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[1] Accurate estimates of biomass are imperative for understanding the global carbon cycle. However, measurements of
biomass and water in the biomass are difﬁcult to obtain at a
scale consistent with measurements of mass and energy
transfer, ~1 km, leading to substantial uncertainty in dynamic
global vegetation models. Here we use a novel cosmic ray
neutron method to estimate a stoichiometric predictor of
ecosystem-scale biomass and biomass water equivalent over
tens of hectares. We present two experimental studies, one in
a ponderosa pine forest and the other in a maize ﬁeld, where
neutron-derived estimates of biomass water equivalent are
compared and found consistent with direct observations.
Given the new hectometer scale of nondestructive observation
and potential for continuous measurements, we anticipate
this technique to be useful to many scientiﬁc disciplines.
Citation: Franz, T. E., M. Zreda, R. Rosolem, B. K. Hornbuckle,
S. L. Irvin, H. Adams, T. E. Kolb, C. Zweck, and W. J. Shuttleworth
(2013), Ecosystem-scale measurements of biomass water using cosmic
ray neutrons, Geophys. Res. Lett., 40, 3929–3933, doi:10.1002/grl.50791.

1. Introduction
[2] Knowledge of biomass is critical for understanding
the global carbon cycle. Observed [Korner et al., 2005;
Luyssaert et al., 2008] and modeled carbon budgets
[Purves and Pacala, 2008] differ signiﬁcantly in forest ecosystems partly because it is hard to reconcile measurements
of leaf-level photosynthesis with measurements of standscale mass and energy transfer [Ozanne et al., 2003]. This
disconnect in observation scales limits understanding of
ecosystem function [Enquist et al., 2003] and contributes
substantially to uncertainty in dynamic global vegetation
models (DGVM) [Purves and Pacala, 2008]. Global
climate models that include DGVM exhibit improved
carbon cycle simulations when accurate biomass data are
included [Creutzig et al., 2012].
Additional supporting information may be found in the online version of
this article.
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[3] Accurate measurements of area-average biomass are
difﬁcult to obtain [Jenkins et al., 2003] at a scale consistent
with measurements of mass and energy transfer, ~1 km.
There are three common methods for the monitoring of
terrestrial carbon storage in vegetation: forest allometry
measurements [Jenkins et al., 2003], remote sensing of
two-dimensional vegetation greenness [Hansen et al.,
2000], and light detection and ranging (LiDAR) techniques
[Lefsky et al., 2002]. In all three techniques, dry biomass is
estimated through allometric relationships based on plant
dimensions and then converted to carbon using stoichiometry
(Figure S1 in the supporting information). However, allometric approaches are labor intensive, dependent on local
species, and often biased toward smaller tree size classes with
uncertainties up to 30% [Jenkins et al., 2003]. While recent
advances in the terrestrial and airborne LiDAR method allow
the possibility of ﬁne-scale volume and surface area information, shadowing effects from dense canopies can limit the
applicability of the technique, requiring multiple vantage points
and signiﬁcant data processing [Loudermilk et al., 2009].
[4] Here we use a novel cosmic ray neutron method [Zreda
et al., 2008] to estimate average biomass water equivalent,
and thus biomass through stoichiometry, over an area of tens
of hectares [Desilets and Zreda, 2013]. The method provides
an integrated measure of both ﬁxed biological hydrogen in
the plant tissue and biological water contained in the plant
xylem and other tissues, the sum of which we call biomass
water equivalent (BWE; Figure S1). Although neutron intensity depends on all hydrogen pools near the ground [Zreda
et al., 2012], we are able to isolate the biomass water signal
using measurements of neutron intensity, soil water content,
soil mineral water, and atmospheric water vapor [Franz
et al., 2013]. In this work we present two experimental studies in forest and agricultural settings that give snapshots in
time of neutron-derived estimates of biomass water that are
consistent with direct observations. Given the spatial scale
of observations and potential for continuous estimates of
biomass water equivalent, this method could ﬁll a critical
observation gap in monitoring ecosystem-scale carbon and
water dynamics.

2. Cosmic Ray Neutron Method
2.1. Background of Cosmic Rays on Earth
and Neutron Detection
[5] Victor Hess received the Nobel Prize in Physics (1936)
for his discovery of cosmic rays in 1912. During the
midtwentieth century, scientists found, through both theoretical and experimental work, that the intensity of low-energy
cosmic ray neutrons depends on the chemical composition
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of the material, in particular the medium’s hydrogen content
due to its high moderation power (as summarized with references in Zreda et al. [2012]). Fast neutrons (~1 MeV), a tertiary cosmic ray ﬂux created by high-energy secondary
cosmic ray neutrons, exist in a well-mixed reservoir comprising soil and air [Zreda et al., 2012]. During the moderation
process, fast neutrons can mix at the scale of hundreds of meters in air and tens of centimeters in soil [Desilets, 2011].
[6] The principles of neutron detection with proportional
counters are well established [Knoll, 2000]. Here we use
the moderated or fast neutron detector implemented in the
COsmic-ray Soil Moisture Observing System (COSMOS)
[Zreda et al., 2012]. The fast neutron detector is shielded
by 2.5 cm of plastic, making it most sensitive to neutrons
between 1 and 1000 eV [Desilets, 2011]. We note from
neutron transport modeling that the relationship between average hydrogen content and neutron ﬂux is nearly identical over
these energy ranges (T. E. Franz, unpublished data, 2013).
2.2. Estimation of Biomass Water Equivalent Using
Fast Neutron Intensity
[7] While the fast neutron detector used here was originally designed to measure soil water dynamics in the near
surface over large horizontal areas (~28 ha, a circle with
radius of ~300 m at sea level in dry air [Desilets and Zreda,
2013], vertical depths of ~10 cm in wet soil and ~70 cm in
dry soil [Zreda et al., 2008]), it is sensitive to all hydrogen
inside its measurement volume [Zreda et al., 2012]. By independently quantifying soil moisture (and other nonbiomass
hydrogen pools) with direct sampling, we are able to isolate
the biomass water signal component in the fast neutron intensity measurements following the framework outlined in
[Franz et al., 2013]. Because soil water is typically the
largest pool of hydrogen present in the near surface, its uncertainty will control the measurement precision of the biomass
hydrogen pool. Despite the large horizontal and vertical
heterogeneity, we found from extensive soil moisture ﬁeld
sampling at numerous COSMOS sites (108 total samples
collected at each site at six depths, 0–30 cm every 5 cm,
and 18 horizontal locations, 0–360° every 60°, and radii of
25, 75, and 200 m) that the standard error of the mean soil
moisture as a function of mean soil moisture has a parabolic
shape with a maximum value of 0.008 m3/m3 equivalent to
2.4 mm of water or 2.4 kg/m2 at a soil water content of
0.275 m3/m3 (Figure S2).
[8] In order to isolate the biomass water signal from the
convoluted fast neutron intensity measurements, we need to
make several assumptions and simpliﬁcations about the
instrument support volume, instrument sensitivity, estimation of various hydrogen pools inside the support volume
through direct sampling, and distribution of hydrogen pools
within the support volume. Because the various hydrogen
pools can be aggregated in a thin layer (i.e., soil pore water,
soil mineral water, and vegetation) or dispersed across the
entire support volume (i.e., water vapor and forests), our
framework either directly accounts for the mass of the hydrogen pool or removes its signal from the convoluted signal
using derived relationships from neutron transport simulations [Franz et al., 2013; Zreda et al., 2012].
[9] Here we assume that the instrument support volume
(86% cumulative sensitivity) is a hemisphere above the surface with a constant radius of 300 m as deﬁned by previous
work [Desilets and Zreda, 2013; Zreda et al., 2008]. We note

that Desilets and Zreda [2013] found that the support radius
is reduced by 20 m per additional 10 g of water per kilogram
of air but does increase with elevation above sea level. In
order to remove the water vapor component from the fast
neutron intensity measurements, we use measurements of
surface air temperature, air pressure, and relative humidity
to determine the absolute humidity [Rosolem et al., 2013].
Rosolem et al. [2013] found the neutron correction factor as
CWV ¼ 1 þ 0:0054 ρ0v  ρref
v



(1)

where CWV is the scaling factor for temporal changes in
cosmic ray intensity as a function of changes in atmospheric
water vapor, ρ0v (g m3) is the absolute humidity at the sur3
face, and ρref
v (g m ) is the absolute humidity at the surface
at a reference condition (here we use dry air, ρref
v = 0 ).
[10] Because vegetation in forests may be distributed in
clumps across the support volume, we introduce an additional correction factor relating the efﬁciency of neutron
moderation from discrete objects versus an equivalent layer
of water on the surface (CBWE). Neutron transport simulations indicate that the equivalent layer efﬁciency factor
depends on both the total volume and surface area of tree
trunks (Figure S3). Therefore, a priori information is needed
about the size and distribution of trunks inside the measurement volume. We note that the support radius and depth will
be only slightly reduced by the presence of aboveground
biomass given the large open space for neutrons to travel
unimpeded. In order to correct for dispersed hydrogen pools
above the surface, we deﬁne the dry atmosphere neutron
counting rate N (counts per hour, cph) as
N ¼ N L2  CWV  CBWE

(2)

where NL2 is the level 2 neutron counting rate (http://cosmos.
hwr.arizona.edu/) previously corrected for variations in
incoming high-energy particles and absolute pressure deviations [Zreda et al., 2012].
[11] Below the surface, we assume that the support volume
is a cylinder with a ﬁxed radius of 300 m and a depth that
varies with surface water, soil pore water, mineral water,
and bulk density. Assuming no surface water and uniform
distributions of soil pore water, mineral water, and bulk
density, Franz et al. [2012] found the effective sensing
depth z* (cm) to be approximated by the following equation
[Franz et al., 2012]:
z* ¼ ρbd
ρw

5:8
ðτ þ SOCÞ þ θ þ 0:0829

(3)

where 5.8 (cm) represents the 86% cumulative sensitivity
depth of low-energy neutrons in liquid water; 0.0829 is controlled by the nuclear cross sections of SiO2; ρbd is the dry
bulk density of soil (g cm3); ρw is the density of liquid water
assumed to be 1 (g cm3); τ is the weight fraction of lattice
water in the mineral grains and bound water, deﬁned as the
amount of water released at 1000°C preceded by drying at
105°C (gram of water per gram of dry minerals); and SOC
is the soil organic carbon (gram of water per gram of dry
minerals, estimated from stoichiometry using measurements
of total soil carbon, TC, and soil CO2, SOC ¼ TC  12
44 CO2 ).
Here measurements of lattice water, total soil carbon, and soil
CO2 were made on an ~100 g composite sample (subsampled
from the 108 soil moisture samples) collected at the study site
and analyzed at Actlabs Inc. of Ontario, Canada.

3930

FRANZ ET AL.: ECOSYSTEM MEASUREMENTS OF BIOMASS WATER

corresponding N to specify the free parameter NS in order
to minimize site, instrument, and sampling uncertainties.
By measuring (either at one snapshot in time or continuously)
fast neutron intensity, water vapor, soil pore water, and soil mineral water, estimates of BWE (=0.556*C6H10O5 + H20ABG)
can be calculated using equations (1) to (5).

3. Biomass and Biological Water Content

Figure 1. Time series of daily fast neutron counts at the
study sites near Flagstaff, AZ, USA. One cosmic ray neutron
probe was placed in a burned area, wildﬁre (brown line), and
the other 3 km away in an intact ponderosa pine forest (green
line). The sharp decreases in neutron counts are due to rainfall, and the slow increases in neutrons counts are due to loss
of soil water to evapotranspiration and deep inﬁltration.
Because of the additional hydrogen in the intact ponderosa
pine forest, the neutron counts are consistently lower at
that site throughout the year. Note that the daily averaged
Poisson counting rate uncertainty is between 7 and 9 cph
and that there is an inverse relationship between neutron
counts and total hydrogen present because of hydrogen’s
high efﬁciency in removing neutrons.
[12] With the estimates of sensor support volume, we can
compute the mass and molar mass of each element in the system. We assume that the atmosphere is composed of only nitrogen (79% by mass) and oxygen (21% by mass) and
follows a standard lapse rate. We further assume that the
subsurface is composed of solid grains (pure quartz, SiO2,
lattice water, and SOC water equivalent) and soil pore water.
Here we assume that the wet aboveground biomass, AGB
(kg/m2), is composed of only water (50% by mass) and
cellulose (C6H10O5, 50% by mass) but note that this is dependent on plant species and time and should be quantiﬁed
directly. With the estimates of volume, mass, and chemical
composition, we can calculate the hydrogen molar fraction,
hmf (mol mol1), in the cosmic ray probe support volume as
hmf ¼

3.1. Estimates of Forest Biomass
[14] To evaluate forest biomass and BWE, a semiarid site
near Flagstaff, AZ, USA was instrumented with two identical
neutron probes (CRS-1000/B), placed 3 km apart: one in a
ponderosa pine forest (35°26′19″N, 111°48′13″W) and the
other in an area burned by wildﬁre in 1996 (35°26′44″N,
111°46′19″W) [Dore et al., 2010]. We note that the probes
were tested side by side over an 18 h period and were found
statistically identical. The measured fast neutron count rate
at the ponderosa pine site was consistently ~100 cph lower
than that at the wildﬁre site (Figure 1). This difference can
be attributed to more efﬁcient removal of fast neutrons by
the additional hydrogen present in the aboveground biomass
at the forest site (Table S1). Measurements at the burned site
and surrounding ponderosa pine forest give similar belowground carbon pools (~7 kg C/m2 in Dore et al. [2010] and
Table S1). Stem density measurements [ Dore et al., 2010,
Figure 1], carbon pool estimates [Dore et al., 2010,
Table 4], and allometric relationships of the stem density
measurements [Jenkins et al., 2003] give the aboveground
wet ponderosa pine biomass between 16 and 31 kg/m2. By
solving equations (1) to (5) using independent measurements
of water in soil minerals, soil pore water, atmospheric water

∑Hi
Hτ þ HSOC þ Hθ þ HAGB
¼
∑Ai NO þ SiO2 þ H2 Oτ þ H2 OSOC þ H2 Oθ þ C6 H10 O5 þH2 OAGB

(4)

where ∑ Hi is the sum of hydrogen moles from lattice water
Hτ, soil organic carbon water equivalent HSOC, pore water
Hθ, and vegetation HAGB inside the support volume, and
∑ Ai is the sum of all moles from air NO, soil SiO2, lattice
water H2Oτ, soil organic carbon water equivalent H2OSOC, pore
water H2Oθ, and aboveground biomass C6H10O5 + H2OAGB
inside the support volume.
[13] Using neutron transport modeling simulations of
various soil chemistries, Franz et al. [2013] derived a single
relationship between hmf and relative neutron counts:
N
¼ 4:486 expð48:1  hmf Þ þ 4:195 expð6:181  hmf Þ (5)
NS

where Ns represents the site- and instrument-speciﬁc fast
neutron count rate at saturation (i.e., over liquid water, where
the count rates approach a constant value). We note that in this
work, we used a single known value of hmf and the

Figure 2. Measured aboveground biological water (green
area), sum of measured aboveground biological water and
ﬁxed biological hydrogen (yellow + green area), and neutron-derived aboveground and belowground biomass water
equivalent (blue line) at the Iowa validation site for one rotation of maize. The differences in the neutron-derived BWE
values are likely due to the presence of roots and residue
(dead plant material) that is left on the soil surface after
harvest. Soil tillage between the March and May 2012 measurements promoted the decomposition of the root and residue
BWE. Note that the standard error of the mean was estimated
from the uncertainty in the soil pore water samples (Table S2)
and that the ratio of the green to yellow + green area gives the
fraction of biological to total water inside the maize.
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vapor, and fast neutron intensity, we found that the neutronderived BWE of 26.9 ± 1 mm at the ponderosa pine site was
within 1 standard error of 22.5 ± 4, 34.2 ± 10, and
32.3 ± 11 mm obtained using three different independent
allometric methods (Figure S4 and Tables S1–S3).
3.2. Estimates of Maize Biomass
[15] The second study was conducted at the Iowa validation site (IVS; 41°59′0″N, 93°41′1″W) where a neutron
detector (CRS-1000) was placed in the agricultural ﬁeld in
September 2010. The ﬁeld is 1 km  1 km with yearly rotation between soy (even years) and maize (odd years).
Estimates of water in soil minerals, soil pore water, atmospheric water vapor, and aboveground ﬁxed hydrogen and
biological water were made eight times between May 2011
and May 2012 (Table S1). These measurements were used
to compute the neutron-derived BWE at various stages of
maize development throughout the season (Figure 2). In
early growth stages (May to June), the maize comprises over
90% water when rapidly growing both above and below
ground. During ﬂowering, fruit development, and ripening
(July to August), the aboveground biological water dropped
to below 70%. Comparisons of observed aboveground ﬁxed
biological hydrogen and biological water with neutronderived BWE show similar overall behavior over the year
but with several key differences (Figure 2). Because of the
hydrogen in roots, the neutron-derived BWE was higher
than the aboveground observations and exhibits different
behaviors during the most active period of maize growth
(July 2011). After harvesting (September 2011), the neutronderived BWE remained constant over the winter months as
the rootstock and dead plant material (residue) remain in the
soil and on the soil surface. After soil temperatures increase
and tillage occurs (May 2012), the neutron-derived BWE
returned to near zero (premaize conditions) because of the
(1) corresponding decrease in aboveground storage in residue,
(2) decomposition of root mass and residue, and (3) mechanical vertical mixing of root mass and residue during soil tillage
below the probe measurement depth of ~20–30 cm.

[18] Second, integrated water vapor in the layer of air
between the land surface and ~300 m above the surface
may change seasonally by up to 1 cm of liquid water
[Rosolem et al., 2013], which is about the same magnitude
as the seasonal variations in maize and total aboveground
biomass at the ponderosa pine forest. Therefore, measurements of atmospheric water vapor are critical to detect the
BWE signal from the integrated fast neutron intensity data.
[19] Third, the framework used to deconvolve the fast
neutron intensity signal summarized in equations (1) to (5)
[Franz et al., 2013] required an efﬁciency factor (Figure
S3) to convert the dispersed hydrogen of trees into an
equivalent layer. Future observational and theoretical
work should focus on validating these efﬁciency factors in
various forests.
[20] Fourth, the belowground biomass and crop residue
were found to be two important pools that we did not explicitly quantify in the maize IVS study. While our results
demonstrate that these pools could be quantiﬁed with the cosmic ray neutron methodology, future studies can improve on
these estimates. We also note that by comparing the neutronderived BWE with observed AGB in early maize growth
stages, the belowground component was signiﬁcantly higher
(~2 to 3) than published root to shoot values (~1) [Anderson,
1988], but these values should be validated in future work.
Given the importance of root density for water uptake,
measurements of root mass at large scales may be useful in
helping parameterize and calibrate large-scale crop models.
In addition, the slow decay or long turnover time of plant
residue is a potentially huge and poorly known carbon source
[Schmidt et al., 2011]. The neutron-derived measurements of
water equivalence presented here suggest that this technique
may be useful in estimating large-scale turnover times of soil
organic hydrocarbons in the near surface.
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at the earth’s surface was funded by the U.S. National Science Foundation
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4. Discussion and Limitations of the Study
[16] These two ﬁeld experiments demonstrate that measurements of cosmic ray neutrons can provide precise and
accurate estimates of area-average BWE for a ponderosa
pine forest and a maize ﬁeld. But there are a few caveats
that should be kept in mind when using neutrons to
estimate BWE.
[17] First, because the water in the soil pore space is the
largest pool of hydrogen (between 6 and 9 cm of water in
the top 30 cm of soil at these two sites) and most variable in
time, the precision of neutron-derived BWE estimates is
primarily controlled by the standard error of the mean soil
moisture measurement (Figure S2). Using the 108-sample
COSMOS soil moisture protocol, we found that the standard
error of the mean soil moisture had a maximum value of
around 0.008 m3/m3 or 2.4 mm of water or 2.4 kg/m2, thus
deﬁning the maximum precision of the technique given no
other sources of uncertainty. While the 108 samples can
usually be collected over several hours at a site, the methodology is still labor intensive in order to achieve the desired
level of precision to be consistent with species-speciﬁc
allometric relationships [Jenkins et al., 2003].
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