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MEASUREMENT OF UNSATURATED FLOW BELOW THE ROOT ZONE 
AT AN ARID SITE 

R.R. Kirkham and G. w. Gee(a) 

ABSTRACT 

We measured moisture content changes below the root zone of a grass­
covered area at the Hanford Site in Washington State and determined that drain­

age exceeded 5 cm or 201 of the total precipitation for a 12-month test period 
(November 1982 through October 1983). Although the average annual rainfall at 

tne Hanford Site is 16 cm, the test year precipitation exceeded 24 cm with 
nearly 75: of the precipitation occurring during a 6-mo~th interval (November 
tnrough April). The moisture content at all depths in the soil reached a maxi­
mum and the monthly average potential evapotranspiration reached a m1nimum dur­
ing this period of time. 

Moisture content profiles were measured at depth, with a down-well neutron 
probe, on biweekly intervals from January through October, and these data were 

used to estimate drainage from the profile. Grass roots were not found below 
1 m, hence moisture changes below 1 m were assumed to be entirely due to drain­
age. Upward capillary flow was considared to be negligible since the soil was 
a coarse sand and the water table was below 10 m. The large amount of drainage 
from this ar1d s1te is attributed to rainfall distribution pattern, shallow 
root-zone, and soil drainage characteristics. These observations confirm ear­
lier observations by Cline et al. (1977) that drainage can occur below grass­
covered areas at the Hanford Site. 

Unsaturated flow model simulations predicted about 5 cm drainage from tne 
grass site using daily climatic data, estimated soil hydraulic properties, and 

estimated transpiration parameters for cheatgrass at the Hanford Site. 
Improvements in the comparisons between measured and predicted drainage are 

(a) Specialist and Staff Scientist, Pacific Northwest Laboratory, Richland, 
Washington 99352. 
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anticipated with field-measured hydraulic properties and more realistic esti­
mates of grass cover transpiration. However. botn measurements and model pre­
dictions support tne conclusion tnat under conditions wnere tne majority of the 
rainfall occurs during periods of low potential evaporation and where soils are 
coarse textured. significant drainage can occur from the root zone of vegetated 
areas at Hanford or similar arid zone sites. 
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INTRODUCTION 

Shallow land burial is tne primary disposal method for low-level radio­
active waste. Sites in the ar1d west, where prec1pitation is low and where 
thick, unsaturated soil zones persist, are generally considered tne most ideal 
for tnis type of waste disposal (Mercer et al. 1983). These sites provide an 
environment that tends to minimize contact of water with the waste, thereby 
minimizing the potential problem of ground-water contamination. 

There has been considerable interest in documenting t:1e amount of water 
flow that actually occurs at deptn in the unsaturated zone at arid sites 
(Brownell et al. 1975, Jones 1978, Winograd 1981). Estimates of water flow 
rates in tne unsaturated zone at the Department of Energy's Hanford Site 
{Washington) and Nevada Test Site nave generally ranged from a few millimeters 
or less to slightly over 1 cm/yr (Winograd 1981, Jones 1978, Wallace 1978). 
Detailed water balance studies at tnese arid sites are needed to better quan­
tify the amounts of water that may be available for the transport of radio­
nuclides. Recent lysimeter studies (Jones et a1 , !983) at the Hanford Site 
nave indicated that significant quantities of water flow (in excess of 5 cm/yr 
drainage) can occur in b~re soils under arid site conditions {15 cm annual pre­
cipitation). However, most burial sites will likely hav~ some vegetative 
cover, which can transpire significant quantities of water, thus reducing the 
amount available for drainage. The purpose of this paper is to describe a 

field study at the Hanford Site where the water balance of a grass-covered site 
has been measured and where efforts have been made to simulate the water bal­
ance of the site using an unsaturated flow model, UNSATlD. 
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MATERIALS AND METHODS 

A vegetated area located on tne Hanford Site, near Richland, Washington, 
was selected for water balances studies. The location of tne study area is 
snown ir. Figure 1. Tne site is located in a slight depression approximately 

900 m wide and several thousand meters long in a northeast-southwest direction. 
A range fire several years ago removed brush species from tne site, so tnat 
brush growth now appears only at tne burn area perimeters. The vegetation 
corrrnunity of grasses is quite typfcal of disturbed areas on tne Hanford Site 
where natural revegetation has occurred. The vegetation is composed primarily 

of a mixture of two grass species: cheatgrass (Bromus tectorum) and Sandberg's 
bluegrass (Poa sandbergii), comprising 35% and 27% of the total cover, respec­

tively. The cover estimates were made by a canopy-cover metnod described by 
Daubenmire (1959). The growth of both grasses is confined to late fall and 

early spring. The soil is well drained and nearly uniform to a depth of 3.5 m. 
The top 0.6 m contains 79% sand, 17% silt, and 41 clay and is classed as a 

loamy sand. From 0.6 to 3.5 m, the soil contains 92% sand, 5% silt, and 3% 
clay and is classed as a sand. A rock/gravel layer lies below the 3.5-m deptn. 

The rock/gravel layer is estimated to be several meters thick from observations 
of excavations at adjacent sites. The water table is below the 10 m dEpth. 

Water balance data at the site are collected by recording precipitation 
events; monitoring other meteorological variables, including air temperaturt 

humidity and wind speed; measuring the soil profile water content; and mea­
suring evaportranspiration losses from weighing lysimeters at a nearby site. 

Precipitation 1s measured with both a plastic collection r-ain gauge and a 
tipping bucket connected to a CR-21 data logger (Campbell Scientific Inc., 
Logan, Utah) that records the time of each 0.25-mm increment of rainfall. 
Hourly and daily relative humidity and maximum and minimum ai r and soil tem­
peratures are also collected at the site. Additional climatic data, including 

solar radiation are available from the Hanford Meterological Station, approx i ­
mately 27 km northwest of the grass site. 
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So11 moisture measurements are made with a down-hole-type neutron moisture 
probe. The neutron probe, Model 503 (Campbell Pacific Nuclear Inc., Pacheco, 

California), was field calibrated by converting gravimetric moisture data to 
volumetric water content from samples collected during installation of acce,s 
tubes in December 1982 and performing a regression of tne probe count ratio at 
each sample location against the sample volumetric water content. The calibra­
tion moisture data ranged from 5% to 20% by volume. Soil samples collected 
during the summer at 30-, 60-, and 90-cm depths adjacent to access tubes con­
firmed that the calibration was adequate, even for relatively dry so11 (<0.5% 
by volume). 

Neutron probe measurements are taken at 15-cm intervals to a depth of 
165 cm and at 30-cm intervals down to 345 cm. Soil moisture values determined 
by tne neutron moisture probe are converted to an equivalent water depth by 
multiplying each volumetric moisture content by the appropriate depth interval 
of 15 or 30 cm. These values are summed to produce the water content for the 
soil profile layers of interest. Data sets collected from the probe are 

entered into a interactive data base/plotting program on a VAX 11/780 computer. 
Summary tables and plots are generated to provide average profile volumetric 

water for each sampling interval and water content through time for the field 
site. 

Soil profile moisture is measured at approximately 2-week intervals at 25 
neutron access wells installed in a 5-by-5 grid with 6-m spacing between wells. 
Standard deviations of the mean at each sample interval range from a high of 
1.5% water near the surface during the wet months to a low of 0.5% water at 
lower depths. The average standard deviation for the 1- to 3.5-m samples is 
generally less than 1% volumetric water content. Because of the uniformity of 
the site and the large number of sampling locations (25), we estimate that 

drainage values from the 3.5-m depth are good to about ±0.5 cm. 

Figure 2 shows the placement of access wells and supporting instrumenta­
tion. Each well was installed at a depth of 3.5 m according to the following 

steps: driving in a split tube sampler, then driving in the surrounding casing 
to the same depth, extracting the split tube sampler, and removing soil mate-

rial from the split tube sampler. These steps were repeated approximately 
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every SO cm until the rock/gravel layer was encountered at approximately 3.5 m. 
This process provided representative soil samples from each depth increment and 

ensures an access well with minimal disturbance to the surrounding soil mate­
rial. Soil collected from each split tube sample was returned to the lab for 
determination of gravimetric water and root content. Roots were extracted from 
tne soil by a flotation screening process, described by Al-Khafaf (1977), that 

uses a dispersant and salt mixture to float off organic material. 

Evapotranspiration (evaporation plus transpiration) rates are measured 
witn two weighing lysimeters located at the Buried Waste Test Facility (BWTF) 
located 2 km north of the field test site. One weighing lysimeter has a bare 
soil surface and the other has vegetation similar to the field test site. The 
weighing lysimeters are fully automated and have a resolution of SO g, equiva­

lent to 0.02 nm of water. Hourly average weights are recorded on tape and via 
phone lines by a laboratory computer. 

Simulations of the water balance at the grass site were made using UNSATlD 
a one-dimensional, finite difference computer code that utilizes Richard's 

equation to calculate liquid flow of water in soil (Gupta et al. 1978 and Bond 
et al. 1982). This code simulates infiltration, redistribution, and drainage 
utilizing known or estimated hydraulic properties. Also included in the code 
are several evaporation, transpiration, and root growth algorithms. Selection 

of a specific algorithm to describe these processes is dependent on the sophis­

tication of the available data. 

We used a water balance approach to analyze our field data. The total 
water in a soil profile at any time during the year is a function of the start­

ing water content, precipitation, evaporation, transpiration, internal redis­
tribution, and water movement on or off the surface. This relationship can be 

expressed as: 

Total Water• Init1al Storage+ Precipitation - Evaporation 
- Transpiration .!.. Redi stri but ion .!.. Runoff /Run-on ( 1) 
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Three assumptions were made in adapting Equation (1) to the field test 
site. First we assumed there is insignificant upward movement of water below 
the 1-m depth. This is based on the following observations: the field root 
distribution data indicate that 991 of the root mass is located above 0.6 m, 
with no measured roots below 1 m; the low hydraulic conductivity of drained 
sandy soil; and the deep water table (>10 m). The second assumption, considers 
only one-dimensional (vertical) flow, which for this well drained site appears 
appropriate. Finally, runoff/run-on are assumed to be zero as the generally 
level soil surfaces and sandy soils found at the site minimized ponding or 
lateral surface flow. No surface flow was observed during the study period. 
Based on these assumptions we determined that drainage from the entire profile 
could be expressed as: 

Drainage= Init ; al Storage - Current Storage+ Precipitation 
- Evaporation - Transpiration • (2) 

For drainage below the 1-m depth, we assumed no root uptake below this depth, 
so that no evapotranspiration-induced storage changes were considered. Hence, 
the site drainage could be estimated simply by the storage changes after maxi­
mum storage occurred and can be written as 

Drainage 2 Maximum Storage - Current Storage 

This value should be a conservative estimate of site drainage, since ft does 
not consider input of drainage from the upper 1 m. 
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RESULTS 

PRECIPITATION 

Tne rainfall during the study period exceeded the long-term average. 
Above-normal precipitation at tne Hanford S1te was measured during the period 

November 1982 througn October 1983. Tne precip1tation distribut i on at tne 

Hanford Site is slightly weighted to the winter months witn 641 of the precipi­
tJtion occuring between the 6-month interval of November to April. Figure 3 

shows the average monthly precipitation amounts and the precipitation recorded 

since of November 1983, which is both above normal and also nas 751 of the 

precipitation occurring during the November to April interval. Total precipi­

tation for this time period was 24 cm, or 150i of the average amount (16 cm). 
Figure 4 shows the 1983 accumulated precipitation at the grass site and Hanford 

meteorologic station, compared to a 70-year average for Hanford. 

WATER PROFILE MEASUREMENTS 

The water content for the upper (0- to 1-m deptn) and lower (1- t o 3.5-m 
depth) and total profile layers are plotted against time in Figure 5. The 

hignest soil profile water contents were observed on March 23, 1983. For 

March 23 to May 24, 1983 the total stored water decreased rapidly as water con­

tent diminished throughout the soil profile. losses are assumed to be the 

result of evapotranspiration and drainage in the upper profile and to drainage 

only in the lower soil profiles. After May 24, the total water profile 
decreases at approximately the same rate as the lower profile, while water con­

tent in the upper layer remains relatively constant (due to an apparent balance 
between water added by precipitation and lost by evapotranspiration and drain­

age). Assuming that the removal of water by plants is limited to the upper 1 m 
of soil (the root zone) and that there is no significant upward redistribution 
of water, then all water loss from the lower soil profile layer can be attri­

buted to drainage. From measurements of storage differences between Maren 23 
and October 20, 1983, we determined the drainage from the 1- to 3.5-m soil 

layer to be a minimum of 5.4 cm. 
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Measured water content profiles are shown in Figures 6a and 6b; each curve 
represents a sampling date. Changes in water content are readily visible at 

the surface where large fluctuations occur. The downward redistribution of 
water is apparent, showing that by October the water content is approaching the 
initial conditions of January. The moisture profile for March 23 (curve 3) is 
shown in both Figures 6a and 6b and represents the maximum water storage in the 
soil profile and ~he time of arrival of the wetting front at the 3.5-m depth. 
Figure 6b shews the drying cycle, with a major reduction in water content at 
the 15- and 30-cm sampling depths due to downward redistribution and evapo­
transpiration losses. Sampling depths at and below 45 cm exhibit a uniform 

decrease in moisture content with depth, characteristic of drainage (Davidson 
et al. 1969). 

MODEL SIMULATIONS 

UNSATlD was used to simulate water flow at the grass site during the 
period of January through October 1983. Drainage at the 3.5-m depth, water 
storage, the arrival of the wetting front at 3.5 m, and the final soil moisture 
profile, were all estimated by the model. 

The initial field moisture data, precipitation, and daily potential evapo­
transpiration (PET) values for the period January 27 to October 31 were used as 
input for UNSATlD model runs. A relationship of water content to hydraulic 
~ead and the hydraulic conductivity for the weighing lysimeter soil (which is 
similar to the soil at the 1 to 3.5-m depth at the grass site), was used as 
input to the model. A routine describing cheatgrass transpiration versus time, 
taken from published results at the Hanford Site (Hinds 1975), was used to 
estimate transpiration. Root growth and distribution routines were similar to 
those described by Feddes et al. (1976). 

Sensitivity of the model results to transpiration was investigated by var­
ing the starting date for cheatgrass growth. Figure 7 shows the measured water 

storage curve presented earlier and two water storage curves obtained from 
UNSATlD using two different growing seasons for the simulated cheatgrass vege­
tation cover. For CHEAT120 the growing season begins at day 120 and continues 
for 70 days; CHEAT90 is identical, except growth begins on day 90 and continues 
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for 70 days. The two curves coincide until day 90, at which point the initia­
tion of transpiration increases the rate of water loss from the profile of the 

CHEAT90 curve. CHEAT120 also exhibits a rapid loss of water after tran5pira­

tion begins on day 120. It 1s important to note the overlap of the CHEAT90 and 

CHEAT120 curves after day 178 caused by partial storage of a large su11111er rain 

(0.9 cm) in the CHEAT90 simulation, after transpiration has ceased. UNSATlD 

estimated approximately 5 cm of drainage in both runs at the 3.5-m depth, while 

a maximum flux of 8.6 cm occurred at 1.8 m. Flux rates above 1.8 m were less 
than 8.6 cm, indicating redistribution of water upward had occurred in the 

model simulation. 

The arrival of the wetting front at the 3.5-m depth is predicted 1 montn 

later than actually occurs in the field. The simulated redistribution of water 
downward does not reach the 3.5-m depth until after April 30, and the water 
content benind the wetting front approaches 9%. The field data presented 

earlier in Figure 5 indicate that the wetting front reaches the 3.5-m depth no 
later than March 23, and that the water content immediately following the 

wetting front is between 7% and 81. 

The measured field moisture profile and the UNSATlD-predicted moisture 
profile for October 20 are presented in Figure 8. The UNSATlD witn eitner bare 

surface or cheatgrass shows greater water retention below 1 m than the field 
data. Comparing model simulations and measured water storage on October 20 

suggests that the model overpredicted storage on this date by about 1.7 cm. If 
adjustments were made in the model to match the field storage data and no 

changes were made to the evapotranspiration estimates, the UNSATlD drainage 
prediction would need to be increased to 6.7-cm. The 6.7-cm result is larger 

than the field data estimate of 5.4 cm. Better estimates of hydraulic proper­
ties are needed to further evaluate the soil drainage values. Hydraulic prop­

erties will be measured in the field in tne spring of 1984, and these field 
values will be used to update the model estimates of drainage and to improve 

the match betwen measured and simulated water profiles. 
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VAPOTRANSPIRATION COMPARISONS 

A comparison of UNSATlD predicted evapotranspiration rates against actual 
weighing lysimeter evapotranspiration rates provides an initial check of the 
validity of the cheatgrass alogrithms used. 

UNSATlD evapotranspiration losses for transpiring cheatgrass (CHEAT90) and 
dormant cheatgrass (CHEAT120), and th~ weighing lysimeters for spring and sum­
mer precipitation events are presented in Table 1. For days 114 tnrough 119, 
the comparisons are the sum of five daily evaporation losses after a 0.3-cm 
rain on day 113 (April 23). Water loss between the CHEAT90 simulation and tne 
weigning lysimeter-cheatgrass is in reasonable agreement. For CHEAT120, the 
transpiration has not been switched on and, therefore, has a lower evapotrans­
piration rate. For days 207 through 212, tne weighing lysimeter evaporation 

rates (vegetation dormant) and bare soil are compared with the predicted evapo­
ration (vegetation ~or~ant) obtained from UNSATlD for S days following a rain 

of O.S cm on day 206 (July 25) and an additional 0.04 cm on day 208 (July 27). 
UNSATlD results are similar to the weighing lysimeter bare soil measurements, 
as expected. The weighing lysimeter with grass shows a nigher evaporation loss 
even thougn the vegetation appears dormant by these data. These data indicate 

TABLE 1. Comparison of Evaporation Losses Predicted by UNSATlD at 
Grass Site and Those Measured at Weighing Lysimeters for 
5-Day Periods After Rain Events 1n Spring and Surmier 

Test 
UNSATlD (CHEAT90) 
UNSATlD (CHEAT120} 
Lysimeter-Cheatgrass 
Lys i meter-Bare 

N/A - not available 

Evaaoration Loss (mm~ 
Days 11 -119 Days 20 -212 

9 

s.o 2.9 
1.0 
4.4 

N/A 

2.7 
3.6 
2.9 
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that the evapotrJnsp1rat1on algorithm adequately describes evapotranspiration 
losses durir,g active growth (spring}, but may require adjustment for dormant 
(summer} vegeta~ion condit1ons. The coll~ction of data sets showing fall and 
winter evapot~ansp1r~t1on rates 1s currently 1n progress. 

ihe UNSATlD moJel appears to agree w1th the field data, w1th only minor 
adjustments needed to obtain agreement on the initial profile stor~s~. water 
available for tr?nspirat1on from the root zone, and an 1ncreas~ 1n the rate at 
which water stored 1n the profile is lost to drainage. 

Oifferencei between UNSATlD simulations and field data include the removal 
of water from the root zone and storage of water in the lower soil profile. 
Investigations are continuing that wtll 1mprove root1ng depth and distribut1on 
data and est1mat~s of soil water potent1al at wh1ch plant growt!1 1s limited. 

Additional UNSATlD runs s1mulat1ng a two-layer so11 and incorporat1ng field 
measured hydraulic conductivities should also improve pred1ct1ons. 
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DISCUSSION 

The field measurements and model simulations are in general agreement with 
data from Cline et al. (1977) who observed that a cheatgrass site used less 
water than a deeper rooted sagebrush-bunchgrass site, and during a wet season 
(1974) at the Hanford Site, water accumulated below the cheatgrass root zone. 
The comb1ned effects of rainfall distribution patterns, plant cover type, and 
soil hydraulic propert1es on the amount of annual drainage occurr1ng at an arid 
site cannot be overP.mphasized. The need for detailed analysis to evaluate 
these effects is apparent. 

~odel simulations have been useful in showing the delicate balance between 
mechanisms that control drainage. Although the agreement between measured and 
simulated storage and drainage, could be improved, the simulations suggest a 
control mechanism for reducing drainage of an arid waste site. This would 
1nvolve use of a finer textured soil as an earthern cover, whose hydraulic 
properties are such that the water retention and hydraulic conductivity keep 
the water in the root zone during periods of low evapotranspiration so thdt at 
later times the water can be removed by transpiration processes. 

Often, in the absence of detailed hydrologic analysis, there are generali­
zations made suggesting that, when annual potential evapotranspfration exceeds 
precipitation (often by factors of 5 or more at arid sites), no drainage or 
recharge occurs. Our data clearly indicate that recharge (drainage) can occur 
at an arid site under circumstances where shallow-rooted plants grow on coarse 
sands and when the rainfall occurs during periods of low potential 
evaportranspiration. 
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CONCLUSIONS 

Models used to evaluate water balance in drid regions should not rely on 
annual averages and assume that all precipitation is removed by evapotrans­
piration, especially in coarse-textured soils wher·e vegetation co11111un1ties may 
lack sufffc1ent diversity to utilize yearly moisture. Neutron probe data col­
lected on d grass co11111unity at the Hanford Site dur1ng a wet year (24 cm pre­
c1pftation) indicated that over 5 cm of water drained below the 3.5 m depth. 
The unsaturated water flow model, UNSATlD, predicted water drainage of approxi­
mately 5 cm for the same time period. Field measurements of hydraulic conduc­
tivity will likely improve the drainage estimate made by UNSATlD. Additional 
1nformation describing cheatgrass growth and water use at the grass site will 

improve model predictions within the rooting zone. 

In arid areas where the major part of the annual precipitation occurs dur­
ing months with low average potential evapotranspiration and where soils are 
vegetated but are coarse textured and well drained, significant drainage can 
occur. Water balance control strategies for arid-zone, shallow land burial 
sites like the Hanford Site, where climatic and soil factors combine to opti­
mize drainage, may require use of fine-textured-soil covers over the waste to 
reduce drainage below the root zone. 
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FIGURES 

1 Location of Hanford Site and Research Sites. 

2 Location of Access Wells and Instrumentation at Grass Site. 

3 Rainfall Distribution, Past Year and Average for the Hanford Site. 

4 Curmiulative Rainfall at the Grass Site and the Hanford Site from January to 
October 1983, and Historical Average for the Hanford Site. 

5 Water Storage at the Grass Site in 0- to 3.5-, 0- to 1-, and 1- to 3.5-m 
Layers. 

6 Measured Wetting and Dry1ng Soil Moisture Profiles at the Grass Site. 

7 Field-Measured and UNSATlD-Predicted Water Storage at Grass Site. 

8 Field-Measured and UNSATlD-Predicted Water Profiles on October 20, 1983. 
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