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SUMMARY  

Quantifying the water balance is critical to developing long term management strategies when 

designing rehabilitation and closure strategies for residue storage areas (RSAs). There has been 

considerable effort placed on understanding water movement through residue sand embankments, but 

there is little information on the magnitude of water losses from bare soil evaporation (ES) and plant 

transpiration (T). Combined, these two mechanisms represent an important parameter of the water 

balance equation, i.e. evapotranspiration. The importance of these parameters for developing reliable 

models to describe soil-water-atmosphere-plant dynamics highlights the need to obtain reliable field 

estimates of ES and T. This report provides a first-approximation of evaporation losses from residue 

sand over a range of moisture, temperature and vegetation cover conditions.  

 

Evaporation over a temperature range of 20 - 40°C was undertaken under laboratory conditions, while 

evaporation in residue rehabilitation was undertaken over four monitoring periods:  

 

 Time 1 (drought stress) ï 2
nd

 March to 7
th
 April 2007 (period of 36 days with a maximum, 

minimum and mean daily air temperature of 41.4, 5.7 and 22.3 °C); 

 Time 2 (drought stress) ï 27
th
 October to 2

nd
 December 2007 (period of 36 days with a 

maximum, minimum and mean daily air temperature of 37.1, 5.5 and 18.7 °C); 

 Time 3 (water surplus) ï 2
nd

 August to 19
th
 August 2008 (period of 17 days with a 

maximum, minimum and mean daily air temperature of 20.8, 3.4 and 11.9 °C); and 

 Time 4 (transition between water surplus to drought stress) ï 23
rd

 November to 29
th
 

November 2008 (period of 6 days with a maximum, minimum and mean daily air 

temperature of 22.1, 8.3 and 15.9 °C). 

 

For each time interval (æt = tn ï tn-1 where n is a counter), the change in ɗv (æɗv) was calculated as: 

æɗv = ɗvn-1 - ɗvn 

and the change in total wetness of the 0 ï 10 cm interval (æɗttot) was calculated as:  

æɗtot = æɗv  z 

where z = depth (i.e. 10 cm). For each time interval (i.e. 20 minutes), the loss of water through soil 

evaporation was considered to be æɗtot, or:  

ES = æɗtot 

where z = depth (i.e. 10 cm).  
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Evaporation losses under controlled laboratory conditions were found to be similar to those observed 

in the field, particularly under summer drought conditions. Laboratory evaporation rates were, on 

average, 0.0410, 0.1105 and 0.4237 cm/day for constant temperature regimes of 20, 32 and 40°C. 

Field evaporation rates were 0.0258, 0.0373, 0.0618 and 0.1595 cm/day for Time 1, 2, 3 and 4 

respectively. The relationship between laboratory ES and volumetric water content (ɗv) for each 

specific temperature was used as input data for simulating water dynamics in residue sand using the 1-

dimensional water transport model HYDRUS. From these simulations, a theoretical estimate of in-situ 

ES was obtained for each monitoring period; being 0.0174, 0.0163, 0.0300 and 0.046 cm/day for Time 

1, 2, 3 and 4.  

 

During periods of drought and low plant cover, HYDRUS adequately described water dynamics in 

residue rehabilitation. However, with increasing age of rehabilitation and at times when the residue 

sand was moist (i.e. winter), modelling results deviated from the measured data. It was suggested that 

this may be attributed to increasing loss of soil water through transpiration as the vegetation cover 

increased, and that the initial assumption that no drainage occurred over the studied period was 

invalid.  

 

During drought conditions (Times 1 and 2), estimated transpiration and evapotranspiration rates were 

in the range 0.0049 ï 0.0066 cm/day, and 0.0223 ï 0.0228 cm/day, respectively. Under wetter 

conditions and with good vegetation cover, transpiration and evapotranspiration rates were about 

0.0803 and 0.1263 cm/day respectively. While these data provide a first-approximation to plant water 

use, it is essential that quantitative information on actual plant water use by residue rehabilitation be 

obtained. This information is critical for quantifying the role of native coastal species in RSA cover 

design, and for refining the input data for generating reliable model output representative of actual 

field conditions.  

INTRODUCTION  

Quantifying the water balance is critical to developing long term management strategies for 

rehabilitated residue storage areas (RSAs). Current closure strategies for Alcoaôs RSAs involve 

progressive rehabilitation of the outer residue sand embankments. Recent research suggests that much 

(>40%) of the infiltrating water moves below the plant root zone and potentially becomes deep 

drainage. Currently, this drainage is retained within the RSA and returned to the Refinery. However, 

following refinery closure, long term management of this drainage will be required. 

 



4 

 

Water dynamics is often described by the water balance equation: 

 

 Dr = P ï ET ï R - æS (1) 

where Dr = equivalent depth of drainage from a soil profile per unit time; P = equivalent depth of 

precipitation falling onto the soil surface per unit time; ET = evapotranspiration or equivalent depth of 

water lost at the soil surface through evaporation plus transpiration per unit time; R = equivalent depth 

of runoff from the soil surface per unit time; and æS = rate of change in soil-water storage. All units 

are expressed in terms of length per unit time (e.g. cm/day). 

 

Immediately following rehabilitation, the surface of residue sand (BRS) embankments have a 100% 

cover of wood mulch, with negligible vegetation. After about 12 months, rehabilitated residue sand 

embankments exhibit vegetation cover ranging from about 40% over summer (dry season) and >80% 

during winter (wet season). Consequently, evaporation from non-vegetated (i.e. surface mulched) 

areas represents a major component of the soil water balance. Although soil evaporation and 

transpiration are closely linked (i.e. ET), each contributes a variable portion to the overall water 

balance. Despite the importance of ET there have been few studies on quantifying its contribution to 

water loss at Alcoaôs rehabilitated RSAs.  

 

Soil evaporation (ES) rates are controlled not only by atmospheric demand, but also by the conductive 

properties intrinsic to a specific soil (Jury et al. 1991). Evaporation can be divided into two stages: (1) 

the constant rate stage in which ES is limited only by the supply of energy to the surface, and (2) the 

falling rate stage in which water movement to the evaporation sites near the surface is controlled by 

the soil moisture conditions and soil hydraulic properties. Fine grained soils (clay) hold more water 

than coarse grained soils (sand), and can maintain a longer period of upward flux of water through 

capillary conduction before pore spaces dry out. Once pore spaces dry out, water loss occurs in the 

form of vapor diffusion, which requires more energy input than capillary conduction (van de Griend 

and Owe 1994). Consequently, evaporation losses are typically greater in fine grained than in coarse 

grained soils such as BRS.  

 

Direct measurement of ES is difficult and the more common methods include (Boast 1986): 

 

 Meteorological methods, where weather parameters such as net and total solar radiation, air 

temperature, relative humidity, rainfall, wind speed are monitored and evaporation calculated 

from energy balance equations (e.g. Penman, Penman-Montieth, Bowen Ratio, etc.) (e.g. 
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Lascano and Bavel 1986; Lascano et al. 1987; Jara et al. 1998; Wythers et al. 1999; Lascano 

2000; Blight 2002). 

 Remote sensing methods, where evaporation is estimated by determining certain radiative or 

reflective properties of the soil, in conjunction with meteorological data, viewed from a great 

distance. 

 Water balance methods, where measurement or an estimate of the soil water flux at one depth 

is combined with measurements of water content changes between that depth and the soil 

surface (e.g. Lascano and Bavel 1986; Suleiman and Ritchie 2003; Nyhan 2005; Ritchie et al. 

2009), and 

 Lysimetry methods, where a volume of soil is hydrologically isolated from the surrounding soil  

and water loss as a function of time is determined by weighing (e.g. Lascano and Bavel 1986; 

Lascano et al. 1987; Wythers et al. 1999; Tolk and Evett 2009). 

 

The most common and direct method uses a weighable lysimeter (Boast 1986); however, this method 

has several disadvantages (i.e. size, weight, cost) and simpler methods for measuring ES are often 

preferable. One method uses small lysimeters (or microlysimeters) which involve a pushing thin-

walled cylinder (such as PVC tubes) into the soil, removing it, sealing the bottom, weighing it, 

subjecting it to the same evaporative conditions as the surrounding soil for a specific time, and 

reweighing it. A major limitation of this method is determining how long a microlysimeter can be used 

before its isolation from the surrounding soil causes it to deviate enough from reality that the soil in 

the microlysimeter must be discarded and replaced by a new sample. Boast and Robertson (1982) 

found that microlysimeters can deviate within 1 ï 2 days, but concluded that the time of deviation was 

in fact proportional to the length of the microlysimeter. Lascano and Bavel (1986) replaced their 

microlysimeters daily if ES was >1 mm/day and every second day if ES <1 mm/day, but concluded that 

microlysimeters are a simple, practical and accurate means to estimate ES provided they are frequently 

replaced. 

 

Another method of determining ES involves monitoring changes in soil volumetric water content (ɗv 

cm
3
/m

3
) at a specific depth over time. This method assumes that in the absence of drainage and plant 

uptake, any loss of soil water can be attributed to ES. This method has the advantage of measuring ɗv 

in-situ using calibrated moisture sensor probes. If no major disturbance to the soil profile occurs 

during sensor installation, then it avoids the problems mentioned above for microlysimeters. This 
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approach has provided a good estimation of ES for a range of soil textures (e.g. Wythers et al. 1999; 

Suleiman and Ritchie 2003; Ritchie et al. 2009; Tolk and Evett 2009). 

 

There are a range of established models that can simulate ES for a range of soil and vegetation types. 

These models vary from functional models such as that by Ritchie (1972) and later modified by 

Suleiman and Ritchie (2003) which described ES using a soil-water diffusion concept; mechanistic 

models which fundamentally describe water transport and redistribution (water balance approach) (e.g. 

WATBAL by van Bavel et al. 1984; HYDRUS by Simunek and van Genuchten 1999); and water and 

energy balance models (e.g. Lascano et al. 1987; Lascano 2000; Blight 2002).  

 

The primary aim of this study was to estimate evaporation from residue sand under a range of 

temperature and seasonal conditions. The specific objectives were to (1) estimate evaporation rates 

under specific temperatures regimes representative of summer and winter temperature conditions, (2) 

estimate in-situ ES based on changes in ɗv over a range of soil moisture and vegetation cover 

conditions, (3) estimate the depth to which ES influences ɗv, and (4) simulate ES using the mechanistic 

model HYDRUS.  

 

MATERIALS AND METHODS  

Estimation of Soil Evaporation at Controlled Temperatures - Laboratory Study 

It is well-recognised that ambient air and soil temperature play an important role in soil-water 

evaporation (e.g. Blight 2002). To obtain an initial estimate of ES in response to various temperatures, 

the following laboratory study was undertaken. Residue sand was collected from RSA5 south at 

Pinjarra (PJ), and air-dried under laboratory conditions (20°C). After drying, BRS was thoroughly 

mixed and then packed into a PVC tube (50 mm i.d. by 100 mm long; n = 3) to achieve a final bulk 

density of 1.4 g/cm
3
. The microlysimeters were wetted up to saturation and then allowed to drain until 

drainage stopped. The base was then sealed and the surface was covered with a layer (å 3 cm) of wood 

mulch to reflect field conditions. The microlysimeters were weighed to obtain their starting weight, 

and then placed in a fan-forced oven at 20°C. Each microlysimeter was weighed at least twice daily, 

and the change in weight assumed to be a result of evaporation. Weighing was continued until the 

differences between 5 successive weighings were negligible, after which the BRS was removed from 

the tube and oven-dried (105°C for 24 hours). The final moisture content and total mass of the BRS 

were determined gravimetrically. This procedure was repeated for additional temperatures of 32°C and 

40°C. 
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Estimation of Upward Water Flux due to Capillary Rise ï Laboratory Study 

The ability of BRS to lose water via evaporation is partly dependant on the ability of BRS to supply 

water to the evaporation surface. Intuitively, there will be an effective depth to which ES will influence 

ɗv, which will reflect the ability of BRS to supply water to the surface evaporation sites by capillary 

action. The effective depth of influence was determined as follows. A 500 mm long core of 

ñundisturbedò BRS was obtained from PJ RSA4 north by gently tapping a 550 mm long PVC pipe (50 

mm i.d.) into the residue sand embankment. The pipe was then extracted, the two ends sealed to retain 

the BRS core within the tube, and returned to the laboratory. In the laboratory, the end caps were 

removed and the PVC pipe placed vertically in a 100 mm depth of 1.5 M HCl. The BRS core was 

allowed to stand in this solution for a period of 10 days. Placing the BRS core in 1.5 M HCl provided 

a secondary measure of capillary rise. The extent of capillary rise would reflect the change in pH from 

highly alkaline (å pH 12) to a pH of much less than12 following reaction with HCl. After 10 days, the 

PVC pipe was removed from solution and the BRS core displaced in segments of 2.5 cm intervals 

close to the wetting front and 5 cm elsewhere. Each BRS segment was analysed for gravimetric 

moisture content (ɗg), electrical conductivity (EC) and pH (EC and pH determined using a 1:5 BRS to 

water ratio).  

 

The extent of capillary rise was estimated at the height above watertable where a marked changed in 

ɗg, EC and pH was observed. 

 

In-situ Monitoring of Soil Moisture Content 

This study was undertaken at the Pinjarra (PJ) RSA5 south-facing embankment, within the current 

Gypsum/Irrigation trial (GPS location: S32º38.133' E115º54.781'; Block 1, non-irrigated, deep-

gypsum incorporation treatment). A site was selected away from vegetation to initially demonstrate 

water dynamics in the absence of vegetation, and to monitor how this may change with time and 

increased vegetation cover (Phillips 2010).  

 

Monitoring moisture content and temperature profiles as a function of time commenced on 30
th
 

January 2007, using ECT temperature sensors and ECH2O (25 cm long) moisture sensors (EC-20; 

Decagon Devices Inc, WA, USA) attached to an Em5 Datalogger, The moisture sensors were 

calibrated prior to installation using residue sand over a moisture range of 0 to 0.4 m
3
 m

-3
 (Appendix 

A). Temperature and moisture data were downloaded using the software package ECH2O Utility 

(version 1.07), and ECH2O Link (version 2.06) respectively. The moisture and temperature sensors 

were installed at depths of 0.5, 10, 25 and 60 cm below ground level as follows. The surface mulch 
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was removed and stored for replacement after sensor installation was complete. A 30 x 30 x 60 cm 

hole was excavated and residue sand retained for replacement. A small excavation was made at a 

slight downward angle into the "undisturbed" residue sand at 60 cm below ground level using the flat 

steel blade (2.5 cm wide) of a spatula. This ensured that any water passing over the sensor would not 

accumulate on top of it and give erroneous readings. The ECH2O sensor was installed at this depth by 

inserting it into the small cavity immediately after the spatula blade was removed. This ensured good 

contact between the moisture sensor and the surrounding BRS. At the same depth, a temperature 

sensor was installed by pushing the sensor into the exposed BRS face, but at a distance of about 10 cm 

away from the ECH2O sensor. Installation was checked to ensure the sensor maintained good contact 

with BRS. Residue sand was returned to the excavation and compacted to achieve a similar bulk 

density to "undisturbed material" until a depth of 25 cm below surface was achieved. The second 

moisture and temperature sensor was then installed as outlined above. This procedure was repeated for 

installing a moisture and temperature sensor at depths of 10 and 0.5 cm below ground level. Once the 

excavation was re-filled with BRS, the wood mulch was returned to provide a surface mulch layer. A 

star-picket was hammered into the ground and the dataloggers securely attached. The dataloggers were 

set-up to record moisture content and temperature over the 60 cm profile at 20-minute intervals. 

 

Estimation of Evaporation 

Evaporation was considered to be the primary cause of moisture loss when the field moisture profile 

showed no change in ɗv below a depth of 10 cm. This was assumed to indicate that any change in ɗv 

within the 0 ï 10 cm depth interval was due to ES without any contributing loss via drainage. 

Furthermore, drying legs of the soil moisture curve were selected from periods of drought stress (late 

summer to early spring) and water surplus (late winter to early spring) to investigate if temperature 

and vegetation cover affected ES. The length of time of each monitoring period used to estimate ES 

was started immediately following a rainfall event and terminated once a subsequent rainfall event 

occurred.  

 

Four sampling periods were considered to satisfy the above criteria; these being:  

 

 Time 1 (drought stress) ï 2
nd

 March to 7
th
 April 2007 (period of 36 days with a maximum, 

minimum and mean daily air temperature of 41.4, 5.7 and 22.3 °C); 

 Time 2 (drought stress) ï 27
th
 October to 2

nd
 December 2007 (period of 36 days with a 

maximum, minimum and mean daily air temperature of 37.1, 5.5 and 18.7 °C); 
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 Time 3 (water surplus) ï 2
nd

 August to 19
th
 August 2008 (period of 17 days with a maximum, 

minimum and mean daily air temperature of 20.8, 3.4 and 11.9 °C); and 

 Time 4 (transition between water surplus to drought stress) ï 23
rd

 November to 29
th
 November 

2008 (period of 6 days with a maximum, minimum and mean daily air temperature of 22.1, 8.3 

and 15.9 °C). 

 

For each time interval (æt = tn ï tn-1 where n is a counter), the change in ɗv (æɗv) was calculated as: 

 

æɗv = ɗvn-1 - ɗvn (2) 

and the change in total wetness of the 0 ï 10 cm interval (æɗtot) was calculated as:  

 

æɗtot = æɗv  z (3) 

where z = depth (i.e. 10 cm). For each time interval (i.e. 20 minutes), the loss of water through soil 

evaporation was considered to be æɗtot, or:  

 

ES = æɗtot (4) 

where z = depth (i.e. 10 cm).  

 

Modelling Evaporation 

The model HYDRUS-1D (hereafter referred to as HYDRUS) was selected to evaluate how well the 

laboratory-derived ES data represented that occurring in the field. HYDRUS is an interactive software 

system for simulating one-dimensional water transport in uniform or multi-layered unsaturated, 

partially-saturated and fully-saturated soil systems using Richards' equation. Detailed description of 

the governing equations in HYDRUS and their application can be found in Simunek and van 

Genuchten (1999). HYDRUS requires information on the hydraulic properties of BRS as well as 

rainfall and evaporation data on a specified time step. The model simulations were conducted for 

water transport only, and ignored plant water uptake since this data was not available. The hydraulic 

properties have been determined elsewhere (Appendix B), and the rainfall data was available from on-

site weather stations.  

 

Evaporation was estimated using laboratory-based ES as follows. For each temperature (i.e. 20, 32 or 

40 °C), the loss of water (i.e. ES in units of cm/day) as a function of ɗv was fitted to an equation of the 

form: ES = (a  b  ɗv) ÷ (1 + (a  ɗv) where a and b are constants. The resulting equations were: 
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For T = 20°C ES = (7.851  0.076  ɗv) ÷ (1 + (7.851  ɗv)   r
2
 = 0.64 (5.1) 

For T = 32°C ES = (33.786  0.159  ɗv) ÷ (1 + (33.786  ɗv)   r
2
 = 0.89 (5.2) 

For T = 40°C ES = (5.540  0.821  ɗv) ÷ (1 + (5.540  ɗv)   r
2
 = 0.78 (5.3) 

 

The amount of evaporation on a daily basis (ES (cm/day)) was then calculated using the most-

appropriate equation based on the measured temperature in the 0.5 cm depth. The criteria for deciding 

which equation to use was: 

 

 If T Ò 20°C, then ES = Eqn 5.1 

 If T > 20°C and Ò 32°C, then ES = Eqn 5.2 

 If T > 33°C, then ES = Eqn 5.3 

 

RESULTS AND DISCUSSION  

Effect of Temperature on ES 

Loss of water from the microlysimeters by evaporation as a function of time for each imposed 

temperature regime is presented in Figure 2. For all imposed temperature regimes, evaporative loss 

was greatest at the early stage of the experiment, and decreased quickly with time. By Day 5, the rate 

of water loss was very low, particularly for the 32 and 40°C treatments. At the lowest temperature 

(20°C), the loss of water was more gradual, and it required nearly 30 days before much of the 

available water was evaporated. These findings are not unexpected given the strong influence of 

temperature on ES. At 40°C, daily evaporation rates decreased from about 0.6 cm/day to <0.001 

cm/day; from about 0.17 cm/day to <0.005 cm/day at 32°C, and from about 0.07 cm/day to <0.001 

cm/day at 20°C. Similar values have been reported by Lascano and van Bavel (1986) for a sandy clay 

loam soil experiencing a daily temperature range between 15°C to 35°C (i.e. 0.8 cm/day to 0.07 

cm/day). Over a temperature range of 22°C to 25°C, Lascano et al. (1987) reported daily evaporation 

rates for a sandy clay loam soil of 0.5 cm/day which declined to 0.1 cm/day after 3 days, and remained 

relatively constant after this period. Although the air temperature was not reported, Wythers et al. 

(1999) also reported evaporation rates of about 0.8 to 0.6 cm/day during the early stage of evaporation 

for a sandy loam, which decreased to nearly zero by Day 30. 

 

There was a linear relationship between cumulative ES and the square root of time (t
0.5

) as is expected 

for evaporation events exhibiting a first and second drying stage (Ritchie 1972; Suleiman and Ritchie 
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2003). The equivalent depth of water evaporated from the 20, 32 and 40 °C treatment was about 1.6, 

1.0 and 1.2 cm respectively, and each treatment exhibited an initial ɗg å 0.25 g/g. These values are 

consistent with those for sandy textured soils studied by Sulieman and Ritchie (2003; cumulative ES å 

1.7 cm over 50 days with an initial ɗg å 0.25 g/g) and Lascano et al. (1987; cumulative ES å 1.2 to 2.2 

cm over 16 days with an initial ɗg å 0.25 g/g).  

 

To derive an approximate relationship between BRS temperature, ɗv and ES, ES was plotted against ɗv 

for each temperature regime (Figure 3). The resulting equations (5.1, 5.2 and 5.3) were then used to 

estimate daily ES for modelling purposes (see Section 3.3). 

 

Water Movement By Capillary Rise  

The ability of BRS to transport water from a watertable at depth to the surface for evaporation was 

limited to about 8.5 cm (Figure 5). This finding suggests that soil evaporation would be most 

influential in the upper (0 ï 8.5 cm) portion of the profile, and that much of the water lost via 

evaporation, particularly in the early stage, was lost from this portion of the profile. The evaporation 

rate would then be governed by the declining ability of BRS to supply water from deeper (> 10 cm) 

within the profile. This suggests that much of the soil evaporation component for BRS may be largely 

derived from the 0 ï 10 cm depth interval. 

 

This finding is consistent with that by Wythers et al. (1999) who estimated the effective soil depth to 

which bare-soil evaporation influenced water availability for a range of soil textures. These workers 

concluded that clay and silt loam soils dried out to greater depths than sandy soils, and that the depth 

of drying increased with time. For the sandy loam soil, these workers found that evaporation affected 

water availability to a depth of about 7.2 cm after 13 days and 9.8 cm after 51 days. Assuming a depth 

of about 8.5 cm for BRS would therefore seem valid.  

 

Estimation of ES In-situ  

For each of the four time periods monitored, in-situ volumetric water content (ɗv) at both the 0.5 and 

10 cm depths decreased with time (Figure 6). This loss of soil water was attributed to evaporation as 

there were no detectable changes in ɗv below a depth of 10 cm (data not presented). The rate of decline 

in ɗv was greater at the 0.5 cm depth relative to the 10 cm depth, and the period over which 

evaporation occurred was longer at the 0.5 cm depth. For example, for Time 1 (Figure 6a), the rate of 

decline in ɗv with time at the 0.5 cm depth was 0.0157 cm
3
/cm

3
 per day and extended for a period of 

about 8 days, whereas at 10 cm, the rate of decline was 0.0068 cm
3
/cm

3
 per day and maintained for 
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about 5 days. The difference in water loss between the two depths is consistent with the conclusion 

that much of the water lost by evaporation occurs in the uppermost soil layer, and that capillary flow 

cannot supply significant quantities of water over distances exceeding about 8.5 cm. 

 

The total depth of water lost from the 0 ï 10 cm depth interval was attributed to ES (Eqn 4), and ES 

with time, along with cumulative ES with time, is plotted in Figure 7. Trends observed in-situ were 

consistent to those reported for the laboratory experiments (Figure 2 and 3), and with published 

literature (e.g. Lascano and Bavel 1986; Wythers et al. 1999). In fact, in-situ ES generally fell within 

the limits of the imposed temperature treatments of the laboratory study (Figure 8). For example, field 

data at Time 1, 2 and 3 were collected over periods which demonstrated an average (hourly) 

temperature of 22.3°C, 18.7°C and 11.9°C, respectively, and should therefore be similar to data from 

the laboratory treatments of 20 and 32°C. Also, the slope of the relationship between cumulative ES 

and t
0.5

 was about 0.3
 
(r

2
 = 0.99), which is similar to that reported by Sulieman and Ritchie (2003) for 

a sandy loam soil (slope = 1.2). 

 

In contrast, Time 4 was taken over a period with an average temperature of 15.9°C, but displayed a 

cumulative ES relationship similar to a temperature regime of 40°C (Figure 8). It appears that other 

factors may be contributing to water loss other than soil evaporation alone. 

 

The very high hydraulic conductivity (KS å 20 m/d), limited capillary flow from deeper within the 

profile, and poor water retention characteristics of BRS, suggests that first-stage evaporation (the 

constant-rate stage over which ES is only limited by the supply of energy to the soil surface) in this 

material may be much smaller relative to second-stage evaporation (the falling-rate stage in which 

water movement to the evaporation sites near the soil surface is controlled by the soil hydraulic 

properties and soil moisture conditions (Ritchie 1972). This implies that despite evaporation being 

lower during second-stage evaporation, the cumulative evaporation during second-stage evaporation 

can be much greater (Figure 7).  

 

The slope of the ES versus time relationship during second-stage evaporation was determined using 

linear regression analysis for that part of the curve where the cumulative ES remained constant with 

time (Figure 9 and 10). Furthermore, by allocating these slopes a specific temperature category 

(Temperature Category 1 = Temperature Ò 20.5ÁC; Temperature Category 2 = Temperature within the 

range of 21 ï32°C; Temperature Category 3 = Temp Ó 32ÁC) and comparing these slopes to the 

laboratory data, a very good relationship can be observed for all field data except Time 4 (Figure 11). 
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On closer inspection, there appears to be a trend for increasing deviation from the laboratory data with 

increasing time, suggesting that other factors (e.g. transpiration) are contributing to ES with increasing 

time.  

 

Modelling In-situ Moisture Content Profiles and Comparing to Assumed Es  

Modelling ES 

HYDRUS was used to simulate ɗv with time over each of the four time periods. All simulations were 

carried out using the same hydraulic properties (Appendix B), and designating a zero-flux lower water 

boundary (i.e. no drainage was considered to occur below a depth of 10 cm). For Time 1, simulated ɗv 

were very similar to measured ɗv over the 36-day monitoring period (Figure 12a). For Time 2, 3 and 4, 

however, HYDRUS consistently over-estimated ɗv and the magnitude of the differences followed the 

order: Time 2 < Time 3 < Time 4 (Figure 13a, 14a and 15a). These trends were also observed in total 

moisture (expressed in terms of ñequivalent depth of waterò) for each period monitored (Figure 12b, 

13b, 14b and 15b). The simulation results suggest that factors in addition to soil evaporation may be 

contributing to moisture loss in the 0 ï 10 cm depth interval of the BRS profile. 

 

Other mechanisms which may result in moisture loss from the BRS profile include drainage and 

transpiration. The monitoring periods were primarily selected based on the assumption that drainage 

below a depth of 10 cm was not occurring if moisture sensors positioned at greater depths (i.e. 25 and 

60 cm) did not exhibit any change in ɗv. To evaluate the contribution of drainage to moisture loss, 

HYDRUS was re-run with the lower boundary condition set to free drainage. For Time 1, inclusion of 

drainage did not alter the ɗv or total moisture relationships (Figure 12a and b) relative to ignoring 

drainage. For Time 2, inclusion of drainage markedly improved the ɗv and total moisture relationships 

relative to ignoring drainage (Figure 13a&b). For Times 3 and 4, the inclusion of drainage only 

slightly improved the ability of HYDRUS to simulate water dynamics in the 0 ï 10 cm depth of the 

BRS profile (Figure 14 and 15). It appears that the initial assumption that no drainage occurred from 

the 0 ï 10 cm interval over the monitoring period may be invalid. 

 

HYDRUS is a highly sophisticated mathematical model based on fundamental equations which are 

known to simulate water dynamics in porous materials. The general findings from the modelling 

suggested that HYDRUS adequately described changes in ɗv during dry periods of the year, and when 

little vegetation capable of transpiration, was present on-site. For example, Times 1 and 2 were 

selected to represent conditions of drought stress, and at times when transpiration by vegetation would 

be negligible. Interestingly, HYDRUS simulated the field measured data quite well (particularly with 
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the inclusion of drainage). For these two these times HYDRUS suggested that much of the moisture 

loss was a result of soil evaporation (ES) and drainage (D) (Figure 12c and 13c). 

 

Times 3 and 4 were selected to represent a period when moisture was readily available for plant 

uptake, and when the BRS surface supported actively growing vegetation (Figure 1). Inclusion of 

drainage only slightly improved the ability of HYDRUS to simulate water dynamics. In its current 

form, HYDRUS has only been calibrated for bare soil conditions and parameters for plant water 

uptake (i.e. transpiration rates, root growth, rooting depth density, and root length density) have not 

been quantified. Therefore, it is possible that neglecting transpiration has severely under-estimated 

water loss in BRS during periods of adequate plant available water and when plants are capable of 

transpiration. 

 

Modelling has shown that HYDRUS can simulate soil evaporation in residue rehabilitation during 

times when plant water use and drainage are not expected to contribute significantly to moisture loss. 

To allow this model to more closely simulate water dynamics for rehabilitation of varying age and 

moisture availability (i.e. seasonal moisture status), then an accurate estimate of plant water use during 

periods of active transpiration is still required.  

 

Estimation of Transpiration (T) and ET 

The field measured cumulative ES for each time period includes contributions of actual ES, D and T; 

however, the magnitude of these contributions vary depending on age of rehabilitation (hence surface 

vegetation cover), moisture condition (winter versus summer), and whether plants are actively 

transpiring or not (adequate moisture availability). By subtracting the estimated contributions for 

predicted (HYDRUS) ES and D from actual field measured ES, the differences in equivalent depth of 

water may be due to plant transpiration, T. Furthermore, the combined contributions from predicted ES 

and T may provide a first-approximation of evapotranspiration (ET). 

 

Values for cumulative ES (measured and predicted) and D for each time period are provided in Table 

1. Assuming that HYDRUS provides an accurate description of water dynamics in the absence of plant 

uptake, the deficit between the ñknownò parameters, or estimated T, was 0.178, 0.238 and 0.482 cm of 

water for times 1, 2 and 4, respectively. Unfortunately, the wet conditions over time 3 resulted in 

HYDRUS estimating more D than E, and no estimate of T could be determined.  
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Time 1 and 2 reflected conditions of summer water stress and over the 36-day monitoring period, the 

resulting transpiration rate was 0.0049 and 0.0066 cm/day respectively. For wetter conditions (Time 

4), the estimated transpiration rate increased to 0.0803 cm/day. Estimate rates of ET for time 1, 2 and 4 

were 0.0223, 0.0228 and 0.1263 cm/day. Mitchell et al. (2009) reported ET rates for the forest floor of 

semi-arid eucalypt woodland in south-western Australia of 0.03 ï 0.08 cm/day over a ɗv range of 0.10 

ï 0.25 cm
3
/cm

3
. 

 

Although these rates have been calculated using a linear relationship, field data clearly shows ES 

declines exponentially with time (Figure 7), reflecting changes in the ability of residue sand (or soil) to 

supply water to the evaporation sites. Thus, there exists an intricate relationship between D, ES and T 

which is governed by the actual availability of soil water. In other words, as the proportion of soil 

water lost by rapid drainage increases (due to rainfall intensity and duration, unsaturated and saturated 

hydraulic conductivity, antecedent ɗv, etc.) then proportionately less is available for evaporation and 

transpiration (Mitchell et al. 2009). Understandably, quantitative information on plant-atmosphere-

residue sand interactions are a pre-requisite before reliable modelling of water dynamics in residue 

rehabilitation can be validated. 

 

CONCLUSIONS  

An estimation of evaporation losses from residue sand over a range of moisture and temperature 

conditions was undertaken. Evaporation from laboratory studies covering a temperature range of 20 - 

40°C was found to be similar to that observed in the field, particularly under summer drought 

conditions. These data provided a relationship with volumetric water content for simulating water 

dynamics in residue sand using the 1-dimensional model HYDRUS.  

 

Incremental declines in ɗv during drying of residue sand were used to estimate in-situ soil evaporation 

(ES). During periods of drought and low plant cover, HYDRUS adequately described water dynamics 

in residue rehabilitation. However, with increasing age of rehabilitation and at times when the residue 

sand was moist (i.e. winter), modelling results deviated from the measured data. It was suggested that 

this may attributed to increasing loss of soil water through transpiration as the vegetation cover 

increased. It was estimated that during drought periods, transpiration and evapotranspiration rates were 

in the range 0.0049 ï 0.0066 cm/day, and 0.0223 ï 0.0228 cm/day, respectively. Under wetter 

conditions and with good vegetation cover, transpiration and evapotranspiration rates were about 

0.0803 and 0.1263 cm/day respectively. 
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While these data provide a first-approximation to plant water use, it is essential that quantitative 

information on actual plant water use by residue rehabilitation be obtained. This information is critical 

to quantifying the role of native coastal species in RSA cover design, and for refining the input data 

for generating reliable output representative of actual field conditions.   
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Table 1. Estimation of transpiration (T) and evapotranspiration (ET) over the four time periods 

monitored.  

 

Time Days 

Monitored 

Measured 

Cumulative 

ES 

(cm) 

Predicted 

Cumulative 

ES  

(cm) 

Predicted 

Cumulative 

Drainage  

(cm) 

Estimated 

T  

 

(cm) 

Estimated 

T  

 

(cm/day) 

Estimated 

ET 

 

(cm) 

Estimated 

ET 

 

(cm/day) 

1 36 0.928 0.625 0.125 0.178 0.0049 0.803 0.0223 

2 36 1.342 0.584 0.520 0.238 0.0066 0.822 0.0228 

3 17 1.051 0.506 0.986 - - - - 

4 6 0.957 0.276 0.199 0.482 0.0803 0.758 0.1263 

 

NOTE:  

T (cm) = Measured Cumulative ES (cm) - Predicted Cumulative ES (cm) ï Predicted Drainage (cm) 

T (cm/day) = T ÷ Days Monitored 

ET = Predicted Cumulative ES (cm) + T (cm) 

ET (cm/day) = ET ÷ Days Monitored 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 1. Location of moisture sensors at PJ RSA5 south. (a) Vegetation cover at commencement of 

study January 2007, (b) vegetation cover in September 2008, and (c) vegetation cover October 2009 
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Figure 2. Daily soil evaporation (ES) from microlysimeters under three imposed temperature regimes 

 20ÁC, ƶ32ÁC and ƴ40ÁC. Values presented are the mean and standard deviation of three replicates. 

Solid lines represent a line fitted to each dataset of the form ES = ae
bt
 where ES = soil evaporation, t = 

time and a and b are constants 
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Figure 3. Cumulative evaporation from microlysimeters under three imposed temperature regimes  

20ÁC, ƶ32ÁC and ƴ40ÁC as a function of (a) time and (b) time
0.5

. Values presented are the mean and 

standard deviation of three replicates. (a) Solid lines represent a line fitted to each dataset of the form 

Cumulative ES = bt
0.5

 + a where ES = soil evaporation, t = time and a and b are constants. For T=20°C: 

CumES = 0.300t
0.5

  r
2
 = 0.99; T=32°C: CumES = 0.270t

0.5
  r

2
 = 0.97; T=40°C: CumES = 0.587t

0.5
  r

2
 = 

0.99 
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Figure 4. Relationship between daily evaporation (ES) and ɗv under three imposed temperature 

regimes  20ÁC, ƶ32ÁC and ƴ40ÁC. Solid lines represent a line fitted to each dataset of the form: ES = 

(a  b  ɗv) ÷ (1 + (a  ɗv) where a and b are constants (see Equations 5.1, 5.2 and 5.3)   
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Figure 5. Estimation of capillary rise in a column of dry BRS. Capillary rise is estimated by the height 

above watertable at which there is no obvious change in either pH, EC or ɗv due to the upward 

movement of 1.5 M HCl.   pH, ƶEC and ƴɗv. Solid horizontal shows that capillary rise occurred to 

about 8.5 cm above watertable  
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Figure 6. Change in ɗv over time at a depth of 0.5 cm () and 10 cm (ƶ) for the monitoring periods of 

(a) Time 1, (b) Time 2, (c) Time 3 and (d) Time 4 
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Figure 7. Daily evaporation (ƶ) and cumulative evaporation () with time at a depth of 10 cm  for the 

monitoring periods of (a) Time 1, (b) Time 2, (c) Time 3 and (d) Time 4  
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Figure 8. Comparison of cumulative evaporation measured under laboratory and field conditions  
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Figure 9. Cumulative evaporation versus time over the linear portion of the relationship during 

second-stage evaporation for the three imposed temperature regimes  20ÁC, ƶ32ÁC and ƴ40ÁC 

  



28 

 

 

(a) (b)

(c) (d)
16 20 24 28 32 36

0.8

1.2

1.6

2

C
u
m

u
la

ti
v
e
 E

 (
c
m

)

16 20 24 28 32 36

10 12 14 16 18

Time (days)

0.4

0.8

1.2

1.6

2

C
u
m

u
la

ti
v
e
 E

 (
c
m

)

1 2 3 4 5 6

Time (days)

E = 0.021t + 0.569  r2 = 0.99

E = 0.028t + 0.813  r2 = 0.99

E = 0.069t + 0.035 r2 = 0.99

Y = 0.256t + 0.478  r2 = 0.99

 

 

Figure 10. Cumulative evaporation versus time over the linear portion of the relationship for (a) Time 

1, (b) Time 2, (c) Time 3 and (d) Time 4   
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Figure 11. Comparing slopes from linear portion of second-stage evaporation based on median air 

temperature  Field data, ƺ Laboratory data (mean Ñ 1sd). Temperature Category 1 = Temp Ò 20.5ÁC; 

Temperature Category 2 = Temp 21 to 32ÁC; Temperature Category 3 = Temp Ó 32ÁC 
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Figure 12. Changes in (a) ɗv at 0.5 cm depth, (b) total moisture (equivalent depth of water) in 0 ï 10 

cm depth and (c) cumulative Es, with time for Time 1.  = Field data, solid line = HYDRUS simulated 

data ignoring drainage, long dashed line = HYDRUS simulated data including drainage, short dashed 

line = sum of Es and D  
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Figure 13. Changes in (a) ɗv at 0.5 cm depth, (b) total moisture (equivalent depth of water) in 0 ï 10 

cm depth and (c) cumulative Es, with time for Time 2.  = Field data, solid line = HYDRUS simulated 

data ignoring drainage, long dashed line = HYDRUS simulated data including drainage, short dashed 

line = sum of Es and D  

  


