for each event as
a function of the change in moisture at 0.10 m. In Fig. 6a, black diamonds indicate20

the events with precipitation depths less than 3 mm and grey squares indicate larger
events. Most of the events with smaller depths do not result in soil moisture change at
0.50 m. Events with depths greater than 3 mm produce observed moisture responses
at 0.10 m and 0.50 m, with a stronger response at 0.10 m.

Figure 6b distinguishes the events with average initial moisture content (calculated25

from the three observation points) above 0.13 (black diamonds) from those with lower
initial moisture content (grey squares). For wetter initial conditions, a given change
in moisture content at 0.10 m corresponds to a greater change in moisture content at
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0.50 m. This confirms that higher antecedent moisture content promotes propagation
of moisture through the soil column as is consistent with gravity-dominated drainage
typical in wet climates.

The product of the antecedent moisture content and the precipitation depth is pro-
posed as a way to predict the moisture content change at depth for a specific precipi-5

tation event. Figure 7 shows that the change in soil moisture at 0.50 m following each
precipitation event is strongly correlated with the product of the antecedent moisture
content and the precipitation depth. The coefficient of determination, R2, for the best-fit
line is 0.98. This therefore suggests that a combination of antecedent moisture content
and precipitation depth is likely to be the best indicator for recharge in response to indi-10

vidual events. The sequential and seasonal timing of precipitation events impacts the
antecedent moisture content since the moisture is higher following previous events and
when the water table is close to the ground surface. Therefore, both daily and seasonal
precipitation characteristics are relevant to recharge studies.

4 Modeling results15

We use the one-dimensional numerical model to supplement the field data and to ex-
tend the insight gained from the field observations to a broader range of meteorological
conditions. The numerical modeling results demonstrate the relative impacts of precip-
itation patterns on subsurface moisture fluxes and recharge under a modest range of
saturated hydraulic conductivity values and water table depths.20

4.1 Qualitative comparison with field observations

The intent of comparing field and modeling results is neither to calibrate the numeri-
cal model nor to exactly replicate a specific event in the field. Rather the purpose is
to demonstrate that the dominant hydrologic processes represented in the model are
consistent with field observations.25
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Recorded precipitation and estimated evaporative demand from 24 March to 2 April
(DOY 83-92) are used as a baseline for model inputs (Fig. 8, simulation days 1–10).
This period is used because the events on days 4 and 6 are isolated from other events,
making it relatively straightforward to distinguish the shallow subsurface response to
these events from the responses to other events. Since this exercise is designed to5

explore relative trends rather than to calibrate the model to field data, the initial soil
moisture profile of the model is not fit to field data, but rather a static equilibrium con-
dition is used. This is likely a reasonable condition when there is about one week or
more between events.

Figure 9 compares panel (a) the time series of the moisture content field measure-10

ments from 24 March to 2 April (DOY 83-92) at three depths (0.10 m, 0.35 m, and
0.50 m) with panels (b–c) the simulated moisture content at the same depths when the
water table is 1 m and 2 m deep and Ks equals 8 m d−1. With the simulated water table
at 2 m, the initial moisture contents of the model are drier than the field observations.
However, when the water table is at 1 m, the model initial conditions are wetter than the15

observations. This provides a range of results for our qualitative comparison. For both
field observations and modeling results, the shallow moisture content responds quickly
to infiltration events, while the deeper moisture contents respond more gradually. When
the water table is at 1 m, the infiltration front moves more quickly through the top 0.5 m
compared to the 2 m simulation. The field observations show more rapid drainage af-20

ter passage of the wetting front with a similarly more rapid and distinctive response at
depth. The diurnal evaporation signal is evident in both the field observations (e.g.,
DOY 84-86) and the modeling results (e.g., days 2 and 3).

The simulated moisture content response when the water table is 2 m deep and Ks

is (a) 80 m d−1 and (b) 0.8 m d−1 provides additional insight into this system (Fig. 10).25

Both simulations start with the same moisture distribution above the water table, but
the higher Ks leads to more evaporation and therefore lower moisture contents at the
beginning of the precipitation event on day 4. In response to the event on day 4, the
shallow moisture content peaks lower and drains faster when Ks is higher. The rapid
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drainage in the high Ks case causes the deeper moisture contents to respond; there is
no visible response in deeper moisture content for the low Ks case. The smaller infiltra-
tion events after day 4 do not cause a noticeable moisture content change at any depth
when Ks is low, indicating that little of the infiltrating moisture reaches 0.1 m. Moisture
from these events contributes directly to evaporation and to fill the soil moisture deficit5

caused by previous evaporation near the top of the domain.

4.2 Precipitation depth and intensity

It is informative to explore the trade-offs between precipitation depth and precipitation
intensity in controlling soil moisture response. This series of simulations uses the do-
main, initial conditions and evaporative demand of the previous set of simulations with10

a fixed water table at 2 m. Figure 11 compares the simulated moisture content for the
three depths: 0.10 m, 0.35 m, and 0.50 m. Each plot presents 10-day simulation results
for either the observed (Fig. 11a) or a modified version (Fig. 11b–c) of the precipita-
tion pattern in Fig. 8a. In all three cases the model-calculated actual evaporation is
soil-moisture-limited.15

Figure 11a shows the simulated moisture content response to the precipitation se-
quence shown in Fig. 8. The initial moisture content in the top 0.50 m is between 0.075
and 0.085, increasing with depth. The moisture content at 0.10 m is constant for the
first 1/3 day, and then decreases gradually until the precipitation event on day 4. In
response to the first two events (simulation days 4 and 6), the shallow moisture content20

increases quickly and the moisture contents at 0.35 m and 0.50 m increase slowly. At
0.10 m, the moisture content peaks just above 0.13, and then drops quickly at a de-
creasing rate, showing small effects of the diurnal evaporation signal. The arrival of the
wetting front at 0.35 m from the first event is clear, but the arrival of the second event is
less distinct and appears to coincide with the rising moisture content resulting from the25

previous event. The moisture content at 0.50 m increases gradually, starting about 1.5
days after the sharp moisture content increase at 0.10 m.
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Figure 11b shows the simulated response to the rainfall time series of Fig. 8a scaled
by a factor of 0.5 (half the precipitation rate and therefore with half the total volume).
The peak moisture content at 0.10 m is lower and less sharp than in the other two
cases. The moisture content at 0.10 m falls more slowly, and the moisture contents
at 0.35 m and 0.50 m increase more gradually, demonstrating slower drainage than for5

the previous example. In addition, the moisture content at 0.10 m and lower does not
respond to the second precipitation event (day 6). Since this is a small event (<3 mm
per event), it contributes solely to meeting evaporative demand, or the moisture deficit
created by evaporative demand.

For Fig. 11c, the precipitation intensities of Fig. 8a are scaled by 0.5, but each 15-10

min precipitation block is extended to a 30-min block. Since events are twice as long
but each event starts at the same time as the original time series, time lapse between
events is slightly shorter. The shapes of the moisture content time series are very simi-
lar to those in Fig. 11a, which suggests that precipitation intensity has less of an impact
on subsurface moisture conditions than total precipitation depth for these conditions.15

4.2.1 Antecedent moisture content

We used the one-dimensional model with the observed 10-day meteorological forc-
ings (Fig. 8) to evaluate the impact of antecedent moisture content on wetting front
advancement. The initial moisture content profile is equal to static equilibrium with the
water table at 2 m. The shallow antecedent moisture content for the event on day 4 is20

raised using two different approaches: 1) raising the water table from 2 m to 1 m, and 2)
prescribing a steady influx of 8.6 mm d−1 at the ground surface for the first three days
of the simulation (with the water table at 2 m). This influx then stops at the end of the
third day so the wetting front for the first three days of rain can be readily distinguished
from the wetting front resulting from the precipitation on day 4.25

Figure 12 compares the moisture content at three depths for each of these simu-
lations. For the scenarios without precipitation in the first three days (a and b), the
shallow soil moisture gradually decreases from the initial condition in response to
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evaporative demand. When there is precipitation during the first three days, Fig. 12c,
the moisture content increases, and therefore the fluctuations due to diurnal evapora-
tive demand are much more evident in the shallow soil. For all three simulations, the
shallow moisture content increases quickly in response to the rain event on day 4. The
shallow drainage and subsequent increase in moisture content deeper in the soil profile5

happens more quickly when the moisture content at the start of the event on the fourth
day is higher. While the peak moisture content at 0.10 m varies with each scenario, the
change in moisture content at 0.10 m is approximately 0.06 in all three cases, though
slightly higher for the driest case. The deeper moisture contents increase faster with
higher initial moisture contents. This is a consequence of faster percolation of infiltrat-10

ing moisture and is consistent with gravity-dominated soil moisture fluxes.

5 Discussion and conclusions

Our field observations and modeling results demonstrate the relative influences of pre-
cipitation depth, intensity and timing on percolation of soil moisture and groundwater
recharge. The numerical model provides additional insight into hydrologic processes15

that determine the impact of precipitation patterns on recharge for a modest range of
conditions. The numerical results are consistent with our field observations and are
relevant to both constructed fill areas and naturally-derived shallow sandy aquifers in
tropical climates.

5.1 Precipitation depth and intensity20

Both our field observations and modeling results show that in this setting wetting front
advancement beyond the root zone has a stronger correlation to precipitation depth
than to 15-min precipitation intensity. This contrasts with work by Broadbridge and
White (1988) who suggest the opposite. The explanation for this difference lies in the
relatively short precipitation events that occur in tropical Southeast Asia compared to25
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sustained events considered in previous studies. Our results also build on work by
Tan et al. (2007a), who evaluated recharge from 24-h events, but whose experimental
design did not distinguish between the impacts of intensity versus depth. Here we have
isolated the impact of intensity from depth and demonstrated that due to the relatively
short duration of events in this region and the high Ks, recharge quantity depends more5

on the precipitation depth of each event than on precipitation intensity during events.

5.2 Precipitation depth and evaporative demand

While we found that larger events are more likely to contribute to recharge, recharge
is not a linear function of precipitation depth. Most precipitation events less than 3 mm
per event do not show measureable change in moisture content beyond 0.1 m below10

the ground surface. For comparison, daily evaporative demand during this time period
averages about 4 mm d−1. Following small events, the infiltrating moisture remains in
the shallow soil either to replenish a soil moisture deficit caused by evaporation, or
the moisture contributes directly to evaporation before it has sufficient time to drain to
0.50 m. Infiltration from these events is unlikely to contribute to recharge. This is con-15

sistent with previous field studies (Sophocleous and Perry, 1985) in which infiltrating
moisture tends to fill the moisture deficit created by extended dry periods and evapo-
ration.

5.3 Antecedent soil moisture

Both field observations and modeling results confirm the conclusions of others that20

higher antecedent moisture conditions facilitate the propagation of the wetting front
through the vadose zone. Focusing on those precipitation events that propagate below
0.1 m below ground surface, higher antecedent moisture conditions result in deeper
percolation and greater recharge potential. This behavior implies gravity-driven flows.
Antecedent moisture content in the shallow subsurface is higher when either the water25

table is shallower or within 24 h after a precipitation event. Higher antecedent moisture
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content in the shallow subsurface at the field site is associated with either a shallow
water table or with a recent (<24 h) precipitation event. Therefore, the second of two
temporally close events is more likely to contribute to recharge than a similar isolated
event of the same magnitude that occurs after a dry period, particularly if the events
occur within 24 h of each other. These findings are consistent with those described by5

Tan et al. (2007c) for the same environment; they demonstrated that clustered precipi-
tation events tend to lead to more recharge than isolated events. Keeping the modeling
results in mind and looking back to the field observations, the fast wetting front move-
ment recorded in the field on DOY 145 (see Fig. 4b) is likely to be a result of higher
antecedent moisture content when compared to events of similar volume on DOY 13210

and 183.
The weather patterns and subsurface properties in this environment require that

daily rather than monthly time scales be used to describe the relationship between
precipitation and recharge. Since the moisture drains quickly in this environment, tim-
ing of precipitation (time lapse between events) is a significant factor in determining15

recharge. This temporal dynamic is not included when precipitation is aggregated by
month. Seasonal variations in climate and water table conditions are also critical to
describing subsurface moisture fluxes and groundwater recharge. Antecedent mois-
ture content in the shallow vadose zone is dependent on water table depth in addition
to timing of previous events; isolated events that occur when the water table is closer20

to the ground surface will percolate quickly through the shallow subsurface, contribut-
ing to groundwater recharge. With the seasonal change in shallow soil moisture that
comes with water table fluctuations, the relationship between precipitation patterns
and recharge also changes. This is consistent with previous observations by Jones
and Banner (2003), and provides a possible mechanism explaining why they observed25

greater recharge when a higher percent of rainfall occurred during the wet season
compared to more evenly distributed precipitation events.
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5.4 Recharge

While wetting front advancement depends strongly on both antecedent soil moisture
conditions and precipitation depth, neither of these factors alone is sufficient to predict
the soil moisture response in this environment. The moisture content change below
0.50 m is strongly correlated to the product of the moisture deficit and the precipitation5

depth. The high coefficient of determination (Fig. 7) demonstrates that the combination
of these terms is a strong predictor of soil moisture response in the top 0.50 m of soil.
This indicates that much of the variability in response to different precipitation events
can be attributed to the product of these two factors. In other words, most of the
recharge in this environment comes from events with greater precipitation depths that10

occur when there is a low moisture deficit.
Specifically, for our field site, this means that a higher percent of a precipitation event

will contribute to recharge when the total depth is more than 3 mm per event and the
water table is shallower (i.e., during the wet season) or when that event closely follows
a preceding event. It follows that more frequent and/or deeper events that occur during15

the monsoon season contribute more recharge on average than events that occur dur-
ing the drier season. Therefore, in sandy locations with tropical climate and a shallow
water table, water resources planners interested in recharge or soil moisture conditions
need to consider identifying threshold precipitation volumes, along with multiple time
scales that capture variability in event antecedent conditions and storm frequency. Our20

results also suggest that recharge in these locations will be sensitive to subtle changes
in precipitation patterns such as might be induced by a changing climate.
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Table 1. Summary of model parameters.

Parameter Values

Saturated hydraulic conductivity (Ks) 80 m d−1, 8 m d−1, or 0.8 m d−1

Porosity (field saturated moisture content) 0.36
Residual moisture content 0.05
van Genuchten n 2
van Genuchten α 6 m−1

van Genuchten λ 0.5
Water table depth 1 m, 2 m, or 3 m
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Fig. 1. Field site: Sketch of the Changi East Reclamation Area showing the approximate
location of the field site. The sketch at the right is modified from L.H.C. Chua (personal com-
munication, 2003).
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Fig. 2. Hydrometeorology summary: Daily mean precipitation and pan evaporation at the
Changi International Airport, 1994–2003. Raw data purchased from the Singapore National
Environment Agency in 2004.
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Fig. 3. Field observations of precipitation rate and soil moisture content. Moisture content field
data recorded on 10-min intervals from 16 March to 10 April 2005 (DOY 75 to 100). Porosity is
0.36.
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Fig. 5. Precipitation depth versus intensity. Comparison of the volumetric moisture content
change at 0.50 m versus (a) maximum 15-min precipitation rate and (b) total precipitation depth
for each event. Linear trendlines are shown with the corresponding coefficients of determina-
tion, R2.
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Fig. 6. Moisture content change relative to precipitation depth versus antecedent moisture
content. Scatter plots show the moisture content change at 0.50 m versus 0.10 m following
each precipitation event. (a) The grey squares indicate events with precipitation depths greater
than 3 mm and the black diamonds indicate smaller events. (b) The grey squares indicate
events for which the average of observed antecedent moisture content is less than 0.13 and
the black diamonds indicate wetter antecedent moisture conditions.
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Fig. 7. Precipitation depth and antecedent moisture content. Scatter plot of volumetric moisture
content change at 0.50 m versus B, the product of precipitation depth and average observed
antecedent moisture content. The linear trendline is shown with the equation for the best-fit line
and the corresponding coefficient of determination.
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(DOY 83-92) and used as the baseline top boundary condition and evaporation demand for a
set of 10-day simulations.
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(a) Results for field-
      measured precipitation

(b) Water table at 1 m
      Ks= 8 m d -1

(c) Water table at 2 m
      Ks = 8 m d-1

Fig. 9. Comparison of field observations with modeling results. Moisture content time series
for (a) the field measurements and (b–c) the 10-day numerical model with Ks equal to 8 m d−1

with the water table at 1 m and at 2 m. The porosity is 0.36.
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(b) Water table at 2 m
      Ks= 0.8 m d -1

(a) Water table at 2 m
      Ks = 80 m d-1

Fig. 10. Effects of saturated hydraulic conductivity on simulated moisture content. Moisture
content time series for the 10-day numerical model with the water table at 2 m, and Ks equal to
(a) 80 m d−1 and (b) 0.8 m d−1. The porosity is 0.36.
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(a) Results for field-measured 
     precipitation

(b) Results for field-measured 
      precipitation scaled by 0.5 
     (half the total depth)

(c) Results for reduced intensity 
     but same event and total depth
     compared to field-measured
     precipitation

Fig. 11. Effects of precipitation depth and intensity on moisture content. Ten-day simulated
moisture content with the water table at 2 m and Ks equal to 8 m d−1. (a) Results given field-
measured precipitation and evaporation demand shown in Fig. 8 (same data as Fig. 9c, but with
a modified vertical scale to match other plots in this figure). (b) Results given the precipitation
record shown in Fig. 8 scaled by 0.5. (c) Results given a precipitation record in which each
event starts at the same time as in Fig. 8, but is twice as long; the intensity is half the original
value but the total precipitation volume is the same. ET demand is the same for all three
simulations. Moisture contents at three depths in the domain are shown: 0.10 m, 0.35 m, and
0.50 m. Porosity is 0.36.
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(a) Water table at 2 m

(b) Water table at 1 m

(c) Water table at 2 m
3 days precip at 8.6 mm d-1

Fig. 12. Effects of antecedent moisture content on soil moisture response to precipitation.
Comparison of moisture content time series at three depths for three scenarios to evaluate
the impact of antecedent moisture content on the wetting front advancement. Top (a): water
table at 2 m and no precipitation for the first three days. Middle (b): water table at 1 m and no
precipitation for the first three days. Bottom (c): water table at 2 m and constant precipitation
specified (8.6 mm d−1) for the first three days.
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