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Abstract

Area-average soil moisture at the sub-kilometer scale is needed but until the advent
of the cosmic-ray method (Zreda et al., 2008), it was difficult to measure. This new
method is now being implemented routinely in the COsmic-ray Soil Moisture Observ-
ing System (or COSMOS). The stationary cosmic-ray soil moisture probe (sometimes
called “neutronavka”) measures the neutrons that are generated by cosmic rays within
air and soil, moderated by mainly hydrogen atoms located primarily in soil water, and
emitted to the atmosphere where they mix instantaneously at a scale of hundreds of
meters and whose density is inversely correlated with soil moisture. COSMOS has al-
ready deployed 53 of the eventual 500 neutronavkas distributed mainly in the USA,
each generating a time series of average soil moisture over its hectometer horizon-
tal footprint, with similar networks coming into existence around the world. This paper
is written to serve a community need to better understand this novel method and the
COSMOS project. We describe the cosmic-ray soil moisture measurement method,
the instrument and its calibration, the design, data processing and dissemination used
in COSMOS, and give example time series of soil moisture obtained from COSMOS
probes.

1 Introduction

Although the total amount of water stored in soil is much less than that stored in oceans,
fluxes of water into and out of soils can be large, making soil water important in the
exchange of matter and energy between the solid earth and the atmosphere. Evapo-
transpiration, infiltration and runoff depend on soil wetness, as does the sensible heat
flux from the surface and the heat stored in soils. Soils provide nutrients for the bio-
sphere, and soil water is also important in biogeochemical cycles. Soil water controls
forcings and feedbacks between the subsurface and the atmosphere, thereby giving it
a significant role in moderating weather and climate, and in controlling the partitioning
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between surface runoff and infiltration on one hand, and evapotranspiration on the
other. Because of soil moisture’s importance for so many different fields it has received
much attention, both from theoreticians and modelers and from experimenters and ob-
servers. But its role in the environment is among the least well understood because
area-representative soil moisture is difficult to measure at the intermediate scale of
~1km that is relevant to land-surface and atmospheric models.

Many methods measure soil moisture at a point (Robinson et al., 2008). But point
measurements share a critical shortcoming: they are not representative of the sur-
rounding area because soil moisture is spatially heterogeneous over a range of
length scales (e.g., Western and Bloschl, 1999; Entin et al., 2000; Famiglietti et al.,
2008). An example of such heterogeneity within a circular area with a diameter of
ca. 400m is shown in Fig. 1 (Zreda et al., 2012). Individual soil moisture measure-
ments range from 0.06 m*m~>100.37m®*m=2, and averages of individual profiles range
from 0.08m*m™ to 0.27m®m™2. Such heterogeneity precludes meaningful assess-
ment of area-representative soil moisture from a single point or a single profile. But
area-average soil moisture of a desired precision is attainable if enough point mea-
surements are made over the area. For the soil moisture distribution shown in Fig. 1,
a0.03m>m™ precision would require more than 40 point measurements (more than
10 profiles). Consequently, such assessments, while technically possible (Famiglietti
et al., 1999, 2008), are difficult, expensive and often impractical (Western et al., 2002).
As a result, large-scale and long-term soil moisture data for atmospheric and other
applications are practically impossible to obtain using point measurement techniques.

At the other end of the spatial scale, satellite microwave sensing can provide inte-
grated values of near-surface soil moisture over tens of kilometers squared (Njoku and
Entekhabi, 1996). While satellite retrievals of soil moisture have the distinct advantage
of global coverage, they suffer from several limitations (Entekhabi et al., 2004), includ-
ing a shallow vertical penetration depth of millimeters to centimeters, limited capability
to penetrate vegetation or snow, sensitivity to surface roughness, discontinuous tem-
poral coverage, and the short life span and high cost of satellite missions. The critical
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gap between point measurements and satellite retrievals at the intermediate scale of
meters to kilometers can be filled by recently-developed methods for measuring aver-
age soil moisture over areas (Larson et al., 2008; Zreda et al., 2008) or along lines
(Steele-Dunne et al., 2010).

Here, we describe the COsmic-ray Soil Moisture Observing System (COSMOS),
a continental-scale network consisting of instruments that provide intermediate scale
average soil moisture by measuring cosmic-ray neutrons above the land surface (Zreda
et al., 2008). COSMOS is designed to improve the availability of continental-scale soil
moisture measurements by ultimately deploying a network of 500 neutronavkas across
the USA. Each will measure average soil water content within a diameter of a few
hectometers and to a depth of a few decimeters (Zreda et al., 2008), thereby averaging
soil moisture heterogeneities such as those shown in Fig. 1.

Section 2 describes the cosmic-ray method for measuring area-average soil mois-
ture; Sect. 3 discusses COSMOS and its components as well as some recent ob-
servational results. Building on the short articles of Zreda et al. (2008) and Desilets
et al. (2010), this paper presents a much more comprehensive discussion of scientific
background and technical details at a level that is intended to be accessible to the di-
verse communities interested in this novel method and the data from the COSMOS
project.

2 Cosmic-ray soil moisture method

Cosmic rays are the once mysterious and controversial radiation for which Victor Hess,
an Austrian scientist, was awarded the Nobel Prize in Physics in 1936 (Carlson, 2012).
In 1912 he ascended in a hot-air balloon equipped with an ionization chamber, a gas-
filled instrument to measure ionizing radiation, and found that the radiation intensity
increased with height above the ground (Hess, 1912). From the results he concluded
that the radiation was coming from the space, and not from the earth surface as pre-
viously thought. Robert Millikan infamously ascribed the mysterious phenomenon to
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microwaves emanating from galactic sources, and thus applied the misnomer “cosmic
rays”. It was later shown by Arthur Compton that the ionization observed by Hess was
caused by secondary radiation, and that the primary radiation consisted of charged
particles (mainly protons) impinging on the atmosphere. Neutrons, gamma rays, muons
and several short-lived subatomic particles have since been identified in the secondary
cosmic-ray flux.

Theoretical work more than half a century ago showed that the intensity of low-
energy cosmic-ray neutrons depends on the chemical composition of the material,
and particularly on its hydrogen content (Fermi, 1938; Bethe et al., 1940). Measure-
ments (Hendrick and Edge, 1966) showed that the intensity of “fast” neutrons above
the ground depends on water content of the ground (Fig. 2). At that time cosmic-ray
physicists considered this noise in the measurement of high-energy cosmic-ray neu-
trons that had to be minimized or removed. However to hydrologists today, this is the
signal that carries information about the amount of water near the earth’s surface.

The first scientists who attempted to use cosmic rays to measure soil moisture (Ko-
dama et al., 1985) and snow pack (Kodama et al., 1979) placed their detectors in
the soil or snow. Such placement gave a small measurement volume, on the order
of decimeters, dictated by the short mass distance that fast neutrons can traverse in
a medium, i.e., tens of grams of water or soil per square centimeter of area perpendic-
ular to neutron movement, which is equivalent to tens of centimeters in either medium.
(Note: units of gcm_2 are used by cosmic-ray physicists to describe the amount of
mass shielding or the travel/penetration depth.) Zreda et al. (2008) demonstrated that
placing a neutron detector above the ground allowed measurement of average soil
moisture over a horizontal footprint of hectometers (equivalent to tens of grams of air)
and to a depth of decimeters (equivalent to tens of grams of soil). Similarly, Desilets
et al. (2010) placed a neutron detector above a snow surface and measured average
snow water equivalent over a comparably large horizontal footprint. Detector placement
above the surface is critical to COSMOS because it allows one to take advantage of
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mixing of neutrons in the atmosphere at the scale of hundreds of meters, which results
in a large measurement footprint.

2.1 Cosmic-ray neutrons on earth

Primary cosmic rays can be of galactic or solar origin, but it is mainly the galactic cos-
mic rays that have enough energy to create secondary particle cascades that penetrate
to ground level. It is these that are important when measuring soil moisture. Secondary
cosmic-ray neutrons can be categorized as follows (Fig. 3): (a) high-energy cascade
neutrons, with energy on the order of GeV, generated by primary protons and heavier
atoms splitting atmospheric nuclei into particles that include neutrons; (b) fast neutrons,
with energy on the order of 1 MeV, generated by high-energy neutrons colliding with
nuclei leading to “evaporation” of fast neutrons; and (c) low-energy thermal (0.025 eV)
and epithermal (>0.5eV) neutrons, produced by moderation of fast neutrons through
collisions with atomic nuclei.

Protons make up more than 90 % of the incoming galactic cosmic rays while alpha
particles and heavier nuclei make up most of the remainder; neutrons are absent be-
cause of their short life span (~15min; Anton et al., 1989). Being charged particles,
protons have to penetrate the solar magnetic field and the geomagnetic field. Protons
that are energetic enough to travel through these magnetic fields enter the atmosphere
where they collide with and disintegrate nuclei to create energetic secondary particles,
which in turn produce tertiary particles in a chain reaction. Because neutron energy de-
creases with every collision, disintegration of nuclei becomes progressively less likely
as the cascade propagates through the atmosphere. Instead, a high-energy neutron
can enter a nucleus and excite it to an unstable energy level. To return to a stable
energy level, the nucleus emits a fast neutron in a process called evaporation (analo-
gous to evaporation of water molecules from the surface of water). These neutrons are
important in the determination of water at the earth’s surface because they are easily
moderated by hydrogen atoms (Fig. 3).
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Cosmic-ray neutron intensity varies in space and time (Desilets and Zreda, 20083).
Spatial variations are due to the variable strength of the geomagnetic field and vari-
able atmospheric pressure. Primary cosmic-ray intensity increases from a minimum at
the geomagnetic equator, where the field is horizontal, towards the poles, where the
field is vertical. The intensity also decreases by approximately a factor of two for each
additional 100 hPa of pressure as the nucleonic cascade travels through the air and
interacts with atmospheric nuclei. It decreases similarly with mass shielding depth in
Earth’s solids and liquids. Spatial variations in cosmic-ray intensity can be computed
for any location (latitude, longitude and elevation) relative to any reference location
(Desilets and Zreda, 2003; Desilets et al., 2006).

Temporal variations in cosmic-ray intensity are due to many factors, two being most
important, namely solar activity and barometric pressure changes. During high solar
output (a solar maximum), the stronger solar magnetic field deflects a greater frac-
tion of the galactic protons away from the Earth and the galactic cosmic-ray intensity
on earth is reduced; this is the familiar 11-yr solar cycle (Fig. 4). Conversely, during
low solar activity the weaker solar magnetic field allows more galactic protons and the
galactic cosmic-ray intensity on earth is higher. Shorter-term fluctuations have a similar
effect (albeit of smaller amplitude) on the cosmic-ray intensity. Changes in the shape of
the geomagnetic field which occur on the time scales of years to decades are of sec-
ondary importance to temporal variations in the cosmic-ray intensity. Temporal varia-
tions caused by solar and geomagnetic fields are measured directly with the instrument
called a neutron monitor (Simpson, 2000) which is sensitive to high-energy secondary
neutrons but insensitive to local environmental factors such as soil moisture.

The mass thickness (or barometric pressure) of the atmosphere varies in time with
changing weather conditions and this affects the amount of atmospheric shielding.
Changes in near-ground cosmic-ray neutron intensity are inversely proportional to
changes in local barometric pressure, which is a good proxy for mass shielding (Eq. 1
in Desilets et al., 2006). To account for these changes each COSMOS probe includes
a pressure sensor.
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2.2 Production and moderation of fast neutrons in soils

Fast neutrons are produced by high-energy neutrons throughout the atmosphere and
also in the top few meters of soils. They collide with nuclei, lose energy and are even-
tually absorbed in inelastic nuclear collisions. This process of moderation (slowing or
stopping) of neutrons depends on three factors that together define the neutron stop-
ping power of a material (Table 1): (a) the probability of scattering by different elements,
characterized by their microscopic (elemental) scattering cross-sections, and, in com-
bination with (c) below, the resultant macroscopic scattering cross-section of the ma-
terial; (b) the energy loss per collision or, inversely, the number of collisions necessary
to moderate a fast neutron; and (c) the number of nuclei of different elements, or the
elemental concentration.

The first factor, the elemental scattering cross-section or probability of scattering
varies with no apparent regularity between 1barn (1barn = 1072 cm2) for sulfur and
180 barns for gadolinium. For the ten elements that count most for scattering of neu-
trons in natural soils (Table 1), the elastic scattering cross-sections vary from 2 barn for
aluminium to 22 barn for free hydrogen.

The second factor, the logarithmic decrement of energy per collision (or lethargy,
Glasstone and Edlund, 1952), characterizes the efficiency of each collision on average
in moderating a neutron. Hydrogen is by far the most efficient element. On average, it
takes only 18 collisions with hydrogen to thermalize a fast neutron (logarithmic decre-
ment of energy per neutron collision is 1 and the number of log decrements is 17.5).
The next most efficient element among those found in rocks, albeit in low quantities,
is boron with 103 collisions and a logarithmic decrement of 0.174. There is a clear
pattern here: as the atomic mass increases the number of collisions increases and
the decrement of energy decreases. The reason for this regularity is that the mass of
nuclei is approximately a multiple of the mass of neutron. When a neutron hits a large
nucleus, for example manganese with 25 protons and 30 neutrons, it bounces off and
maintains most of its energy (analogous to a billiard ball bouncing off the cushion) and
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approximately 500 collisions with manganese are needed to convert a fast neutron to
a thermal neutron (Table 1). On the other hand when a neutron hits the hydrogen nu-
cleus, which has one proton and no neutrons, it will transfer much of its energy to the
proton (much like a billiard ball that hits another). Consequently, fewer collisions with
hydrogen are needed to slow a fast neutron to the thermal level. The scattering cross-
section and the logarithmic decrement when multiplied together define the “stopping
power” of an element (Table 1; Fig. 5). Hydrogen has by far the highest stopping power
(22.01), the next most important element, gadolinium, has a stopping power which is
a tenth of this (2.28), and the remaining elements fractions of that of gadolinium.

The third factor is the number of atoms of an element per unit mass of material. This
is proportional to the concentration of the element and to the inverse of its mass num-
ber. Abundant and/or light elements such as hydrogen are most important, whereas
rare and/or heavy elements such as gadolinium are insignificant.

The three factors can be combined to give a parameter that indicates the fraction
of the total moderating (stopping, slowing down) power of a material that is due to
a specific element. As an example in Fig. 6 we created four hypothetical rocks, granite,
basalt, limestone and quartzite, by using chemical compositions of multiple rocks in
each group, added different amounts of water, and computed the fractional stopping
power of the ten most important elements. In dry conditions (with no water), oxygen
accounts for approximately three-quarters of the stopping power of the rocks (Fig. 6a).
But when water is added, even in small quantities, hydrogen rapidly accounts for most
of the stopping power of the mixture, regardless of the chemical makeup of the rock.
When water content is only 0.01 kgkg™ hydrogen accounts for half of the stopping
power (Fig. 6b); at 0.03kg kg'1 it accounts for four-fifths (Fig. 6¢), and at 0.10 kgkg™
for more than nine-tenths (Fig. 6d). The dominance of hydrogen in the moderation of
fast neutrons is the fundamental basis of the cosmic-ray soil moisture measurement
method.
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2.3 Measuring soil moisture using cosmic-ray fast neutrons

The fast neutrons that are produced in air and soil travel in all directions and penetrate
a few tens of gcm‘2 of matter (in air this corresponds to a few hundred meters but in
soils to a few tens of cm) before they are thermalized. They travel within and between
air and soil, and in this way an equilibrium concentration of neutrons is established in
each of the two media; that equilibrium is achieved nearly instantaneously because
fast neutrons have velocities of tens to thousands of kilometers per second, depending
on energy (Glasstone and Edlund, Eqg. 3.19.1 on p. 38), and the fast neutron slowing
down time is essentially instantaneous, on the order of 10™*s (Glasstone and Edlund,
1952, Table 6.147 on p. 184). The equilibrium concentration of fast neutrons depends
on two factors: the production rate of fast neutrons, which is known, and the efficiency
of moderating of fast neutrons, which depends on the stopping power of the medium
and thus on its hydrogen content (see Sect. 2.2). Consequently, by measuring the fast
neutron intensity the hydrogen content of the medium can be inferred.

The fast neutron source function, or the production rate, depends on the incoming
high-energy neutron intensity (as described above) and the chemical composition of
the medium. More fast neutrons are produced per incident high-energy neutron from
heavier elements than from lighter elements because of an increased probability of pro-
ducing more than one fast neutron per incident high-energy neutron. The production

rate of fast neutrons increases as A%/3, where A is the atomic mass number (Geiger,
1956), and the formula holds at different latitudes and pressures (Simpson and Uretz,
1953). Thus, soils with high concentrations of potassium (A = 39), calcium (40) and
iron (55) have higher production rates of fast neutrons than soils composed mainly of
aluminium (27), silicone (28) and sodium (23). These production rates are also higher
than in water comprising oxygen (16) and hydrogen (1), or than in air mainly compris-
ing nitrogen (14) and oxygen (16). Due to this effect production rates of fast neutrons
depend on soil mineral chemistry, and also on soil moisture content.
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The equilibrium concentration of fast neutrons measured above the ground depends
on how many neutrons are produced and how many are downscattered to lower ener-
gies, and can be expressed as (Glasstone and Edlund, 1952):

Q
" E.SP 0
- @)

E Z/=1(N/ o;-¢)
¢ = @ 3)

E-(Ny-0n-éu+ 27 o(N;i-0;-¢))

where ¢ is the intensity of neutrons of energy £, Q is the neutron source intensity (the
number of fast neutrons produced), SP is the macroscopic stopping power of a mate-
rial, computed (Eq. 2) from the number of atoms N of all elements from/i=1to/=n(n
is the number of elements in soil that are important for scattering neutrons; see Table 1
and Figs. 5 and 6), and the elemental scattering cross section ¢ and the elemental
logarithmic energy decrement ¢ (see Table 1). Because @ is known (implicitly) from
calibration on local soil or theoretical computation, and ¢ is measured, the equation
can be solved for SP, and because SP depends almost entirely on the presence of
hydrogen (Table 1, Figs. 5 and 6), the number of atoms Ny of hydrogen in soil can be
inferred (Eq. 3). In Eq. (3) the macroscopic stopping power was separated into the term
due to hydrogen and that due to all other elements (the sum from / =2 to / = n).

Fast neutrons are also produced and moderated in the atmosphere. Because the
chemical composition of air is almost constant, the production rate is nearly constant.
However, the small variations in the water vapor content increase the macroscopic
scattering cross section of the air and thus decrease the fast neutron intensity. This
effect is significant, up to a few percent between dry air and saturated air, resulting
in considerable changes in the partial pressure of the atmospheric water vapor in time
and space; hence, a correction for atmospheric moisture content (Rosolem et al., 2012)
should be included in the conversion of measured neutron intensity to soil moisture.
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The effects of location and soil chemistry are accounted for by making a local cali-
bration to define the relationship between the fast neutron intensity, ¢ (normalized for
variations in pressure, atmospheric water vapor, and solar activity), and soil moisture,
SM. Equation (A1) in Desilets et al. (2010) captures the main behavior of the calibration
function:

dg
M=— 20
b/Po - a4

where @, is the neutron intensity in air above dry soil (obtained by calibration, see
Sect. 2.5), and a,, a4 and a, are fitted constants that define the shape of the calibra-
tion function. For silica soil, computations using the neutron transport code MCNPX
(standing for Monte Carlo N-Particle eXtended) (Pelowitz, 2005) gave the fitting con-
stants: a; = 0.0808, a; = 0.372, a, = 0.115 (Desilets et al., 2010). As noted by Desilets
et al. (2010), the equation works only for moisture levels greater than 0.02 kg kg'1, but
because of lattice water that is present in most soils, the equation should be applicable
to most soils.

—ap (4)

Lattice water

MCNPX modeling results also show that the shape of the calibration function is similar
for different chemical compositions (Zreda et al., 2008), except for an offset caused
by differing lattice water, thus suggesting the existence of a universal calibration func-
tion. Lattice water is present in the crystal lattice of various minerals, such as biotite,
hornblende, gypsum or clay minerals. It affects how fast neutrons interact with the soil,
which makes it important for two aspects of the cosmic-ray method: it reduces the
measurement depth (Sect. 2.4.2) and it changes the calibration function’s position and
slope (Sect. 2.5.1). Fortunately, lattice water can easily be measured and implemented
in computational algorithms, and the universal calibration function can be constructed
using soil chemistry and the geographic coordinates of the site (Franz et al., 2012b).
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2.4 Measurement volume
2.4.1 Measurement area (horizontal footprint)

The horizontal footprint, which is defined as the area around the probe from which
86% (1 - 9'2) of counted neutrons arise, is a circle with a diameter of ~ 660m at sea
level (Zreda et al., 2008). It depends on the chemical and physical properties of the
atmosphere, and is nearly independent of soil moisture content. This value, which was
obtained from MCNPX modeling experiments, is consistent with knowledge of neutron
transport in air (Glasstone and Edlund, 1952; Hess et al., 1959), and its order of mag-
nitude has been confirmed by neutron measurements across water-land boundaries
(Zweck et al., 2011, 2012).

The horizontal footprint depends on atmospheric density and humidity. First, be-
cause the scattering mean free path for neutrons depends inversely on the number
of molecules per unit volume of air, the footprint increases with decreasing air den-
sity and thus also with elevation. The increase of the footprint between sea level and
3000 m of altitude is approximately 25 %.

Second, the presence in the air of water vapor shortens the scattering mean free
path for neutrons and therefore the footprint decreases with increasing partial pressure
of water vapor. MCNPXx calculations show a reduction in the footprint radius of approx-
imately 10 % between dry air and saturated air (30g H,O in 1 m?® of air). We generally
report a “nominal” footprint of 660 m and a corrected footprint can be computed from
atmospheric humidity data. In addition, the height of influence in a dry atmosphere is
approximately 410 m, reducing to approximately 265 m in a saturated atmosphere.

2.4.2 Measurement depth

The effective depth of measurement, which is defined as the thickness of soil from
which 86 % (1 —9_2) of counted neutrons arise, depends strongly on soil moisture
(Zreda et al., 2008). It decreases non-linearly from ~76 cm in dry soils (with zero water
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content) to ~12cm in saturated soils (0.40 m3m‘3) and is independent of air pressure
(Zreda et al., 2008). This result, which was again obtained from MCNPX simulations,
agrees with understanding of transport of cosmic-ray neutrons in soil, and it is of the
same order of magnitude as the radius of influence of a conventional neutron probe;
however, it has not yet been verified using field experiments.

The measurement depth depends on the amount of lattice water in soil minerals, in
the same way in which it depends on soil moisture. Lattice water varies significantly
in space. Chemical analysis of soil samples from COSMOS sites shows a range from
less than 0.01 gcm'3 to 0.21 gcm‘s, with the average value of 0.04 gcm‘3 (Franzetal.,
2012a). The highest of the measured values are for volcanic soils in Hawaii; the lowest
— for quartz-rich soils in the mainland USA. The effect of lattice water on the mea-
surement depth is through shortening the scattering mean free path within soils due to
additional hydrogen in lattice water. Hydrogen atoms in pore water and in lattice water
have the same effect on scattering of neutrons. Hence, higher lattice water results in
shallower measurement depth.

2.5 Calibration

The neutronavka measures cosmic-ray neutron intensity not soil moisture, and the
measured intensity must then be converted to soil moisture using a calibration func-
tion, such as that in Eq. (4) and Fig. 7 (black line). Fortunately this calibration function
(Eq. 4), developed from nuclear physics theory (Desilets et al., 2010), is simple, mono-
tonic, nearly invariant with soil chemistry (except lattice water) and texture, and requir-
ing only one free parameter to be fitted. Thus a single representative measurement
of average soil moisture content in the footprint is sufficient for calibration (although
measuring area-average soil moisture does involve collecting numerous soil samples
within the footprint and measuring their soil moisture gravimetrically by oven-drying;
see Sect. 2.5.3). Measured neutron intensity is then compared with the average soil
moisture and the calibration parameter ¢, in Eq. (4) is calculated.
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2.5.1 Other sources of water

Other sources of hydrogen exist in and near soils. They include lattice water, atmo-
spheric water vapor, snow cover, and water in and on vegetation. This additional hy-
drogen should be taken into account when converting neutron intensity to soil moisture.

The presence of lattice water in soil minerals increases the stopping power of the
soil leading to a decrease in the neutron intensity (Fig. 7, red line). Two different effects
of lattice water must be considered: the larger effect is the decrease in the count rate
of neutrons; the smaller effect is the change in the slope of the calibration function. The
black line in Fig. 7 is the standard calibration function (Eq. 4) and the red line is the
calibration function when lattice water is added to pore water. The new function is pro-
duced by shifting the standard function down by the amount of lattice water. Calibration
is performed on the total pore water plus lattice water, and soil moisture is then com-
puted by subtracting lattice water from the measured neutron-derived moisture. This
approach was used with the conventional neutron probe (Gardner and Kirkham, 1952).

Vegetation water, atmospheric water vapor and any other source of hydrogen have
a similar effect to that of lattice water, and they can be handled by either pooling the
different sources into one equivalent reservoir of moisture and then partitioning the
computed total moisture into components, as is done with lattice water (Franz et al.,
2012b), or by correcting the measured neutron intensity for a specific effect and doing
all computations on effect-free neutron intensity, as is done with atmospheric water
vapor (Rosolem et al., 2012).

Snow is an important source of water at the land surface. It will strongly depress
the neutron intensity, and snow that exceeds 6 cm of water equivalent will mask the
soil moisture signal, making soil moisture determination impossible. Whereas a known
small amount of snow can be accounted for Desilets et al. (2010), for example using
a correction factor similar to that for vegetation, we advise against calibrating soil mois-
ture and determining soil moisture in the presence of snow because (1) the correction
may be substantial and the signal due to soil moisture too weak to produce a well
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defined calibration function, (2) snow cover may be non-uniform, making the determi-
nation of footprint-average snow water equivalent inaccurate, and (3) snow cover may
be variable in time, making it necessary to recompute corrections frequently, which
requires snow data.

2.5.2 Calibration options

Our research suggests the following options for calibrating the cosmic-ray soil moisture
probe. The first uses the area-average soil moisture obtained from a large number of
samples collected within the footprint at the same time. Most factors discussed above
are implicitly included in this type of calibration. When soil moisture samples are not
available, but soil samples are available for chemical analysis, soil chemistry, particu-
larly lattice water content, and the site location can be used to construct local calibra-
tion function. When no local samples are available, the universal function (Franz et al.,
2012b) can be used. It does not require any locally-derived information other than lo-
cation where other available spatially exhaustive datasets can be used to calculate the
various pools of hydrogen.

The first method is preferred, and all COSMOS probes are calibrated on area-
average soil moisture. The field calibration on average soil moisture derived from multi-
ple samples will be described in detail elsewhere (Desilets et al., 2012). Below we give
only a brief summary.

2.5.3 Field calibration

Soil samples are collected around the probe, soil moisture is measured using the
oven-drying method (Gardner, 1986), and area-average soil moisture is computed. Ar-
guments have been made regarding the distribution of samples within the COSMOS
probe footprint or regarding the weighting of the samples, but we found that these have
almost no bearing on the calculated average soil moisture. Having a large number of
samples is critical, and for the COSMOS project we settled on the standard of 108
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samples distributed as follows: (1) three radial distances from the probe: 25m, 75m,
and 175 m, plus or minus a few meters, computed to give all samples the same weight,
so that a simple arithmetic average could be used; (2) six radial directions, every 60 de-
grees in the horizontal starting from an arbitrary azimuth; thus, each radial distance will
be sampled six times to provide a representative average; and (3) six depths, from 0 cm
to 30cm in 5-cm increments to capture the profiles of soil moisture. With 108 samples
the computed area-average soil moisture values are determined to the accuracy better
than 0.01 m*m~3. Weighting for distance or for depth produces only small changes to
the average soil moisture and is typically not worth undertaking unless sharp wetting
fronts are present due to a recent rain event or significant layering in the top 30cm
(Franz et al., 2012a).

Undisturbed soil samples are collected using a split corer of 30.48 cm (1 foot) length
and 5.08 cm (2 inches) inner diameter with stainless steel liners 5.02cm in length and
4.8 cm inner diameter. The corer is driven into the soil, dug out gently to preserve undis-
turbed soil inside the liners, opened and sectioned. The soil samples are transferred to
soil tins and sealed using electrical tape to prevent moisture loss. If the liner is full, the
soil sample is said to have known volume, and it yields gravimetric moisture content
and bulk density, from which volumetric moisture content is computed. Otherwise, only
gravimetric moisture contents can be determined, and in order to compute volumetric
water content the bulk density must be assigned, for example that from the volumetric
samples in the calibration data set. Sometimes, in wet and soft soils, there is significant
(up to 20 % in our experience) compression inside the corer, and the data have to be
uncompressed to give correct values of bulk density and volumetric water content.

The computed moisture values are combined to give the area-average soil moisture
that is used with Eq. (4) to obtain the calibration parameter ¢,. The calibration data
sets, parameters and derived values of ¢, for all COSMOS probes are available at
http://cosmos.hwr.arizona.edu. Empirical equations rather than the theoretical Eq. (4)
can be used as calibration functions (Rivera Villareyes et al., 2011; Franz et al., 2012c),
for example to account for sources of hydrogen other than soil moisture.
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2.5.4 Temporal stability of calibration

The San Pedro probe has been used continuously since its installation in July 2007 and
provides the longest record of fast neutron intensity. The probe has required no service
except battery change after four years of continuous operation. Soil moisture computed
from the measured fast neutron intensity, ¢, using Eq. (4g calibrated on soil samples
collected on 5 July 2007, ranges from less than 0.02 m3m~ during summer dry periods
to 0.37m°>m™3 during the monsoon of August 2008 (Fig. 8). We obtained nine sets
of soil samples at different times to check the neutron-derived soil moisture (Fig. 8).
All nine instantaneous soil moisture values determined using the oven-drying method
on numerous field samples collected within the cosmic-ray footprint agree well with
those derived from neutron data. The average of absolute differences is 0.013 m3m™>
and there is no trend in absolute differences with time or with the magnitude of soil
moisture. This result demonstrates the cosmic-ray probe’s long-term stability: the probe
calibrated at one time and at any moisture content gives correct soil moisture contents
at other times over a period of 4.5yr. Based on this result, longer-term stability can
reasonably be expected.

2.6 Uncertainties

The measured neutron count, C, which is a proxy for intensity ¢, obeys Poisson statis-
tics (Knoll, 2000) in which the variance is equal to C, the standard deviation is c%
and the coefficient of variation is C™%°. Thus, measurement precision increases with
the number of counts, which at a given location is proportional to the counting interval
and inversely proportional to the soil moisture content (see Fig. 7). Because C in-
creases with altitude and geomagnetic latitude (Sect. 2.1), precision increases accord-
ingly. COSMOS probes have typical count rates between about 400 counts per hour
(cph) at sea level, low latitude and over wet soils (e.g., the Island Dairy site in Hawaii,
http://cosmos.hwr.arizona.edu, Level 1 data), and ~6000 cph at an altitude of 3000 m,
mid latitude and over dry soil (e.g., the Manitou site in Colorado), which corresponds to
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counting uncertainties of 5% (400‘0'5) and 1.3% (6000‘0'5), respectively. Quadrupling
the counting time will halve (4'0'5) these uncertainties. The precision of soil moisture
determination can then be computed by propagating this counting uncertainty through
the calibration function (Eq. 4).

The accuracy of soil moisture determination depends also on the quality of the lo-
cal calibration, which depends on uncertainty in the independent determination of soil
moisture and the uncertainty in the neutron count at the time of calibration. Thus, many
soil samples and a long neutron counting time are needed to reduce calibration un-
certainties. However, typically a hundred soil moisture samples give a standard error
of the mean soil moisture of less than 0.01 m*m™ and counting for just a few hours
reduces the standard deviation in neutron count to less than 2% at most locations.
The accuracy may be affected by other factors, such as strong vertical soil moisture
gradients that can develop following precipitation and infiltration. Our modeling sug-
gests that in the worst case of a sharp infiltration front (piston flow) the bias is smaller
than 0.03m*m~3 (Franz et al., 2012a). In reality piston flow is unlikely at the scale of
the COSMOS footprint and in the case of a diffused front the bias due to infiltration
decreases to ca 0.01 m3m‘3, and even that condition is short lived, and disappears
within a day or so after precipitation (Hillel, 1998).

2.7 Potential limitations

Like all methods, the cosmic-ray method has potential limitations. As discussed in
Sects. 2.4.1 and 2.5.1, one possible problem is the presence in the footprint of hy-
drogen other than that in soil water, for example in hydrous minerals (clay minerals,
hornblende, gypsum, etc.) or in vegetation and organic matter. If this hydrogen content
is constant in time its effect will be allowed for in the local calibration and become largely
irrelevant. But if it varies in time, such as it might in seasonal vegetation, it becomes an
additional unknown and soil moisture can be distinguished only if changes in the ad-
ditional hydrogen content can be quantified independently. However, neutron modeling
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studies and our own limited field measurements suggest that, because the amount of
hydrogen in many types of vegetation is small (usually a few mm of water equivalent)
compared to that in soil water and because only part of this hydrogen changes in time
(for example seasonally), the effect of vegetation changes on the neutron-derived soil
moisture is small, and it is implicitly embedded in local calibration. But conceivably
in some vegetation types such as fast growing crops, fluctuations in hydrogen levels
within vegetation (including roots) could be large enough to affect the determination of
soil moisture by several percent (Hornbuckle et al., 2011). A theoretical account of veg-
etation has been developed (Franz et al., 2012b), but more field measurements over
different vegetation types are needed to assess quantitatively the effect of vegetation
on cosmic ray neutrons.

The same neutron intensity can be produced above surfaces with spatially (horizon-
tally and vertically) variable soil moisture content. Soil moisture heterogeneity results
in variable neutron emissions from different parts of the soil and these neutrons, when
mixed in the air above the surface, will have a density that is the weighted average of
the individual emissions. It is conceivable that two or more different soil moisture fields
with different spatial patterns and area-average soil moisture could result in the same
measured neutron density, and this density would be interpreted as corresponding to
just one computed area-average soil moisture over the COSMOS probe footprint. Pre-
liminary neutron simulations and measurements suggest that possible non-uniqueness
associated with soil moisture pattern usually does not lead to large errors in the com-
puted soil moisture, but rigorous studies are still needed to quantify this uncertainty.

Water at the surface, such as snow on the ground, runoff, or intercepted precipitation,
can depress the fast neutron signal, leading to (sometimes significantly) overestimated,
soil moisture.

Atmospheric water vapor increases the moderating power of air and leads to a de-
crease in the fast neutron intensity measured above the ground (Rosolem et al., 2012).
This effect has been investigated using neutron modeling and a correction factor has
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been developed (Rosolem et al., 2012). Relative humidity, pressure and temperature,
all measured just above the ground surface, are needed to compute this correction.

3 The COsmic-ray Soil Moisture Observing System (COSMOS)

COSMOS, funded by the US National Science Foundation in 2009, comprises 48 neu-
tronavkas installed at sites throughout the USA and five abroad (Fig. 9), and will even-
tually grow to 500 neutronavkas. (The network also includes five affiliated probes in-
stalled and operated by others, but displayed on the COSMOS web site.) Each COS-
MOS probe has two neutron detectors to measure both fast neutrons and thermal
neutrons. The fast (measured with the moderated detector) neutron data are used for
measuring soil moisture while the thermal (from the unmoderated detector) neutron
data are used for detecting and potentially quantifying water that is present above the
land surface in snow, vegetation, etc. The neutronavkas have been designed to be
rugged, energy-efficient and independently powered using photovoltaic cells, and they
are equipped with an Iridium satellite modem. Thus, they are independent and can
be installed anywhere with sufficient skyview for solar panels and Iridium reception.
As previously mentioned, in addition to the network of neutronavkas, COSMOS also
includes two (for redundancy) neutron monitors to measure the variation in time of
the intensity of incoming high-energy secondary neutrons which are the precursors to
fast neutrons. The system also includes computers and software for data acquisition,
processing and modeling, and for disseminating data, results and information via the
internet (see http://cosmos.hwr.arizona.edu).

3.1 Design of the COSMOS probe

The neutronavka (Fig. 10), comprising neutron detectors plus associated electron-
ics, is manufactured by Hydroinnova, LLC of Albuquerque, New Mexico, USA (www.
hydroinnova.com). It consists of two neutron detectors: a bare detector that responds
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mainly to thermal neutrons and a polyethylene-shielded detector that responds mainly
to epithermal-fast neutrons. Each counter has its own high-voltage power supply and
a pulse module to analyze the signal generated by the neutron detector tube. An Irid-
ium satellite modem then transmits the data at user-defined time intervals. Power is
supplied by a rechargeable battery connected to a solar panel and controller.

Gas-filled detectors comprise a metal tube filled with a gas that reacts with thermal
neutrons that enter the tube (Krane, 1988; Knoll, 2000). The sensitive gas is enriched
in ®He or '°B both of which have a high neutron-absorption cross section. A neutron
absorption reaction results in the emission of charged particles, creating ionization in
the tube, which results in an electronic pulse that can be read by charge-sensitive elec-
tronics. A potential of ~1KkV is applied between the tube wall (the cathode) and a thin
central wire (the anode). When a thermal neutron collides with an atom of the en-
riched gas the resulting ionization produces a cascade of electrons, called a Townsend
avalanche. These electrons are attracted to the anode and produce a charge pulse.
This pulse is amplified, shaped and passed through a filter by sensitive hybrid ana-
log/digital electronics coupled directly to the detector. The number of counts over a set
time is sent from the pulse module to the data logger where it is recorded. In the neu-
tronavka the high voltage required by the proportional counters is produced by the
power supply housed in the pulse module, with power for the instrument taken from
a 12V DC source, usually a rechargeable battery connected to a solar panel. The Irid-
ium satellite modem is inside the data logger and connects via a coaxial cable to an
external antenna. The neutronavka data logger also houses temperature, humidity and
pressure sensors which are used for instrumental diagnostics and corrections. (Pres-
sure is equilibrated to that outside the box; temperature and relative humidity represent
the internal conditions that could affect the electronics.) Data are stored in the data
logger on redundant secure digital (SD) cards and telemetered via the Iridium modem
to a data acquisition computer.
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3.2 Design of the COSMOS network

The first 53 COSMOS probes (Fig. 9) were preferentially installed at sites where other
meteorological and hydrological measurements are being made. These COSMOS and
ancillary data are used in research that centers primarily on understanding the probe
response to varying moisture amounts and also on understanding land-surface and
ecohydrological processes, developing data assimilation techniques, calibrating and/or
validating satellite microwave sensors, and evaluating the soil moisture from weather
and seasonal prediction.

The COSMOS array (Fig. 11) comprises neutron monitors that provide the informa-
tion on the temporal variations in the incoming cosmic-ray neutron intensity and also
computer clusters that are used for data acquisition, modeling and computations, and
data dissemination. Individual COSMOS probes send the neutron data and ancillary
data (pressure, temperature, relative humidity, voltage) to a server where soil moisture
is computed and posted immediately on the COSMOS web site.

3.3 Data acquisition, processing and dissemination

Data are acquired at one-hour intervals and sent via Iridium satellite to the COSMOS
server where they are processed and placed in the public domain. These collected
data include thermal neutron count rate, fast neutron count rate, barometric pressure,
relative humidity, and temperature. The neutron count rates are cumulative over the
prescribed time interval while other measurements are taken at the end of the time
interval.

3.3.1 Data reduction, quality control

To reduce bandwidth over the Iridium satellite network the hourly data are sent by
e-mail as compressed (10 bytes) binary attachments. When these emails are down-
loaded from the server, the attachments are uncompressed and formatted as ASCII

4527

HESSD
9, 4505-4551, 2012

COSMOS: The
COsmic-ray Soil
Moisture Observing
System

M. Zreda et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/4505/2012/hessd-9-4505-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/4505/2012/hessd-9-4505-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

text with a data resolution of 1 count for neutrons, 0.1 mb for pressure, 1 % for relative
humidity and 1 °C for temperature.

The pressure, relative humidity and temperature sensors that are located inside the
neutronavka housing are used as diagnostic tools for the neutronavka’s electronics.
The probe also emails power supply voltage (0.1V resolution) every hour to monitor
solar panel efficiency and a neutron pulse height spectrum (in 128 bins) every 2 days
to allow monitoring of the neutron detectors’ stability.

Quality control procedures are applied to raw neutronavka data before computing
soil moisture. Data are flagged when (a) counting data are not of one hour duration;
(b) neutron count differs from the previous value by more than 20 %; (c) the relative
humidity is greater than 80 % inside the probe box (inside which there is a desiccant
to keep it dry); and (d) the battery voltage is less than 11.8 V. It is possible that with
these (arbitrary) cutoffs good data can be removed and bad data allowed by mistake.
Therefore, these cutoff values may have to be changed on the basis of experience.

3.3.2 Computations, corrections

Quality-controlled probe data are then corrected to account for temporal changes in
pressure and incoming neutron flux, and then rescaled to match the location and con-
figuration of the original neutronavka located at the COSMOS station in the San Pedro
River basin in Arizona (Zreda et al., 2008). The pressure correction factor 7 is given
by:

Py-P
fp = exp (T) (5)

where L is the mass attenuation length for high-energy neutrons (mbar or equivalent in

gcm_z) that varies progressively between ~128 g cm? at high latitudes and 142 gcm_2

at the equator (Desilets and Zreda, 2003), P is the pressure at the specific site, and

F, is an arbitrary reference pressure (which can be selected to be the long term aver-

age pressure at the specific site, sea-level pressure, or long term average pressure at
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a different reference site). The corrected count rate equals the raw count rate multiplied
by fp; thus; the corrected count rate is what the neutronavka would measure if it were
counting neutrons at reference pressure with everything else kept unchanged.

Temporal changes in incoming neutron flux (Fig. 4) are measured using cosmic ray
neutron monitors which are designed to detect high-energy secondary neutrons while
being insensitive to low-energy neutrons (Simpson, 2000). Removal of secular varia-
tions, for example due to the sunspot cycle or diurnal fluctuations (e.g., Moraal et al.,
2005), is straightforward. The required correction factor, f;, is merely the ratio of the
measured neutron monitor intensity, /,,, at a given time to a specified baseline refer-
ence intensity, /y, and can be expressed as:

_lm 6
=7 (6)

fi
Currently, the neutron monitor at Jungfraujoch, Switzerland is being used, but the COS-
MOS project has two dedicated neutron monitors to be deployed in 2012. The reference
intensity is that at Jungfraujoch on 1 May 2011. The corrected fast neutron intensity is
obtained by dividing the measured fast neutron intensity from COSMOS probe by f;;
the corrected value is what the neutronavka would measure if it were counting neutrons
at Jungfraujoch on 1 May 2011, with everything else kept unchanged.

Atmospheric water vapor can be accounted for by one of two methods. The first
is normalizing the measured neutron intensity to a predefined water vapor, giving the
neutron intensity that is free of the effects of atmospheric water vapor. The second
is to add the atmospheric moisture to the total surface moisture for calibration, and
then subtract measured atmospheric moisture from neutron-derived time series of total
moisture to get soil moisture. Either of the two methods can be used to correct for other
water at and near the earth’s surface, for example that in fast-growing vegetation or
water on canopy.

After the corrections for temporal effects have been made, neutron count rates are
rescaled to correspond to the location of the original COSMOS probe site in the San
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Pedro River basin, Arizona. Long term average pressure and geomagnetic cutoff rigid-
ity (Smart and Shea, 2001) at each site are used to compute the incoming cosmic-ray
secondary neutron intensity, this being a function of the location within the earth’s at-
mosphere and geomagnetic field (Desilets and Zreda, 2003).

Lattice water is measured on soil samples and added to the measured soil moisture
to produce a calibration function on total (pore plus lattice) water. When soil moisture
is determined from measured neutron data, the lattice water is subtracted from the
neutron-derived total water.

3.3.3 Dissemination

The COSMOS web site allows public access to the probe data at each stage: the raw
(Level 1) hourly count data, the “corrected” (Level 2) hourly data, and the computed
average soil moisture and measurement depth (Level 3) hourly and 12-h average data.
Soil moisture profiles will be available in future as Level 4 data. Appendix A1 describes
data levels in more detail.

3.4 Example of COSMOS data: Santa Rita, Arizona

Time series of soil moisture from the San Pedro (Lewis Springs) and Mount Lemmon
sites and of snow water equivalent from Mount Lemmon have been reported elsewhere
(Zreda et al., 2008; Desilets et al., 2010). Here we show recent data from the Santa
Rita COSMOS site in Arizona.

A COSMOS probe was installed at the Santa Rita Experimental Range, south of Tuc-
son, Arizona, in June 2010. The Santa Rita site is a creosote and mesquite shrubland
at an elevation of ca. 990 m. It is under semiarid climate, with average annual precipita-
tion of ca. 250 mm, falling mainly with summer monsoon rains and winter frontal rains.
The area has a gentle slope and is dissected by small arroyos. The soils are mainly
sandy loams with abundant stones, little organic matter and low lattice water.
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The time series of fast neutron derived soil moisture and precipitation are shown
in Fig. 12. The precipitation record is combined from multiple rain gauges installed
within the COSMOS footprint. The measured neutron intensities were corrected for
the temporal variations in the atmospheric pressure (Eq. 5), incoming neutron intensity
(Eqg. 6), and atmospheric water vapor (Rosolem et al., 2012). There was no need to
account for the vegetation because of its low density at the site.

Soil moisture shows four distinct seasons: two wet seasons, summer and winter,
are separated by two dry seasons. The wet soil in the summer is due to the monsoon
rains that are characterized by high intensity and short duration. The high summer
temperatures lead to fast decrease in soil moisture due to evaporation. The winter soil
wetness is due to frontal precipitation. Soil moisture remains high for long because of
low winter-time evaporation rates.

The COSMOS probe was calibrated using independent determination of area-
average soil moisture from 108 soil samples collected within the cosmic-ray probe foot-
print in January 2011. Soil samples for calibration experiments were collected at four
other times. Average soil moisture values for the five sample sets agree well with soil
moisture derived from neutron measurements (Fig. 12), with the average absolute de-
viation of approximately 0.01 m®m™2. The five soil sample sets were used (Franz et al.,
2012c) to construct a purely empirical calibration function, and that function agrees
very well with the theoretically derived calibration equation of Desilets et al. (2010).

4 Concluding remarks

COSMOS provides soil moisture at the hitherto elusive horizontal scale of hectome-
ters and vertical scale of decimeters at a large number of sites. It is anticipated that
the availability of this new data will be transformative and enable new research and
advance knowledge in several areas of earth and atmospheric sciences, and in this
way lay the foundation of an emerging scientific discipline, cosmic-ray hydrometeo-
rology (Shuttleworth, 2011). The potential impact of the COSMOS probe is beyond
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merely acquiring the state of soil moisture over an area. By providing field data that
can be used either directly or through integration with models, potential applications
will expand knowledge and improve techniques in many fields, including meteorology,
climatology, hydrology, ecology, remote sensing, agriculture, and engineering.

A major recommendation from a recent NRC study (NRC, 2009) is that “A national,
real-time network of soil moisture and soil temperature observations should be de-
ployed nationwide at approximately 3000 sites.” When all 500 probes are deployed,
the COSMOS network will significantly contribute towards satisfying the soil moisture
aspect of this recommendation.

Appendix A

Data levels

Level 1 data contains raw counts of fast and thermal neutrons as well as probe diag-
nostics for quality control purposes. Neutrons are counted over a user-set time period
(usually one hour) and count levels are reported at the end of each period. An example
of Level 1 data is in the table below (from the Sevilleta New Grass site in New Mexico).

YYYY-MM-DD HH:MM MOD UNMO PRESS TEM RH BATT
(UTC) (h™) (T  (mb)  (C) (%) (V)

2011-02-26 17:48 3409 1585 837.8 12 8 14.5

In the table, MOD is moderated (fast neutrons) count rate; UNMO is thermal neutron
count rate; PRESS is pressure inside the probe box (the same as outside pressure);
TEM is temperature inside the box (not the same as outside temperature); RH is rela-
tive humidity inside the box (not the same as outside humidity); and BATT is the battery
voltage. Level 1 data can be accessed by first selecting the probe on the COSMOS
main map, then selecting “Level 1 Data” link or “Plots” link.
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Level 2 data are produced by converting the raw data from Level 1 to a format suitable
for soil moisture computation. Level 2 data are quality controlled to remove data points
that are deemed outliers or otherwise problematic (the criteria are described on the
COSMOS web site: http://cosmos.hwr.arizona.edu/Docs/data.txt). Quality-controlled
fast (moderated) counts are converted to standard counts to remove local effects. Stan-
dard counts are directly comparable among all sites. For standard counts we use the
first probe, located in San Pedro, Arizona. An example of Level 2 data, corresponding
to Level 1 data in the table above, is shown in the table below.

YYYY-MM-DD HH:MM MOD PROBE PRESS SCALE SANPE INTEN OTHER CORR ERR
(UTC) " G (mb) ) ) ) I R I ()
2011-02-26 17:48 3409 1.000 0.984 3.489 2.486 1.002 n/a 2386 41

In the table, MOD is moderated (fast) neutron count rate (the same as in Level 1);
PROBE is the scaling factor that accounts for different probe designs (currently, there
are four types of probes in COSMOS); PRESS is pressure scaling factor that accounts
for temporal changes in local pressure; SCALE is the scaling factor accounting for ef-
fects of local altitude and geomagnetic latitude (geomagnetic field strength), computed
using equations in Desilets and Zreda (2003); SANPE is the scaling factor SCALE for
the San Pedro site; INTEN is the scaling factor accounting for temporal changes in the
incoming cosmic-ray intensity, computed using neutron monitor data (currently from
the Jungfraujoch neutron monitor in Switzerland, data from www.nmdb.eu); OTHER is
the placeholder for any future corrections (for example atmospheric water vapor cor-
rection); it is not implemented yet; CORR is the probe count rate corrected for all the
scaling factors, computed as:

CORR = (MOD - PROBE - PRESS - SANPE - OTHER)/(SCALE - INTEN) (A1)

and ERR is the uncertainty based on the counting statistics, computed as square root
of the original count rate (MOD), rescaled to CORR (Eqg. A1):

ERR = CORR/MOD®5. (A2)
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Level 3 data are produced by converting the quality controlled, corrected Level 2
data to soil moisture using a calibration equation (we use Eq. 4). An example of Level
3 data, corresponding to Level 1 and Level 2 data in the tables above, is shown in the
table below.

YYYY-MM-DD HH:MM  SOILM DEP SM12H D12
(UTC) (%) (cm) (%) (cm)

2011-02-26 17:48 9.9 28 9.0 29

In the table, SOILM is soil moisture for the counting time interval (we use 1h), in
either volumetric units (% by volume, or cm® of water per cm® of soil) or gravimetric
units (% by weight, or g of water per g of dry soil), depending on how the calibration was
done; DEP is the estimated effective measurement depth (or thickness over which the
soil moisture was measured; Franz et al., 2012a); SM12H is a 12-h running average,
computed using a 12-h robust boxcar filter; and D12 is the corresponding effective
measurement depth for SM12H.

Level 4 data will be added in future. COSMOS data will be assimilated into a land-
surface model to produce soil moisture profiles that will be available as Level 4 data at
all probe locations in near-real time.
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Table 1. Nuclear properties of ten elements contributing most to macroscopic scattering cross
section in terrestrial rocks. Key: A —atomic mass (g mole™ ); o — elastic scattering cross-section
(barns; 1barn = 107**cm?; H from Fig. 4.6 in Krane (1988); other elements from Table 1 in
Sears (1992); NC — number of collisions to thermalize a 1-2MeV neutron (calculated us-
ing Eq. 12.8 in Krane, 1988); ¢ — average log decrement of energy per neutron collision (or
lethargy); SP — elemental stopping power (computed as ¢- o) in cm™'; C — concentration, in
ppm, of elements in dry “average rock” (see text; the concentrations are not normalized to add

up to 100 %).

Element A o NC ¢ SP c
H 1.0079 22.02 18 1.000 22.016 —
0 15.9994 4232 149 0.120 0.508 487875
C 12.011 5551 113 0.158 0.875 87638
Si 28.0855 2.167 257 0.070 0.151 281367
Na 229898 3.28 211 0.085 0.277 23206
Ca 40.078 2.83 364 0.049 0.139 70963
Al 26.9815 1.503 247 0.072 0.109 58015
Fe 55.847 11.62 505 0.035 0.411 28980
Mg 24305 371 223 0.080 0.297 13436
K 39.0983 196 355 0.050 0.099 19137
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Fig. 1. Variations in soil moisture profiles at the horizontal scale of 400 m, at the COSMOS site
in the San Pedro River valley, Arizona. Thirty five profiles (gray lines) of three to four samples
each (gray symbols) were averaged to give the area-average profile (black symbols and con-
necting line). Undisturbed soil cores were collected down to 30 cm and divided into six sections
on which moisture content was measured by the standard oven-drying method. Gray points are
in the middle of the 5-cm intervals.
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Fig. 2. Distribution of “fast” neutrons above the earth’s surface showing strong dependence on
surface moisture. Circles and squares are measurements on a radio tower. A theoretical model
that best fits the data (dash-dotted line) suggests a soil moisture of 0.03 m*m>1t00.05m*m™2.

Neutrons (107 cm? sec™ eV

Replotted from Hendrick and Edge (1966).
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neutrons in air and ground (Fig. 1 in Desilets et al., 2010).
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Fig. 4. Variations in time of the high-energy cosmic-ray neutrons measured with a neutron
monitor (Simpson, 2000) at Jungfraujoch, Switzerland (data from Neutron Monitor Data Base,
http://www.nmdb.eu/nest/search.php, accessed on 2 February 2012), and reported as relative
difference from the value on 1 May 2011 ((value-value1may11)/valueimay11). The data shown
in black have resolution of ten days, while those in red one day. The lower panel and the red
line in the upper panel show the data between 2007, when the longest continuously running
COSMOS probe was installed, and today. The blue lines separate solar cycles (SC). Solar
cycles are on average 11 yr long, but vary from 9yr to 13yr.
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Fig. 5. Stopping power of twenty elements that contribute most to the total stopping power of
soils. Calculated as the product of the scattering cross section and the logarithmic decrement
of energy per collision (factors 1 and 2 in text).
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Fig. 8. Soil moisture from cosmic-ray neutron measurements (line) compared to that from
gravimetric measurements on samples collected within the cosmic-ray footprint (symbols), San
Pedro River valley, Arizona. The neutron data are corrected for temporal variations in the in-
coming neutron intensity, atmospheric pressure and atmospheric water vapor. The gravimetric
measurements are averages of between 27 and 108 soil samples. The mean of nine absolute

differences between the two is 0.013m®m 3.
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Fig. 11. COSMOS consists of neutronavkas that measure fast and thermal neutrons, neu-
tron monitors that measure high-energy neutrons, data transmission system (using Iridium
satellite constellation), and computers for data acquisition and processing, analysis and mod-
eling, and data and information dissemination. Key to abbreviations: n = fast neutron count
rate; P = atmospheric pressure; T = air temperature; H = relative humidity; I/ = battery voltage;
N = high-energy neutron count rate.
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Fig. 12. COSMOS data from the Santa Rita site, near Tucson, Arizona, USA. Fast neutron in-
tensity (top) was corrected for temporal changes in the incoming neutron intensity, atmospheric
pressure and atmospheric water vapor. The rainfall intensity (second from top) is the average
of 12 rain gauges distributed within 200 m of the COSMOS probe. Neutronderived soil mois-
ture (middle and bottom) are computed using Eq. (4) with neutron intensity normalized using
Eg. (A1), and is smoothed using a 12-h running average filter. Five separate soil moisture data
sets (red squares), each based on multiple soil samples collected within the COSMOS foot-
print and measured gravimetrically following oven drying, are shown for comparison with the
neutron-derived data.
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