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Abstract 

Hydraulic conductivity of variably-saturated soils is critical to understanding processes at the land 

surface. Yet measuring it over an area comparable to the resolution of land-surface models is 

fraught because of its strong spatial and temporal variations, which render point measurements 

nearly useless. We derived unsaturated hydraulic conductivity at the horizontal scale of 

hectometers and the vertical scale of decimeters by analyzing trends in soil moisture measured 

using the cosmic-ray neutron method. The resulting effective hydraulic conductivity remains close 

to its value at saturation over approximately half of the saturation range and then plummets. It 

agrees with the aggregate of 36 point measurements near saturation, but becomes progressively 

higher at lower water contents; the difference is potentially reconcilable by upscaling of point 

measurements. This study shows the feasibility of the cosmic-ray method, highlights the 

importance of measurement scale, and provides a route toward better understanding of land-

surface processes. 
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1. Introduction 

Knowledge of field-scale hydraulic conductivity of soils is critical for understanding mass and 

energy transfer between the atmosphere and the land surface. Hydraulic conductivity values are 

necessary for land surface models to reconcile moisture distribution within a soil column 

[Lawrence et al., 2011], for models of water flow, infiltration, recharge, crop growth, and the 

transport of solutes, and for additional uses in the fields of ecology, agronomy, and engineering 

[Clemente et al., 1994; Smith et al., 1995; van Dam et al., 1997; Hillel, 1998; Reynolds et al., 

2000; Pitman, 2003; Gutman and Small, 2005; Ghanbarian-Alavijeh, 2012]. But effective, or area-

average, hydraulic conductivity (Ke) is difficult to measure, particularly in variably-saturated soils. 

Direct methods rely on field or laboratory measurements [Dane and Topp, 2002; Schindler, 1980; 

Peters and Durner, 2008] on small-scale samples, which is expensive and time-consuming. 

Subsequent averaging of individual measurements and upscaling of the aggregate hydraulic 

conductivity (Ka) values to a field scale [Neuman, 1994; Zhu, 2004; Severino and Santini, 2005] 

introduces further uncertainty because the relationship between scales is poorly understood 

[Gutman and Small, 2005; Vereecken et al., 2007]. Indirect methods rely on assessing flow or 

states over an area and computing Ke using inverse modeling, which is fraught with difficulties 

associated with large-scale measurements of fluxes or states [Binley and Beven, 1989].  

Here, we present a new method for determining Ke of soils at the scale of hectometers from 

observational data. It takes advantage of the recently-developed ability to measure soil moisture at 

the intermediate scale using cosmic-ray neutrons [Zreda et al., 2008, 2012; Desilets et al., 2010]. 

Our method (Section 2) involves measuring soil moisture using cosmic rays, creating a drying 

curve, evaluating fluxes out of the control volume, computing area-average infiltration rates, and 
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equating these rates to Ke under the assumption of a unit gradient. The aggregate hydraulic 

conductivity (Ka) from 36 small samples collected within the control volume and measured in the 

laboratory using the simplified evaporation method [Schindler, 1980; Peters and Durner, 2008] 

(Section 3) were then compared to the Ke values from the drying curve evaluation and found 

different, but reconcilable by upscaling (Section 4). 

2. Field measurement using cosmic-ray neutron method 

The field experiment was conducted within the Manitou Experimental Forest [Ortega et al., 2014], 

located 45 km northwest of Colorado Springs in central Colorado. Unsaturated hydraulic 

conductivity at the field scale was measured at the Manitou COSMOS (COsmic-ray Soil Moisture 

Observing System) site (39.1006° N, 105.1025° W) using changes in soil moisture derived from 

cosmic-ray neutrons between June and September 2010. The forest at the COSMOS site is of 

medium density (7 kg/m2 of dry biomass) and consists of mainly ponderosa pine. Two COSMOS 

probes were installed on a walk-up tower, ~1 m and ~20 m above the ground [Zreda et al., 2012; 

see http://cosmos.hwr.arizona.edu]. During the study period, the average air temperature was ~15 

°C and the total precipitation was ~200 mm [Asherin, 2011]. 

The cosmic-ray neutron probe measures moderated fast neutrons in air above the soil surface, 

where their intensity is inversely correlated with soil moisture [Zreda et al., 2008]. We used the 

raw moderated neutron count (Nr) shown in Figure 1 and applied corrections for temporal changes 

in pressure, atmospheric water vapor and incoming neutron intensity, and normalized the count 

rate (N) to the San Pedro site [Zreda et al., 2012; Rosolem et al., 2013]. 

At Manitou, the COSMOS probe measures soil moisture over a circular area with a diameter of 

ca. 800 m, computed using Desilets and Zreda [2013], and over a depth that varies from 15 cm 
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when soil is near saturation to 30 cm when soil is drier (computed using Franz et al. [2012]). For 

the computation of soil hydraulic properties the horizontal footprint is the same 800 m, and the 

depth of measurement (ztotal) is set to 21 cm, based on the linear-regression analysis of soil moisture 

increases due to precipitation events (See Appendix S2 for details). 

The mass balance for our control volume, per unit horizontal cross-sectional area, is:  

𝑃 − 𝐸𝑇 − 𝐻 − 𝐼 = 𝑧𝑡𝑜𝑡𝑎𝑙
𝑑𝜃

𝑑𝑡
      (1) 

where P is precipitation, ET is evapotranspiration in equivalent units (mm day-1), H is horizontal 

flow, I is infiltration, ztotal is measurement thickness, and d/dt is change in storage (m3 m-3 day-1). 

Assuming negligible horizontal flow (H=0),  limiting the evaluation to post precipitation drying 

curves (P=0), and subtracting ET estimated from limited eddy-covariance data [Francina 

Dominguez, University of Arizona, personal communication, April 2014] and supplemented with 

meteorological data [Asherin, 2011], the equation becomes: 

−𝐼 = 𝑧𝑡𝑜𝑡𝑎𝑙
𝑑𝜃

𝑑𝑡
       (2) 

Infiltration can be described as the specific discharge in the Darcy-Buckingham equation for one 

dimensional flow. Under an assumed unit gradient [DiCarlo, 2003; Yeh, 1989; Hillel, 1976], K is 

defined as a function of θ and Eq 2 can be written as: 

−𝐾(𝜃) = 𝑧𝑡𝑜𝑡𝑎𝑙
𝑑𝜃

𝑑𝑡
      (3) 

Therefore, the hydraulic conductivity, which equals vertical flow rate at a specific soil moisture 

content, can be computed directly from drying curves generated from COSMOS data (Figure 1). 
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Ten individual drying curves, each following a rain event, were combined to reduce the noise in 

the data and to expand the range of θ values available for evaluation. This process is applicable as 

drying curves for different precipitation events are similar (i.e., they plot on top of each other). The 

individual drying curves were collated by first identifying the peak values for θ from the COSMOS 

data set and meteorological data from Asherin [2011], and following each event’s drying curve. 

The maximum peak θ, on August 4, was then identified and the time of this peak was set to zero. 

This curve is the master drying curve. The peak θ for the remaining drying curves were then 

matched to an average θ value on the master drying curve. The combination of all events yielded 

the composite drying curve (Figure 2). 

Once the composite drying curve was completed, the θ values at each hour increment were 

averaged to reduce potential bias from the θ matching procedure, and a three-parameter 

exponential function was fitted to the data (Figure 2). The derivative of the exponential function 

was then used to determine daily rates of change in volumetric water content. By removing 

estimated evapotranspiration values, and applying Eq 3, we can directly compare our measured 

values to aggregate values from the samples measured in the laboratory (next section). 

Near saturation, the Ke value is ~1.0 cm day-1. As θ decreases, the values of Ke decrease slowly 

until θ nears 0.20 m3 m-3 at which point the change in Ke accelerates until θ falls below 0.12 m3 m-

3 where it drops sharply, marking the cessation of downward flow. This drastic change in Ke when 

θ is less than 0.12 m3 m-3 corresponds to the mean field capacity of the samples.  
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3. Laboratory measurements using HYPROP method 

The HYdraulic PROPerty analyzer (HYPROP) measures pressure at depths of 12.5 mm and 37.5 

mm within a soil column and mass changes to generate hydraulic conductivity and water retention 

functions via the evaporation technique [Schindler, 1980; Schindler and Müller, 2006; Schindler 

et al., 2010].  Measurements obtained using this technique have been compared to standard 

methods in numerous studies and the HYPROP method is considered reliable [Peters and Durner, 

2006; Peters and Durner, 2008; Schindler et al., 2012; Öztürk et al., 2013]. 

Thirty-six undisturbed soil samples were collected within the COSMOS footprint in August 2013. 

Each sample was collected by digging to a desired depth (2.5 cm, 12.5 cm, and 22.5 cm), driving 

a HYPROP sampling ring (80 mm diameter, 50 mm length) into the soil, excavating the ring, and 

securing the sample with plastic caps and tape to protect it during transport. In the laboratory, each 

sample was saturated from below over a period of three days and then secured to a HYPROP 

device and placed on an analytical balance. Pressure (tension) and mass were recorded every 

minute for the first sixty minutes and hourly thereafter for a period of seven to ten days. When the 

mass change became negligible, the sample was removed from the HYPROP device, dried in an 

oven at 105 °C for 48 hours, and weighed to determine the dry bulk density and porosity. 

Hydraulic conductivity values from HYPROP measurements were corrected for temperature 

differences between the laboratory experiments (~24°C) and the field (~15°C), and plotted as 

functions of θ. The arithmetic, harmonic, and geometric averages of the sample conductivities 

were then determined from the 36 individual curves (Fig. 3a). 

Near saturation, the 36 individual samples have K values that range across two orders of 

magnitude. With decreasing θ, hydraulic conductivities decrease rapidly, and approach zero at θ 
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values ranging from 0.21 m3 m-3 to less than 0.10 m3 m-3. Additionally, the variance of K increases 

as θ decreases (Fig. 3b), in agreement with theoretical predictions (Gelhar, 1993; Severino and 

Santini, 2005). 

4. Comparison of the two methods 

At the wet end of the curve, good agreement was found between Ke from COSMOS and Ka from 

HYPROP samples, with Ke a factor of six lower than Ka (Figure 4). With decreasing θ, Ka decreases 

much faster than Ke. The difference between aggregate and effective K values reaches a maximum 

of more than two orders of magnitude for low θ values. For θ values near field capacity, ~ 0.12 m3 

m-3, Ke quickly approaches zero as capillary forces within the control volume prevent further 

drainage and is consistent with the decline in Ka and K for the individual samples. 

The large difference between Ke and Ka at low θ may be a result of the increase in the spread of K 

with decreasing  and a switch from mainly one-dimensional flow when soil is near saturation to 

mainly three-dimensional flow as water content decreases and flow paths become more tortuous. 

This explanation is based on the spatial scaling concept proposed for saturated porous media by 

Matheron [1967] and developed further by Neuman [1994]. The idea is simple: in heterogeneous 

hydraulic conductivity fields the effective K is related to the (geometric) average of point 

measurements by a factor related to the variance of K (Eqs 2 and 3 in Neuman [1994]). 

Furthermore, for one-dimensional flow Ke < Ka and Ka becomes a harmonic mean because flow 

has to pass through the lowest conductivity unit; in contrast, for three-dimensional flow Ke > Ka 

because water can preferentially follow zones of high conductivity. Severino and Santini [2005] 

described similar findings for unsaturated soils, with Ke being a function of the variance of Ka, 

suggesting that a similar scaling technique is applicable to unsaturated conditions. We apply this 
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reasoning to our case of unsaturated hydraulic conductivity fields with the conjecture, based on 

the observed trends in measured Ke and Ka, that a relationship similar to that of Neuman [1994] 

applies to unsaturated conditions. First, we examine the variance of K. From the HYPROP data 

we see that for uniform θ, as θ decreases, the variance of K increases due to the natural variability 

soil properties. Allowing θ to vary around the nominal value both horizontally and vertically 

amplifies the effect on the variance of K because K will depend on both spatial variations of soil 

properties, as before, and variations of θ. With these observations in hand, and given the difference 

between Ke and Ka, we conjecture that the relationship between Ke and Ka for unsaturated 

conditions must be similar to the saturated relationship in Neuman [1994].  

Neuman [1994] states that Ke for observation scales that differ from the measurement scale can be 

reconciled by applying a correction to the geometric average of K. The correction makes Ka smaller 

when flow is one-dimensional (in our case when pores are saturated), and larger when flow 

becomes three-dimensional (in our case when pores are unsaturated). When applied to our 

measurements, saturated Ka comes within a factor of two of Ke, and unsaturated Ka moves to within 

an order of magnitude of Ke. This analysis shows that accounting for the variance of K could bring 

together Ka and Ke, suggesting that the cosmic-ray method for measuring field-scale unsaturated 

hydraulic conductivity is feasible. 

5. Advantages and disadvantages, problems and limits of applicability 

The main advantages of the proposed method are that it is simple, measurements are made at the 

large scale of hectometers, and upscaling is unnecessary. Neutron measurements are non-invasive, 

use natural background neutron radiation, and can be collected under any soil, vegetation and 

environmental conditions. The analysis uses a bucket model and simple mathematics, making this 
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method widely accessible. The main disadvantage is that the hydraulic conductivity can be derived 

only for the top 21 cm of soil and only as a single integrated value. 

One potential difficulty is the necessity to estimate actual ET in order to correct flux out of the 

control volume. Ideally, actual ET should be measured using eddy-covariance method or other 

appropriate energy, mass, or combination methods [Dingman, 2002]. If unavailable, estimated 

actual ET can be used, but will lead to increasing uncertainty. Fortunately, hydraulic conductivity 

derived from neutron data is not sensitive to ET (Fig. 4). A second potential problem is the 

assumption of a unit gradient.  As an average over the COSMOS footprint it is likely justified 

because of the large horizontal scale. However, we note as the soil surface dries more quickly than 

deeper parts, this creates an upward pressure gradient, thus diminishing the unit gradient. The 

likely effect is that the computed Ke has to be higher, even more removed from Ka. Finally we note 

that adding soil tension instruments distributed throughout the COSMOS footprint could provide 

data to test the unit gradient assumption. 

The cosmic-ray neutron method for measuring soil moisture works nearly everywhere, but its 

application to measuring hydraulic conductivity has limitations. First, all water that falls as rain 

within the COSMOS footprint must stay there. Second, rain events should be separated by long 

periods of drying. Third, liquid precipitation is required and soils cannot be frozen. Fourth, the 

flux out must exceed actual ET, which means that there must be infiltration. Manitou was a good 

site for this study, and other potential COSMOS sites include the Tonzi Ranch (California) and 

Tullochgorum (Australia). Ad-hoc campaigns will increase the applicability of the method to sites 

without permanent COSMOS installations. Permanent COSMOS sites that are not amenable to 

this analysis include Island Dairy (Hawaii) and Juelich (Germany) because of their frequent, small 
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rain events that do not produce large peaks in soil moisture and that are not separated by long 

drying times. 

6. Implications and outlook 

Our results have important implications for understanding land-surface processes that rely on soil 

properties for mass balance computations. Such models parameterize soil properties using soil 

texture and laboratory data [Gutman and Small, 2005; Vereecken et al., 2007; Shangguan et al., 

2014]. Our results show that point measurements of hydraulic conductivity vary greatly in space 

and therefore cannot be used as representative measures at any larger scale. Point measurements, 

as well as their averages, underestimate conductivity for any water content except close to 

saturation. In contrast, the area-average unsaturated conductivity function from cosmic-ray data is 

well behaving, displaying small variations between saturation and field capacity. The measured 

values represent a deviation from both single and aggregate values in that the measured Ke 

decreases at a rate considerably slower than all the individual collected samples and all of the Ka 

values. This means that the response of the area differs from that of a single point and that 

substantial correction factors similar to those proposed by Neuman [1994] and Severino and 

Santini [2005] is necessary for accurate representation of field-scale K from point data. The Ke 

value determined from our analysis of the drying curve falls within the variance of the individual 

measurement curves and below the Ka values at the saturated end. As the area average conditions 

become drier, the differences between Ke and Ka increase with Ke higher than all but a few 

individual curves. These trends can be reconciled by using scaling techniques. 

This is the first attempt to use cosmic-ray neutrons to measure hydraulic conductivity of soils at 

different saturation levels. Our data were limited to one site and we used simple data analysis, and 
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several improvements can be envisioned. Future work should include (1) characterizing spatial 

variations of soil tension and moisture; (2) evaluation of evapotranspiration rates from eddy-

covariance data; and (3) testing of the method under different soil, vegetation and climatic 

conditions. Ideal locations should have flat topography (no runoff and no subsurface lateral flow), 

clearly identifiable peaks in θ from rain events, preferably with at least one peak close to the 

estimated average porosity, clearly defined drying curves lasting a minimum of three days, and 

locations with a flux tower or meteorological tower nearby. 

Acknowledgments. This research was part of the COSMOS project supported by the U.S. 

National Science Foundation under grant AGS-0838491. Materials and data can be obtained by 

contacting the corresponding author (marek@hwr.arizona.edu). 
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Figure 1. Precipitation (P; data from Asherin, 2011) and COSMOS-derived soil moisture (θ) at the 

Manitou Experimental Forest from June through September 2010. Grey dots show all data points, 

red dots are the drying curves used in analysis. 
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Figure 2. Composite of ten drying curves from COSMOS-derived θ values. Key to symbols: 

individual soil moisture values from individual drying curves (grey dots); average θ of all drying 

curves at each time step (black dots); mean porosity of the soil samples collected during probe 

calibrations in July 2010 and August 2013 (yellow dot); time at which the change in θ equals ET 

of 1.4 mm d-1 (blue dash-dot line); field capacity (blue dashed line); and the fitted exponential 

function (red line). The three-parameter exponential function was fitted to data shown as black 

dots.  

20
1 aea
ta






 18 

lo
g

1
0
 K

 (
c
m

 d
a

y
-1

)

-4

-3

-2

-1

0

1

2

K

K
a

 (m
3
 m

-3
)

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45



 l
n

(K
)

0

5

10

15

20

K
e

 

Figure 3. Top: Measured hydraulic conductivity curves of: 36 soil samples (grey lines) collected 

within the COSMOS footprint, with computed arithmetic (dashed blue line), harmonic (dotted blue 

line), and geometric (solid blue line) mean conductivity curves (Ka) of the soils at uniform θ, and 

the COSMOS derived Ke with constant ET of 1.4 mm d-1 (dashed red line), and with ET decreasing 

linearly from 5.0 mm d-1 at saturation to 1.4 mm d-1 at field capacity (solid red line). Bottom: 

Variance of the measured hydraulic conductivity values at uniform θ (red) and with θ varying 

±10% around the nominal value (black line). 
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Figure 4. COSMOS derived Ke (red) with ET decreasing linearly from 5.0 mm d-1 at saturation to 

1.4 mm d-1 at field capacity. Ka is the geometric mean of the 36 individual hydraulic conductivity 

curves measured by the HYPROP. The scaling methods by Neuman [1994] at saturation and 

Severino and Santini [2005] for unsaturated θ values adjust the Ka curve into better agreement with 

the COSMOS derived Ke, as shown qualitatively by arrows. 
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N
 (

c
o
u
n
t 
h
r-1

)

1200

1400

1600

1800

2000

2200

2400

Date

Jun  Jul  Aug  Sep  Oct  


 (

m
3
 m

-3
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

N
r 
(c

o
u
n
t 
h
r-1

)

4000

5000

6000

7000

8000




0.5 0.6 0.7 0.8 0.9 1.0




m
3
 m

-3
)

0.0

0.2

0.4

0.6

  

Figure S1.1. Moderated neutron counts Nr (a) are corrected for the neutron probe model, temporal 

changes in pressure, incoming neutron intensity, and atmospheric water vapor, scaled for the 

effects of local altitude and geomagnetic latitude, and normalized to the San Pedro COSMOS site 

for cross-site comparison. The corrected N (b) are then used to determine θ (c) from the inverse 

relationship (inset) described in Desilets et al. [2010] and calibrated to samples taken in July 2010. 
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Figure S1.2. Environmental conditions at Manitou Experimental Forest during the study period of 

June through September 2010. (a) The incoming neutron intensity at the JUNG station from the 
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Neutron Monitor Database [www.nmdb.eu]; (b) relative humidity; (c) atmospheric pressure; and 

(d) average daily temperature with season mean (dashed line) provided by Asherin [2011]. 

Appendix S2 

The thickness of the control volume for the computation of soil hydraulic properties was 

determined by evaluating the change in θ as a result of precipitation events using the following 

equations: 

𝑧𝑡𝑜𝑡𝑎𝑙 = 𝑧𝑠𝑎𝑡 + 𝑧𝑎      (S2.1) 

𝜃𝑧𝑡𝑜𝑡𝑎𝑙 = 𝜃𝑠𝑎𝑡𝑧𝑠𝑎𝑡 + 𝜃𝑎𝑧𝑎     (S2.2) 

Where the total depth (𝑧𝑡𝑜𝑡𝑎𝑙) is the sum of the saturated depth (𝑧𝑠𝑎𝑡) from a precipitation event 

and the unsaturated depth (𝑧𝑎), assumed to have uniform antecedent soil moisture (𝜃𝑎). The depth 

weighted average peak soil moisture was found by weighting the antecedent soil moisture (𝜃𝑎) and 

the saturation soil moisture (𝜃𝑠𝑎𝑡) by the respective depths (za and zsat). Substituting Eq S2.1 for 

𝑧𝑎 in Eq S2.2, and solving for 𝑧𝑡𝑜𝑡𝑎𝑙, we have: 

𝑧𝑡𝑜𝑡𝑎𝑙 =
𝑧𝑠𝑎𝑡(𝜃𝑠𝑎𝑡−𝜃𝑢𝑛𝑠𝑎𝑡)

𝜃−𝜃𝑢𝑛𝑠𝑎𝑡
      (S2.3) 

Regression analysis of bucket model results for five precipitation events, with antecedent soil 

moisture values ranging from 0.12 to 0.32 m3 m-3 and peak soil moisture ranging from 0.16 to 0.50 

m3 m-3 (Fig S2.1), with Eq. S2.3 resulted in a 𝑧𝑡𝑜𝑡𝑎𝑙 = 0.21 m. This value compares well with 

average measurement depth calculated from the COSMOS probe for the study period where the 

arithmetic average ~ 0.22 m. This average value decreases to ~ 0.19 m if we remove data points 

below field capacity, where there is no flow. 
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Figure S2.1. Bucket model regression analysis of θ predictions for five liquid precipitation events 

during the study period. The symbols are the predicted vs. observed θ values for constant ztotal 

depths of 0.1 m (grey squares), 0.4 m (blue triangles), and 0.211 m (red circles). The dotted red 

lines indicate the 95% confidence interval for the linear regression (solid red line), set to pass 

through the origin, for ztotal = 0.211 m having an R2 = 0.98 
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