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Abstract. A cosmic-ray soil moisture probe is usually cali- datasets in space and time are difficult to obtain (Robin-
brated locally using soil samples collected within its supportson et al., 2008), hindering progress in fundamental under-
volume. But such calibration may be difficult or impracti- standing of the land—atmosphere coupling (Jung et al., 2010;
cal, for example when soil contains stones, in presence oSeneviratne et al., 2010). The recently developed cosmic-
bedrock outcrops, in urban environments, or when the probeay soil moisture method (Zreda et al., 2008) and probe
is used as a rover. Here we use the neutron transport codey Hydroinnova LLC, Albuquerque, NM, USA, allow for
MCNPx with observed soil chemistries and pore water dis-near surface soil moisture measurementsli? to 70cm)
tribution to derive a universal calibration function that can at intermediate horizontal scales 85ha) (Desilets et al.,
be used in such environments. Reasonable estimates of po2910). Fifty probes have been deployed around the continen-
water content can be made from neutron intensity measuretal USA as part of the COsmic-ray Soil Moisture Observ-
ments and by using measurements of the other hydrogeing System (COSMOS) (Zreda et al., 2012; data available at
pools (water vapor, soil lattice water, soil organic carbon, andhttp://cosmos.hwr.arizona.eduand other networks are be-
biomass). Comparisons with independent soil moisture meaing installed elsewhere.
surements at one cosmic-ray probe site and, separately, at 35 Previous work has concentrated on the relation between
sites, show that the universal calibration function explainsthe neutron intensity in air above the land surface and soil
more than 79 % of the total variability within each dataset, moisture. However, that intensity is influenced not only by
permitting accurate isolation of the soil moisture signal from soil moisture, but also by hydrogen in other reservoirs. De-
the measured neutron intensity signal. In addition the framesilets et al. (2010) presented a theoretical calibration func-
work allows for any of the other hydrogen pools to be sep-tion that required at least one independent estimate of area-
arated from the neutron intensity measurements, which mayverage soil moisture to define the free parameéftgrAnal-
be useful for estimating changes in biomass, biomass wategsis of 35 different COSMOS site calibration datasets indi-
or exchangeable water in complex environments. cates thaiVp varies significantly from site to site and in time
within the same site (Table S1) due to presence of other time-
varying sources of hydrogen, such as fast-growing maize
(Hornbuckle et al., 2012).
1 Introduction While it is possible to collect soil calibration datasets at
some sites, at others it may be impossible (e.g., where rock
Understanding the exchange of water between the land suigutcrops are present, in urban environments, in inaccessible
face and atmosphere is critical for accurate initialization Ofareas7 etc_), impractica| (e_g_’ for |arge_sca|e mobile surveys;
general circulation models (Koster et al., 2004; Wang etpesilets et al., 2010), or difficult to obtain a representative
al., 2006), understanding energy and water fluxes (Senevigrea-average soil water content (e.g., for sites that contain

ratne et al., 2010), and thus making short-term weather presjgnificant amounts of large cobbles or stones). However,
dictions. However, accurate and exhaustive soil moisture
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water is still exchanged between the land surface and atdetected signal (here, neutron intensity) without additional
mosphere at these sites, and observations of area-averagdormation, constraints or simplifications.
moisture are necessary to understand the transfer of mass, The influence of additional sources of hydrogen is evident
momentum, and energy in these systems. Such observatiorikom the wide range ofVy values computed for COSMOS
may be possible with the aid of a universal calibration func- sites using the Desilets et al. (2010) calibration function:
tion. In this work we aim to show that measurements of neu- 0.0808
tron intensity and other more easily measurable hydroge®(N) = ———— —0.115 Q)
pools (water vapor, soil lattice water, soil organic carbon, (%) —0.372
and above-ground biomass) are adequate to provide reason-
able estimates of soil moisture through a universal calibratiowhere 6 is the volumetric pore water content $m~3),
function. N is the neutron counting rate/flux normalized to a refer-
Universal calibration functions and algorithms have beenence atmospheric pressure and solar activity level sipd
developed in the past, with some of them being transfor-iS the counting rate/flux over dry soil under the same refer-
mative in terrestrial hydrology. For example, Knyazikhin et €nce conditions. Figure 1 illustrates an example of Eq. (1)
al. (1998) utilized a radiative transfer model in six differ- for one value ofNo and includes uncertainty bounds for
ent vegetation classes to derive a global leaf area index anfjvo count rate uncertainties of 50 and 100 counts per hour,
fraction of absorbed photosynthetically active radiation from ¢ph. We note that the uncertainty in the pore water con-
satellite-derived spectroradiometer measurements. Topp dent grows with increasing water content given the non-
al. (1980) found a single relationship between the measuredinearity in Eq. (1). Using 45 calibration datasets from
dielectric constant and volumetric water content across &35 different COSMOS sites, we findVp varies signifi-
wide range of soil types using coaxial transmission lines. ~ cantly (mean=2632cph, st.dev.=433cph, min=1892cph,
In this work, we develop a universal calibration function max=3394 cph; Table S1). This parameter should be approx-
for the cosmic-ray neutron probe. It accounts for severalimately constant when accounting for all hydrogen sources;
sources of time-varying hydrogen Signa]s that may be preser{h(—l‘fﬁ‘fore the Iarge Spread indicates that not all sources of hy-
in the probe’s support volume in order to expand the po-drogen are taken into account.
tential use of the probe to hitherto difficult sites and novel
applications. We first develop the function using the neu-
tron transport code MCNPx (Pelowitz, 2005), for two dif-
ferent cases: uniform variations of pore water in 50 differ-
ent soil chemistries, and vertical variations in pore water in
four different soil textures using a numerical solution to the

2.2 A practical framework

Given the deficiency of Eq. (1) to account for additional
or time-varying hydrogen signals, we present a simplified
but general framework to account for all hydrogen sources
present. We assume that a monotonic relationship exists be-

tl.'D Elcha_rds et;quatlog. Wetthen dtetst fthe Vggdgégf'\;rgguntc'tween observed neutrons and the amount of hydrogen present
Ion by using observed neutron data from S5 the support volume. In order to isolate the different tran-

(where we have full calibration datasets) with a wide range i e signals, we employ neutron intensity correction fac-

of conditions. tors and assign average properties within the support volume.
From neutron transport simulations, Zreda et al. (2008) found
that 86 % of the neutron signal occurs within a 335-m radius

5 Methods and is nearly independent of soil moisture. They also found

that the vertical extent of the neutron signal depends on soll

moisture, ranging from 12 cm in wet soils (0.46 m=3) to

70cm in dry ones (0 Am=3).

In the air, the support volume is approximately a hemi-
sphere with a radius of 335 m. The neutron signal is normal-

. . ized to the same reference pressure, geomagnetic latitude,
surface is controlled mainly by the number of atoms of hy- P 9 9

. . 7 and the incident high-energy neutron intensity as summa-
drogen in the combined soil-air system (Zreda et al., 2008). ized in Zreda et aﬁ (2012)g);nd implementedyin the COS-

Hydrogen at the surface is present in three forms: static (soi 0S project (Level 2 data available http://cosmos.hwr.
mineral structure, mostly constant in time), quasi-static (veg-

etation and soil organic carbon, possibly varying in time) andarizona.edL)l In addition, the neutron signal is corrected for

: 9 P yvarying variations in atmospheric water vapor (Franz et al., 2012b;
transient (water vapor, pore or ponded water, snow, all changz )
S ; . “Rosolem et al., 2013):
ing in time). The support volume of a cosmic-ray probe is
governed by the average travel distance of neutrons in aigwy — 1 +0.0054( 0 — pgef> @)
near the land surface (Desilets et al., 2010). Because of the
additional sources of hydrogen, it is difficult to isolate a sin- where CWYV is the scaling factor for temporal changes in
gle transient signal (here, soil moisture) from the convolutedcosmic-ray intensity as a function of changes in atmospheric

2.1 Relationship between low-energy neutron intensity
and hydrogen

The intensity of low-energy neutrons in air above the land
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0.55——— . . , , water, total soil carbon, and GOneasurements were made
'0 5 [ —N, =3000 cph| on a~ 100 g composite sample collected at the study site and
: W o +/— 50 coh analyzed at Actlabs Inc. of Ontario, Canada. The 100 g com-
0.45) Yo . 4+/—100 E h posite sample was made by collectirdl g of soil from 108
0.4 N P i individual samples at 18 locations with the footprint (sam-
s~ 0.35 1 ples collected at 6 depths, 0-5, 5-10, 10-15, 15-20, 20-25,
'g 0.3 25-30cm, and 18 horizontal locations, bearings {fel,
S 120, 180, 240, 30, and radii of 25, 75, and 200 m). As
g 0.25 : R - .
< 02 a slight modification to the original equation (Franz et al.,
0 1' 5l 2012a), we have added the effects of soil organic carbon (Ta-
g ble S1) on the effective depth of the sensor by treating it sim-
0.17 ilarly to lattice water following Zreda et al. (2012), as it may
0.057 contain a significant amount of hydrogen molecules. Given

1% the complexity of soil organic carbon molecules, here we as-
sume that the weight percent of organic carbon is the same as
lattice water based on the stoichiometry of ligninkzo02)

Fig. 1. Example relationship and uncertainty bounds between ob-2nd €quivalent amount of hydrogen. We note that the effects

served neutron counts and pore water content using Eq. (1) and &f SOC and lattice water on the effective depth will be most

typical Ng value of 3000 cph. pronounced for low soil water contents.

With the estimates of sensor support volume and average
properties within that volume, the total mass in the system
and the total number of moles of each element can be cal-
rculated (Table S1). Following the neutron correction factor

o' = 0). Estimates of absolute humidity can be made withfor variations in atmospheric water vapor Eq. (2), we as-

surface measurements of air temperature, air pressure, amyme 'the atmosphere is coomposed' of only nitrqgen (79%
relative humidity following Rosolem et al. (2013) (see Ta- by weight) and oxygen (21 % by weight). We estimate wet

ble S1). We note that the support radius is a weak function Ofa_bove-grou_nd biomas_s, AGB (kgTh), from US Forest Ser-
water vapor and that it may be reduced-byL0 % for fully vice maps in the continental USAmJtp://wepmap.ornl.gov/
saturated air as compared to dry air (Rosolem et al., 2013)Pi0mass/biomass.htinand assume vegetation is only com-

Here we correct the neutron intensity to dry air conditions posed of water (60% by weight) and cellulosesk{zoOs,

and do not consider the small changes in the support radius.40% by weight). We assume the subsurface is composed of

In the subsurface, the support volume is a cylinder with aSOI'_d grains (pur_e quartz, SiOplus lattice Wgter and S_OC
fixed radius of 335m and a depth that varies with pore Wa_latuce water equivalent) and pore water. With the estimates

ter content. In order to calculate the measurement depth an?'c volume, mass, and chemical composition, hydrogen molar

depth-weighted average of properties within the volume, we'raction, hmf (mol mof™), is

modified the framework outlined in Franz et al. (2012a). For, . > H:

uniform distributions of pore water, lattice water, soil organic LA

carbon, and bulk density, Franz et al. (2012a) found the ef- _ _ H: + Hsoct+ Ho + Hacs )

fective depth* (cm) as NO + SiOz + H20; + H20s0c+ H209 + CsH1005 + H20ncB

where H; is the sum of hydrogen moles from lattice water
* 8 (3) H;, soil organic carbon lattice water equivaldifitoc, pore
24 (1 +500 +6 +0.0829 water Hy, and vegetatiorfiagg inside the support volume,

. .. . andA; is the sum of all moles from air NO, soil SjQlat-
where 5.8 (cm) represents the 86 % cumulative sensitivity;j.o \vater HO,, soil organic carbon lattice water equiva-
depth of low-energy neutrons in liquid water, 0.0829 is con- lent H,Osoc, pore water HO,, and above-ground biomass
trolled by Fhe nuclgar cross sectipns of @ing is thg dry CeH1005 + H20ncg inside the support volume. Table S1
bulk density of soil (gcm?®), pw is the density of liquid presents a summary of all calculations from the 45 calibra-

water assumed to be 1 (g, = is the weight fraction o arasets at 35 different COSMOS locations (some loca-
of lattice water in the mineral grains and bound water, de'tions have more than one calibration dataset)

fined as the amount of water released at 1@@receded

by drying at 105C (g of water per g of dry minerals, also 2.3 Modeled neutron intensity for variations in soil

known as lattice water), and SOC is the soil organic car- mineral chemistry

bon (g of water per g of dry minerals, estimated from stoi-

chiometry using measurements of total soil carbon and,CO To simulate the transport of cosmic-ray particles through the
SOC=TC- }1—31002). For this work, measurements of lattice atmosphere and shallow subsurface, we used the MCNPXx

Observed Neutrons, N (cph)

water vapor § - CWV), p? (gm~3) is the absolute humid-
ity at the surface, ang'f (gm~3) is the absolute humidity
at the surface at a reference condition (here we use dry ai
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model (Pelowitz, 2005), a general purpose Monte Carlo codea)
that tracks the individual life history of a particle and sub-
sequent particles as it interacts with matter. At 1 to 2m
above the surface, the fast neutron flt¥(energy range 10—

100 eV), is tallied; it corresponds to approximately the same
energy neutrons that are measured by the cosmic-ray neu
tron detector moderated or “fast” channel (Desilets, 2011).
Desilets (2011) notes that the moderated channel measures
range of neutron energies with the median value near 10eV,

=)

S

Relative Neutron Flux, N/N_ (10-100eV)

where detection frequencies drop off as 1/e for higher-energy o (m® n?-'s)

neutrons. We note that MCNPx simulations of neutron flux

of each binned energy level between 1 andé\¥ indicate ~ b) 3 ‘

nearly identical response functions to soil moisture changes, 5 % | % veawaer

thus Justlfylng the use Of the energy range uSed hel’e The gw 8_‘%(___N/Ns:4.4859)47(‘43.1')()+4.1959XP(—6>‘81'X)‘ HMSE:D.OSS&F\2:O.989

neutron transport simulations used soil mineral chemistries £ | %

from 50 different soil types, 49 COSMOS sites mostly across é

the continental USA ranging from sand to clays, and the hy- 5

pothetical case of Sig)(Table S2). Using these soils we sim- § ol

ulated 12 different uniformly distributed pore water contents S i T e x

(Fig. 2). Despite large variations in soil chemistry and soil § % 0.05 01 0.15, 02 0.05
Z(H)/Z(A) (mol mol™")

texture, the framework presented in Sect. 2.2 explained 99 %
of the variation (Table_ 1) bgtv_veen relative neutron flux andFi . 2. MCNPx modeled relative neutron flux vers(s) 12 uni-
hqugen molar fraction W_'th'n th? sensor support VOIumeformly distributed pore water content profiles (0, 0.02, 0.05, 0.10,
using a two-term exponential function: 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50mm3) and(b) com-
puted hydrogen molar fraction in the support volume of cosmic-ray
ﬁ = 4.486 exfi—48.1-hmf)+4.195 exg—6.181-hmf). (5) neutron probe for 50 different soil mineral chemistries at COSMOS
Ny sites (Table S2). The horizontal axis (o) is the ratio of the sum

A dto d il which di . kof all hydrogen moles that are present in the support volume (vege-
S opposed to dry soll, which was used In previous wor tation, pore water, soil mineral water, and soil organic carbon) and

(Desilets et al., 2010), neutron flux is normalized to the casgpe sym of all moles from all elements that are present in air, vege-

of an infinitely degp Iaye_r of water bengath the sensor (i.e., NQation, soil, and pore water. Note the combined modeled chemistry
soil) because of site to site differences in lattice water and soilind pore water profile cases were used for the best curve fitting

organic carbon. The modeled neutron intensity over,380  analysis (see Table 1 for individual data fits).

8.5 times higher than that over water, which is similar to the

theoretical value reported in Fig. 1 of (Hendrick and Edge, . , - .
1966). To compare modeled neutron fluxes to observed nelﬂ'4 Modeled neutron intensity for variations in
tron counts, the parametaf;, which represents the cosmic- pore water

ray neutron count rate normalized to that over water, must bel' model variations in neutron intensity due to variable pore
specified. This parameter may be sensor dependent, but carn . ya ep
ater content profiles, we used 1-D solutions of the Richards

be easily specified by measurements over a large water bod quation as input for the MCNPx modeling. Full details of

>~ 500 m on all sides and deeper than 1 m) and by follow- X .

i(ng the standard correction factgrs summari)zed inereda e{he experiment are repqrtgd n Franz et .al' (2012{’1)’ who

al. (2012). S|_mulated one complete infiltration and dry|_ng cycle_ln four
different soil textures: sand, sandy loam, silt, and silty clay

loam. Fitting the same two-term exponential function Eq. (5)

hmf, where we can account for the hydrogen in the Iatticeto the model results, the e(i(plained fraction o_f variance de-

water and soil organic carbon. This result justifies the use O]creased from 99.5 to 96.5% and the RMSE increased from

Eq. (4) and its simple representation of soil chemistry con—63'9 to 75.1cph (Fig. 3 and Table 1). The increased vari-

sising of only G, latice waler,and orgnic caron. Wi 2107 ¢ 0 1 e st ystress hat s i e pew
respect to future work using stationary or mobile cosmic-ray y ging P

neutron probes, we recommend site-specific estimates of Ia,e/_vettmg front that exists during infiltration. The hysteresis is

. . . most pronounced in the coarser soils where sharp wetting
tice water and soil organic carbon for most accurate results. . .
9 fronts are strongest as indicated by the RMSE for different

soil types in Table 1. We note that all uncertainties are ex-
pressed in terms of cph, given the nonlinearity in converting
cph to pore water content (Eq. 1). However, Fig. 1 may be

N

Most notably, the results in Fig. 2 illustrate that all 49 ob-
served soil chemistries collapse to the HSi&ase when using
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Table 1. Summary of coefficients and fitting statistics for modeled _ 4 —
L an
and observed cases. E o Sandy Loam
\ Silt
© \ Silty Clay Loam
RMSE T 350N | x redaloy
o LI _N/Ns = 4.486exp(-48.1"x) + 4.195exp(-6.181*x), RMSE = 0.0838, R? = 0.989
Case (cph)  RZ? a? b2 A 42 N2 = K
Poisson Counting ~ 129tc NA NA NA NA  NA  NA PR 1
Uncertainty for 6 h 20.4 > i
average period .
(1000 to 2500 cph) 5 25 1
Modeled Variable 63% 0995 4.264 —49.4 4382 —6.401 NA e
Chemistry S
Modeled Variable 758 0965 4.114 —49.4 4228 —6.401 NA s 2 1
Pore Water Profiles, [} N
all z S0
Modeled Variable ~ 107® 0.855 4.091 —49.4 4.204 —6.401 NA 2 15 1
Pore Water Profiles, © S
sand © =
Modeled Variable 782 0831 4184 —494 4300 —6.401 NA ooy e 0‘1 0‘1 o5 %
Pore Water Profiles, : . i _q i
sandy loam Z(Hi)/Z(Ai) (mo?mol )
Modeled Variable 398 0783 4107 —494 4221 —6.401 NA
Pore Water Profiles, .
silt Fig. 3. MCNPx modeled neutron flux versus hydrogen molar frac-
Modeled Variable 39!8 0447 4.058 —49.4 4171 -6.401 NA tion for four different soil textures undergoing one wetting and dry-
;ﬁ;ec‘l’;";‘i:;o“'es’ ing cycle. Each soil moisture profile was generated using a nu-
Modeled Chemistry ~ 83 0.989 4486 —48.1 4.195 —6.181 NA meriga_ll solution to the 1-D Richards equation for a top boundary
and Pore Water condition of a 2.54cm rain event that lasted 24 h followed by a
Profile$ 1 ; [ :
Observed, Santa 110.1 0854 4.486-48.1 4.195 —6.181 1037.0 2mmday  potential € _vapc_)tr_a_msplratl_qn for9 da){s, afree d_ralnage
Rita Experimental lower boundary condition, initial condition set to field capacity, and
Range a vertical resolution of 2 cm. Note the combined modeled chemistry
82,?;:;’53545 199 0.791 4486481 4195 6181 1019.0 and pore water profile cases were used for the best curve fitting anal-
Datasets ysis (see Table 1 for individual data fits).

2 Coefficients for the Eq. (5)Y /Ny = a - exp(b - hmf) + ¢ - exp(d - hmf). b Assuming

Ny = 1000cph to convert between counts cotihtto cph.© Coefficients used in all 3400 N « TDT Data
figures and observed fitting. N ® Volumetric Sampling )
3200 ‘l\\ _ _ _Fitted Curve, NS =1037, RMSE = 110.1, R® = 0.854
. ) L £3000f ’
used to estimate the equivalent uncertainty in terms of pore g
water content for different count rates and uncertainties. Z 2800/

2.5 Neutron intensity observations at Santa Rita
experimental range

served Neutrons
\S) n N
N N ()]
o o o
o o o

To further validate the universal calibration function, we
compare observed neutron data with estimates of hydro- G 2000
gen molar fraction for five different volumetric calibration
datasets (Table S1, COSMOS site number 11) and for con-
tinuous measurements from a distributed sensor network
in Southern Arizona over a six-month period (details of
the distributed sensor network observations are presented in
Franz et al., 2012b). Continuous measurements were takefig. 4. Observed neutron counts and computed hydrogen molar
at depths of 10, 20, 30, 50, and 70cm, in the same Spa?iract!ons from five set.s of multiple .soil samples cgllected for cal-
tial pattern as the volumetric calibration samples. Using'Pration purposes at five different times, and continuous measure-
the five volumetric sample data points, we estimateNan ments from a network of time-domain transmission sensors (TDT,

Acclima Inc. Meridian, ID, USA) from 1 July 2011 to 5 Jan-

value of 1037 cph using Eq. (5). Then, using the Indepen'uary 2012, at Santa Rita Experimental Range in Southern Arizona

dently distributed sensor network measurements, we COM3)'gogs N, 110.8394 W). See Table S1 for calibration datasets.
pute an RMSE of 110.1cph ang? of 0.854 (Fig. 4, Ta-

ble 1). However, we note that there is a slight bias at the

wet end for the independent distributed sensor network meathe problem is less pronounced for the calibration datasets
surements. Because the shallowest soil moisture sensor was which the volumetric soil water content was determined
placed at 10cm, the dynamics in the top 5cm are likely using the gravimetric method.

not well captured, leading to a bias when shallow wetting

fronts exist shortly after precipitation (Franz et al., 2012b).

1800

19804

008 04 0.12
T(H)/Z(A) (mol mol™")

0.06
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3000 T :
a _ QO Calibration Data
s - N =1019(984.8, 1054), RMSE = 199, R%=0.791
O
= 25001
e
£ 2000¢ G
2 =
Rel Te0p
] 1500 e
@ ~ .09 0.12 0.15
3 0
O 1000} 9

0.05 0.1 0.15 0.2 0.25
(H)/Z(A) (mol mol™)

b 3000p— T T T
= A o O Calibration Data
sQ. N @ik[E N0 = 2854 (2702, 3005), RMSE = 310.2, R? = 0.493
> b =2 7
Z 2500~ 2w w0 Sl
- 0 0.03 0.06 Oi09 0.12 0.15 0 5 10 15 20 25 30 35 40 45 50
t(@g) AGB (kg m™2)

2000r

Fig. 6. Contours of predicted neutron counts (cph) using Egs. (3)—
(5), bulk density = 1.4 gcm3, and Ny = 1000 cph for(a) and (b)

Observed Neutrons
@
o
o

oo a range of pore and lattice water values and two different above-
g : , : ‘ , | ground biomass cases and {o) and (d) a range pore water and
0 0.1 0.2 0.3 0.4 0.5 0.6 above-ground biomass values for two different lattice water cases.

0+ pyy/ p,, (t+SOC) (M m™®)

Fig. 5. Observed neutron counts verga$hydrogen molar fraction  calibration. Above this value of 0.23, the count rate becomes

and(b) total soil water from 45 calibration datasets at 35 different f|at, as the neutron probe is no longer sensitive to hydrogen

cosmic-ray neutron probes. See Table S1 for calibration datasetsbeing gained or lost to the system. The second subset of data
Note the 95% confidence intervals are shown by the dotted "ne;(data inside dotted line red ellipse) is from four sites where
data inside the dotted line red ellipse show dry sites with Iargelarge forests grow in dry sandy soils supported by shallow
amounts of above-ground biomass (site numbers 43, 51, 52, 53, see 7 .
Table S1), and data inside the solid line blue ellipse show sites witth’jlter taples (sou.theastern USA, and northern Michigan); it
hydrogen molar fraction values above 0.23 (site numbers 30, 31‘,"”" be discussed in the next section.

35).

3 Remaining uncertainties
2.6 Neutron intensity observations at multiple sites . .

Numerical and observational results show that the overall un-
certainty using the cosmic-ray method to detect time-varying
hydrogen signals is small for a range of expected conditions
(Table 1). We found from an inter-comparison analysis of 45
calibration datasets that Eq. (5) does poorest for sites that

bulk density, soil texture classes, lattice water, soil organichave a large amount of above-ground biomass in low soil

carbon, vegetation, and water vapor conditions. As a direcf“o'tsuére envwonmenlts. tl? this v:c/orkl,l tlhe vege(;atlo? IS Hp re-
comparison with Eq. (1), we find the best fit between total sented as an equivalent fayer of Celiulose and water. How-

) . ever, as described in Sect. 2.1, the distribution of hydrogen
soil water (9 tow 0t SOQ) and the observed neutrons 5,6 the surface may need to be explicitly accounted for in

counts leads to an RMSE of 310.2 cph an&%of 0.493 the life history of a neutron. Given the strong relationship for
(Fig. 5b). By including the differences in AGB between sites, the five volumetric sample sets at Santa Rita Experimental
Eqg. (5) reduces RMSE from 310.2 to 199 cph and increase®ange (Fig. 3) (Franz et al., 2012b) and other local calibra-
R? from 0.493t0 0.791. tion functions (Desilets et al., 2010; Rivera Villarreyes et al.,
Looking at the residuals between Eq. (5) and observed val2011), site-specific calibrations will implicitly include vege-
ues, we find two sets of data that account for a large portiortation effects on observed neutron counts. But when com-
of the remaining uncertainty. The first subset (data insideparing various sites with different geometries, there exists a
solid line blue ellipse) comprises three sites where the obsystematic uncertainty that we are not properly accounting
served hydrogen molar fraction is greater than the liquid wa-for with the equivalent layer assumption. Moreover, we do
ter case at- 0.23, as the sites have a large amount of above-not include the effects of biomass below the ground surface,
ground biomass and were relatively wet on the day of thewhich may be significant but is difficult to quantify. Future

The analysis of 45 calibration datasets from 35 different
cosmic-ray neutron probe locations shows that Eq. (5) rea
sonably describes the data with an RMSE of 199 cphihd

of 0.791 (Fig. 5a), over a wide range of soil moisture, soil
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