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Abstract. Soil moisture governs the surface fluxes of mass1 Introduction
and energy and is a major influence on floods and drought.
Existing techniques measure soil moisture either at a point

or over a large area many kilometers across. To bridgeQuantifying area-average soil moisture at the mesoscale (2—

these two scales we used the cosmic-ray rover, an instrulooo km) is difficult because of the foot.print or support vol-
ment similar to the recently developed COSMOS probe, UM (Western and Bloschl, 1999; Rob'msor} etal., 2008) of
but bigger and mobile. This paper explores the challengeﬁu"ent measurement method_s. Sate_zlllte microwave sensors
and opportunities for mapping soil moisture over large ar- ave a large (3-50km) footprint, which may be too coarse

eas using the cosmic-ray rover. In 2012, soil moisture wad resolution for atmospheric and hydrological applications

mapped 22 times in a 25 ksn40 km survey area of the Tuc- (Kerr et al., 2010). At the other extreme, in situ point mea-
son Basin at an average of 1.7kmesolution, i.e., a sur- surements have very small support volumes (e.g., Robinson

vey area extent comparable to that of a pixel for the Soil_et al., 2008) that are likely not representative of the surround-

Moisture and Ocean Salinity (SMOS) satellite mission. The'"d ar€a (zredaetal., 2012). Currently there is a gap in obser-
soil moisture distribution is dominated by climatic varia- vational methods for measuring soil moisture at intermediate

tions, notably by the North American monsoon, that resultsscales between point measurements and satellites pixels. This
in a systematic increase in the standard deviation, observe as stimulated research into area-average soil moisture moni-
up to 0.022@m-3, as a function of the mean, between toring using GPS surface feedbacks (Larson et al., 2008), dis-

0.06 ¥ m—3 and 0.14 Am~3. Two techniques are explored tributed sensor networks (Bogena et al., 2010), and cosmic-

to use the cosmic-ray rover data for hydrologic applications:ray neutron monit_oring (Zreda et al., 2008, .2012)' GPS re-
ceivers and cosmic-ray neutron probes provide a significant

(1) interpolation of the 22 surveys into a daily soil mois- . . . i . b
ture product by defining an approach to utilize and quamifylmprovement In measuring area-average sol m0|sture, ut
their support volumes are still small when compared with the

the observed temporal stability producing an average correla- o o
tion coefficient of 0.82 for the soil moisture distributions that V2St"eSS sampled by satellite instruments. Distributed sensor

were surveyed, and (2) estimation of soil moisture prof”esnetv_vorks may also have a relatively small footprint If they
by combining surface moisture from satellite microwave sen-2r¢ installed over a small area and, if they are widely spaced,

sors (SMOS) with deeper measurements from the cosmic—raﬁpey act as point measurements, not necessarily representa-

rover. The interpolated soil moisture and soil moisture pro- 'V?l_r?f astudy area. df tical method t
files allow for basin-wide mass balance calculation of evap- ere remains a need for a practical method fo measure

otranspiration, which amounted to 241 mm in 2012 Gener_soil moisture at the scale between the footprint of a stationary

ating soil moisture maps with a cosmic-ray rover at this in- gé)ks Mogopsrc'\)/% S(GOOtr)n diamkete(rj) and satelflitﬁ imagingk(Bk;
termediate scale may help in the calibration and validation m). probes take advantage of the remarkable

of satellite soil moisture data products and may also aid in2oility of hydrogen to remove neutrons created by cosmic
various large-scale hydrologic studies. rays at and near the land surface (Zreda et al., 2008, 2012;

Desilets et al., 2013). In the absence of surface water bodies,
the main reservoir of hydrogen is soil moisture. Hydrogen in
soil moisture removes a fraction of neutrons from the soil and
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the atmosphere, and the neutron intensity above the land su8 Methods
face is inversely correlated with soil moisture content. The .
cosmic-ray method and stationary COSMOS probes are de3.1  Cosmic-ray rover

scribed in detail in Zreda et al. (2012). , . . o
Here, we describe the first systematic mapping of soil The cosmic-ray rover is a mobile neutron detector similar to

moisture with the use of a mobile cosmic-ray probe, calledth€ stationary COSMOS probe (Zreda et al., 2012). Our unit
onsists of two®He-filled proportional counters 7.94cm in

the cosmic-ray rover (Desilets et al., 2010). The cosmic-ray*"

rover uses the technology of the COSMOS probe and thudiameter and 99 cm in length, with a gas pressure of 152 kPa.

has the same horizontal footprint (600 m), when stationaryVVhen combined, these counters have 8.5 times the count

and the same range in measurement depth (12— 76 cm, but s&&€ of the standaréHe stationary probe used in the Cos-
discussion below) (Zreda et al., 2012). When used in a rov:MOS project (Zreda et al., 2012). The rover has three main

ing mode, the cosmic-ray rover allows for mapping of soil components: a neutron detector tl_Jbe, a neutron pulse mod-
moisture over an area commensurate with a satellite pixelU!€; @nd a data logger. When an incoming neutron collides
thereby filling a spatial gap in soil moisture observations.  With a *He molecule an electric charge is deposited on the
Using a cosmic-ray rover, we made 22 one-day Surveyscenterwwe, and thatproduc_es a distinct and detectable pulse
inside the Tucson Basin over an area 25k@0km in size  (Krane, 1988). That pulse is processed by the pulse mod-

and over a period approaching one year. We present results 4f€ and recorded as a neutron count in the data logger. The

neutron measurements and describe an exploratory approad®t@ 109ger also stores GPS locations and barometric pres-

to integrate these measurements with ancillary data to proSUre- The roveris typically placed inside or on top of a truck

duce an enhanced soil moisture product. Section 2 introduce®' €&r- Separate sensors to monitor ambient temperature and

the geographic and hydrologic setting of the Tucson Basin ¢lative humidity (Maxim iButtons, model DS1923-F5) are

Section 3 outlines the cosmic-ray rover survey scheme an®'aced outside of the vehicle. _
the conversion from neutron intensities to soil moisture. Sec- 1 Ne stationary COSMOS probe integrates neutron counts

tion 4 describes the resulting cosmic-ray rover measurement@Ver & sufficiently long time to produce a small uncertainty

with emphasis on the observed recurring spatial patterns anfue to counting statistics. That time can be an hour or longer

their predictability, and the paper concludes by estimatingP€cause soil moisture does not change quickly in time. In
evapotranspiration in the Tucson Basin in 2012, contrast, the integration time in the cosmic-ray rover must

be short, typically one minute, to capture the average soil

moisture with high spatial resolution along the path of the
2 Geographic setting of the Tucson Basin probe.

The footprint of the cosmic-ray rover is a swath with its

The study area is situated in an extensional basin within theyidth equal to the footprint of a stationary probe, and its
Sonoran Desert in southern Arizona. The basin is at an altength equal to the distance traveled during the counting
titude of ~ 800 m above sea level and is surrounded by ﬁveinterva| (or averaging time)_ The swath width varies 0n|y
mountain ranges that reach up to 2800 m above sea level. Thilightly with soil moisture and therefore can be considered
Sonoran Desert climate has two wet seasons, due to summebnstant. The measurement depth is sensitive to the hydro-
monsoon rainstorms and winter frontal precipitation (Serrat-gen content of the soil, and ranges from 76 cm for completely
Capdevila et al., 2007), separated by dry periods in springtiry soils to 12 cm for saturated soils (Zreda et al., 2008). Be-
and autumn. Average annual precipitation is 300 mmtyr  cause of the hydrogen in mineral grains (which we call lattice
(ADWR, 2010). The summer monsoons are typically local- water) and in soil organic matter, which decreases the pene-
ized convection storms from the south that generate shorfration depth of neutrons (Zreda et al., 2012), those limits are
but high-intensity rainfall. In contrast, the winter fronts are reduced to approximately 50 cm for dry soils (no pore water)
driven by Pacific winds and produce rains of longer dura-and approximately 10 cm for saturated soils.
tion and lower intensity (Jurwitz, 1953). Low-atmospheric  |n the correction and calibration of the rover there are a
humidity and high temperatures create a water-limited enfew inherent assumptions of the method that are discussed in
vironment where most of the precipitation returns to the at-the sections to follow, but are paraphrased here. The first be-
mosphere as evapotranspiration. Consequently, recharge jRg the assumption that the calibration site(s) account for the
this area is limited and occurs mainly in winter as mountainheterogeneity, if any, in the surface properties of the survey
front, mountain block (Wilson and Guan, 2004), diffuse, and area, such as lattice water, soil organic content, vegetation,
ephemeral wash recharge (Blasch et al., 2004), with diffuseand texture. We assume that the rover has minimal direction
infiltration being only a minor contributor (Walvoord et al., bjas during data collection, meaning that highly sampled data
2002). The survey area within the basin consists of three lan@ollected on roads does not skew the true soil moisture pat-
classes: desert (72 % of the survey area), urban developmegérn. Lastly is the assumption that there are enough sampling
(27 %) and agricultural land (1 %) (Fig. S1). points throughout the survey area to generate a representative

contour map of soil moisture.
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3.2 Correction factors where fewy is the ratio of the measured neutron intensity at
a specified absolute humidity,(, in gm3) to that of the

The observed neutron intensity depends on the total hydroreference humidity 49, in gm~3). This correction will be

genin the system, which we call “total surface moisture”, andyalid under all temperature and humidity ranges.

the intensity of the incident neutron radiation which depends The corrected (norma”zed) surface moisture 3|gmaj'(

on external factors, such as solar activity (Zreda et al., 2012)in counts min?) is then calculated by the product of the

To extract the signal associated with pore water, the part ofeference ratios and the raw neutron intensiy {n counts
the overall signal that depends on hydrogen other than that ijn—1):

pore water must be assessed independently. These other fac-

tors controlling neutron intensity are solar activity, baromet- V¢ = N * fi * fp * fowv. (4)
ric.pressu_re, atmospheric water_ vapor pressure, lattice watefy, this way the effects of temporal variations in high-energy
soil organic matter, and vegetation. neutron intensity, barometric pressure, and water vapor are

The intensity of the incoming, high-energy charged parti- 5| normalized to a reference condition in the value of the
cles penetrating the top of Earth's atmosphere is inverselyorrected neutron intensity termvc. The variability of Nc
proportional to the solar activity (Zreda et al., 2012), andjg then just a function of the main surface hydrogen stocks,
thus is variable in time. Because multiple surveys are use@pecifically pore water, lattice water, vegetation and soil or-

for comparison, the temporal variations in solar activity haveganic carbon which is accounted for in the site calibration.
been accounted for using the ratifj X of neutron intensity

at a reference timel{) to the neutron intensity at the time of 3.3 Calibration

the survey [;) in counts per unit time:
I A calibration curve developed by Desilets et al. (2010) re-
o

fi=—. (1) lates the corrected neutron intensity,{ to the volumetric

soil moistured (N¢) by the calibration paramete¥,. N, will

In this study, information needed to determine this correctionpe the same everywhere if the measured neutron count rate

was taken from the publicly available high-energy neutron-is normalized for all factors. However, lattice water, vege-

monitor data athttp://www.nmdb.eu station Jungfraujoch  tation and soil organic carbon are spatially variable. There-

IGY. The correction should be accurate for latitude changesore, N, becomes a site-specific calibration parameter that

within 10 degrees and altitude changes within 2000 m. implicitly includes the effects of lattice water, vegetation, and
Cosmic-ray particles travel from the top of the atmospheregj| organic carbon inside the cosmic-ray footprint. Measur-

and are attenuated by collisions with atmospheric nuclei. Aing N. while independently and simultaneously measuring

fraction of these particles eventually reaches the Earth’s Surp(N,) allows for a computation of the calibration parameter,

face, and _theirabundance js inversely proportional to the totaly ., may be time variant if there are temporal variations
mass of air traversed (Desilets and Zreda, 2003). The mass ¢} pjomass, but this is assumed insignificant in the Tucson

air above the cosmic-ray probe varies in space and time, bugasin due to the arid climate.

this can be readily assessed by monitoring barometric pres- ao

sure during the surveys. In a similar manner to the neutrorf (Nc) = 3~ —az, ®)
intensity correction, the barometric pressure correction con- N, TN

verts the measured neutron intensity to that at a referenc@/hereag = 0.0808,a; = 0.372,a, = 0.115 (Desilets et al.,
pressure ,, in gcnt2). The intensity decreases exponen- 2010). For calibrationg(Nc) may be measured by many
tially with increasing pressure at a rate dictated by the knowrmethods, but comprehensive soil sampling with subsequent
(Desilets and Zreda, 2003) neutron attenuation length in aigravimetric soil water content determination followed by
(r,ingcm2). The ratio (f») of the neutron intensity at pres- oven drying is the common practice (Zreda et al., 2012).
sureP (g cni?) to the neutron intensity at the reference pres- The calibration parameteéV, remains constant in time unless

sureP, (gcm2) is (Desilets and Zreda, 2003) there is significant vegetation change throughout the year. In
_ o=p) 5 space, the parameter can be determined at different locations
fr=e : @) via multiple gravimetric calibrations; alternatively, the spa-

This correction should be accurate for all pressure differ-tially varying amount of hydrogen in lattice water, vegeta-
ences observed in a typical airborne or ground-based rovetion and soil organic carbon can be independently analyzed
survey. and then normalized to a constant calibration parameter.

The changing hydrogen in the atmospheric water vapor is
removed by calculating the contribution to the measured neu-

. 4 o2 . 4 Results

tron intensity as a liquid water equivalent (Rosolem et al.,
2013). The correction adjusts the measured neutron intensit

. ¥he optimal balance between interval counting time and spa-
to that of the reference atmospheric water vapor content

tial resolution resulted in a one-minute interval with a seven-
Sfowy =1+ 0.0054p, — py), 3) minute averaging window. The instrument was calibrated at
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Fig. 1. Left: geographic location of the Tucson Basin and the survey area outlined in black, an example driving route shown in red with
the footprint in grey and the points of interest: COSMOS probe (stationary reference), University of Arizona (wet), Sentinel Hill (dry), and
agriculture (wet). Top right: one-minute soil moisture data from the 27 July 2012 surve@r'rm‘ﬁ"] Bottom right: seven-minute smoothed

soil moisture data. The smoothing reduces the uncertainty due to counting statistics to 2%, but increases the length of the footprint by a
factor of 7.

the Santa Rita COSMOS site. The surveys were conductedosmic-ray rover; they are likely to improve when using al-
each month throughout the year, but once a week duringernative technigues to quantify the evolution of the daily soil
the monsoon season (July—September) in order to captummoisture distribution with time. The derived soil moisture
the increased soil moisture dynamics associated with the inprofiles were used along with independent precipitation and
creased precipitation in this season. We produced exploratorgtream flow data to estimate the change in the moisture stor-
soil moisture maps of the survey area as shap shots in timage term in a mass balance calculation for the survey area.
on a 700m by 700m grid between latitude 32.8band  Details of these analyses are given in the following sections.
32.3TF N and longitude 110.76/N and 110.03W. The large The major assumptions of the time interpolation, recon-
total number of neutron counts for each surveyx(20°— struction of soil moisture profile, and calculation of mass
3 x 1P total counts) gave a high degree of confidence forbalance are worth noting upfront since these are all new
the basin-average soil moisture value. Ancillary data was in-exploratory approaches with the capacity for further devel-
tegrated with these maps to produce a daily soil moistureopment. The time interpolation is based on point measure-
product as a depth-integrated value and as a depth profilenents to upscale the soil moisture distribution in-between
Twenty-two (22) snapshots of the soil moisture field (within rover surveys; this assumes that the dynamics behave the
one year) give insight to the climatic pattern, but they cannotsame through time and the point measurement accurately
be solely used to calculate the surface water fluxes that haprepresents these basin dynamics. The soil moisture profile
pen at a much finer timescale. Therefore, we attempt to linkuses soil moisture information from a local TDT network to
these patterns to daily observations in order to predict thesay something about the soil moisture at depth which as-
behavior between surveys. This time-interpolation involvessumes homogeneity. The profiles also use satellite data to
major assumptions, thus increasing the level of uncertaintyrepresent the surface soil moisture. The satellite data is then
of these results beyond errors implicit in the data. However,adjusted based on the cosmic-ray soil moisture value, as-
we think it worthwhile to provide these exploratory results suming a relationship between the 0-5cm range and the 0—
for the purpose of demonstrating potential applications of the30 cm range. Finally, the mass balance calculation assumes
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that the simplification of the calculation does not affect the erage of 400. Looking at these values volumetrically, 2 mm
area-average results and still provides reliable basin-widef vegetation water equivalent is the same as 0.09&T?

ET estimates. of soil moisture when soils are dry with water content
of 0.02m*m~2 (2 mm/sensing depth of 400 mm=0.005),

4.1 Tucson Basin survey and 0.01 Mm~2 when soils are wet with water content of
0.20 P m~3 (2mm/sensing depth of 200 mm0.01). This

4.1.1 Survey scheme is the difference between barren and vegetated areas; most of

the Tucson Basin area will be between these extremes, and so

The cosmic-ray rover requires a short counting interval towill be the uncertainty due to variable vegetation. Thus, we
capture fine spatial resolution while moving, but shorter estimate that uncertainty to be less than 0.6mm?3. The
counting intervals produce fewer counts and therefore poobiomass in the pecan farm has not been measured due to a
precision. This tradeoff between spatial resolution and mealack of access. However, if we assume the biomass is simi-
surement precision resulted in field counting for one minutelar to that in the forest described in Franz et al. (2013), the
followed by computing a seven-minute moving average. Thisneutron count could be depressed by approximately 8 %.
was determined to be the optimal balance resolution and For a lattice water estimate, 16 soil samples collected
precision based on the absolute count rate in the Tucsowithin the basin were analyzed. Each sample was a compos-
Basin. Note that the absolute count rate may be different elseite of a subset of- 50 samples within the cosmic-ray probe
where and other averaging windows may be more approprifootprint. The average lattice water content in the basin is
ate. The measurement uncertainty decreases with the numb8r88+ 0.77 wt. % (wt. % is mass of lattice water, measured
of counts (V) by Poisson statistics and is computedvas>® at Actlabs, divided by mass of original sample multiplied by
(Zreda et al., 2012). In the survey area, a one-minute meal00). This value is comparable to the value of 0.70 wt. % ob-
surement yielded- 400 counts, which gave 5% (400 °-) tained at the Santa Rita COSMOS probe site at the south-
counting uncertainty. Integrating the counts for seven min-ern end of the basin (Fig. 1). In the urban area, lattice wa-
utes decreases the uncertaintyt@ % (2800 °%°). The mov-  ter is also found in roads, buildings and other infrastruc-
ing average reduces the counting uncertainty so the variationtire. We measured hydrogen content in 4 brick, 7 concrete,
in soil moisture dominate over statistical noise. However, thisand 6 asphalt samples. Brick contained an upper bound of
smoothing has two negative effects: it reduces local maxima.68 wt. % lattice water, asphalt samples had an upper bound
and minima in soil moisture data and it produces correlatecof 5.10 wt. %, and concrete samples had an upper bound of
data points. The raw one-minute and seven-minute data ar&.52 wt. %. The exact amount of hydrogen was not captured
shown in Fig. 1, together with the geographic location of thebecause a fraction was left in hydrocarbons which were not
survey area. directly measured; but the mass loss on ignition at 1000 pro-

As mentioned in Sect. 3.1, the swath footprint is calculatedvides a constraining upper limit on that hydrogen. Brick, ce-
by combining the stationary (circular) support volume with ment and asphalt occupy a small percentage of the support
the distance traveled within a specified time interval, i.e.,volume (horizontal extent and depth thickness) of the urban
the length traveled multiplied by 600 m plus the stationary areas except for the densely built downtown; therefore we as-
support volume. The average driving speed of the cosmicsume their lattice water signal is negligibly small. The effect
ray rover was 55kmtt, giving a mean footprint area of of dense urbanization is unknown and needs to be investi-
1.7 kn?, but speeds varied from near-stationary when in stop-gated further, but for this study the downtown is less than
and-go city traffic to 100 kmht on highways, and so did the one percent of the survey area and is therefore negligible.
footprints. Each survey comprised900 data points (gath- The soil organic carbon was not analyzed throughout the
ered over~ 900 min), with a higher point density in devel- basin, but assumed to be negligible because of the arid envi-
oped areas reflecting the higher road density and lower drivionment and the predominance of mineral soils. At the Santa

ing speeds (Fig. 1). Rita site soil organic carbon is 0.3 wt. % (Zreda et al. 2012),
which is roughly equal to 0.004%m~2 of additional water
4.1.2 Calibration (Zreda et al., 2012), a negligibly small quantity. The Santa

Rita COSMOS probe served as the sole calibration site for
The variability of lattice water, vegetation, and soil organic the cosmic-ray rover used for measurements across the basin,
carbon was investigated in the survey area. The vegetatioand it is important to recognize that the results derived later
density is low and nearly constant in the Sonoran Deserdepend on assuming the cosmic-ray rover calibration does
environment, and does not affect the neutron intensity sighot change with location and land cover. The assumption is
nificantly. Franz et al. (2013) found that vegetation with based on the homogeneity found by the independent analy-
30 mm of water equivalent caused an 8 % reduction in neusis of lattice water, vegetation, and soil organic carbon. The
tron count rate. The Tucson Basin has an order of mag<osmic-ray rover was cross-calibrated against the stationary
nitude less vegetation, or 2mm, which would account for probe which had been previously calibrated against gravi-
< 1% reduction of count rate, ot 4 counts out of the av- metric samples. To cross-calibratdég was calculated for the
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foothills of the Santa Catalina Mountains. Fig. 3. Twenty interpolated soil moisture maps from seven-minute

data in 2012. The urban area and agricultural fields have anoma-
lously high soil moisture values that persist throughout the duration

cosmic-ray rover by using soil moisture derived from the sta-°f the survey.

tionary probe (N .)) and the neutron intensity measured

and corrected with the roveN(). This cross-calibration was

made twice in 2012, in each case over 3 h to reduce the countay rover routinely stopped for longer than about seven min-
ing uncertainty to less than 1%. The calibration result wasutes and, in particular, for stops near the University of Ari-
also checked during each survey by stopping the rover insidgona where the soil is wetter, and Sentinel Hill where the soil

the stationary Santa Rita footprint fer10-30 min. is drier (see Fig. 1 for these locations). The soil moisture val-
ues recorded when stopped are of course accurate but they
4.1.3 Soil moisture maps are only representative of the local 600 m diameter footprint.

Other small-scale anomalies presumably also exist within the
When evaluating the soil moisture maps it is important toregion surveyed but these are not apparent because their in-
recognize systematic shortcomings in the rover survey datfluence is averaged out in transit.
that are associated with driving with variable speed. As previ- Other biases also exist in the maps of soil moisture that are
ously mentioned, when the velocity is constant at 55kthh  associated with areas with low road density and bias in the
the seven-minute smoothing interval corresponds to a 6.4 kndirection of travel, such as in the southern part of the study
long swath, but the swath can be as long as 12 km when theegion where there are few roads, and where those roads that
speed is 100 kmht on the highway, or as short as a station- exist have a dominant bias towards running in the north—
ary circular footprint with a diameter of 600 m if the vehi- south direction. In such regions, error is introduced by inter-
cle stops for more than seven minutes. This gives a range gbolation when using the simple kriging method adopted for
swath lengths and it can also produce points that have anomdhis study because the data is sparse. For example, the pecan
lous count rates when traffic stops that are otherwise averfarms in the southwestern part of the study area fall in a nar-
aged out and not apparent when driving past the same poinbw strip of land but, because there are no adjacent accessi-
at constant speed. Figure 2 shows the neutron intensity medle roads that allow sampling of the drier soils nearby, their
sured while moving along an east—west transect across theet soil signal is propagated beyond the irrigated area by the
Tucson Basin as one-minute raw counts and seven-minut&riging algorithm. In reality, the area of influence should stop
averages, and also when the cosmic-ray rover stopped at filess than 300 m past the geographic boundaries of the agri-
specific locations. The soil moisture offset from the seven-cultural sites.
minute moving average of the mobile survey when cosmic- Ordinary kriging was used as the interpolation technique
ray rover is stationary can be up to 0.18m 3 (e.g., at  to produce the soil moisture maps shown in Fig. 3 from the
stop 1). This effect is reflected in the derived soil moisture seven-minute average data for the 22 surveys. An example
maps in which anomalous small-scale values are consistentlyariogram and variogram model are shown in Fig. S3 in
included in the interpolation at locations where the cosmic-the Supplement. There are three main soil moisture features
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apparent in the data: (1) the distinct seasonality of soil wet-  os ‘

@ 1-minute data

ness, (2) the enhanced urban soil wetness, and (3) the en e § = i
hanced soil wetness of large-scale agriculture. These thre¢ ™' 7 \\\ o=k oexplk,0)| |
features are discussed sequentially in greater detail below. | // S Famgen |
The seasonality of wetness is due to the seasonality.¢ /£ e -~ Bkm
of precipitation and air temperature. The monsoons (July—e ,cs ;o g g _
September) account for more than half of the annual precip- ¢ - T . \\\
itation in Tucson (Jurwitz, 1953). During this period, the re- Z‘Eow /7 TN N et
gional variance (variogram sill) of the soil moisture distribu- 32 7 Je% e g? S
tion increases from a background of 0.02—0.02 (n2)? to U g T i T
0.08-0.12 (Mm~3)2, except for the anomalously high vari- & | ;,:’/ o’ oy N
. L
l

ance in March. This anomaly is attributed to the recent win- i
ter rain event. In general, the degree of regional variance L i
across the basin increasing as the mean soil moisture in- H
creases which is observed in a variogram analysis in time. o o = o o i
The correlation length scale, which ranges between 1.5 anc Mean soil moisture (¢, mim’)

5.5 km, does not show the same pattern and does not seem to . . -
be related to precipitation nor the mean soil moisture. DuringF'g' 4. Mean soil moisture versus the standard deviation for one-

the mon n n th il moisture enters into a mor dminute data and the seven-minute running averages. The pattern is
€ MONSoon season, the Soit MoISture enters INto a More Ayc, ,iqsant with Famiglietti et al. (2008), but it has smaller mag-

namic state due_to fast Wet_ting from mons_oon pr_ecipitationnitude due to the area-average and depth integrated nature of the
and then fast drying due mainly to evaporation. This seasonalosmic-ray support volume.

moisture effect is seen in the survey maps from as a relative

shift in soil moisture (Fig. 3) with a corresponding increase

in regional variance and similarly, an increase in the standarénd therefore as an example to estimate the standard devi-

deviation (Table S1). ation from the mean. The estimation is required in the time
The urban wetness is clearly visible in all maps (Fig. 3). interpolation discussed in the following section. The mean

The northern part of the survey area is predominantly a desojl moisture in the survey area was only captured between

veloped urban area (Fig. S1). This urbanization is observe@ 07 and 0.16 fim=3; therefore it does not display the full

to create a moisture oasis in the drier surrounding Sonoragonvex upward behavior, but does fit the function in this

Desert. Adding urban landscaping (parks, gardens, lawnssange. Other functional forms may provide a better fit, but

etc.) causes more moisture to be added to the environmemgnly observational data at the extremes will be able to de-

by irrigation. The soil moisture in the urban landscape is con-termine that. The magnitude of the variability was shown to

sistently wetter than the natural landscape, regardless of thgcrease with spatial extent; up to 0.07 m~3 for the 50 km

season. scale. In our data, we observe the one-minute data reach-
Increased soil wetness is apparent in two areas of irfiing a maximum standard deviation of 0.08m=3 and the

gated agriculture in the survey area, both along the Santg@even minute data reaching 0.08mr3. The seven-minute

Cruz Wash that runs north to south on the west side of thesmoothing decreases the overall variability by averaging out

basin. The first is the San Xavier Indian Reservation in theanoma|ous small-scale features a|ong with inherent noise,

west-central side of the basin and the more prominent regioghown as a downward translation in Fig. 4 and described in

is the Green Valley pecan farms at the southern end of thyrther detail in the following section.

survey area. The pecan farm is a large flood-irrigated plot

that remains wetter than the surrounding desert landscapg.2 Time interpolation

by ~0.03-0.07 Mm~2 and up to 0.10 fim~2 when surface

ponding was present. Previous studies have shown temporal stability in soil mois-
In comparison with previous soil moisture distribution ture (Cosh et al., 2004; Martinez-Fernandez and Ceballos,

studies, the standard deviation was plotted against the mea2003; Vachaud et al., 1985) and have reported that the spatial

soil moisture (Fig. 4) using the relationship in Famiglietti et variance may be related to the mean soil moisture (Martinez-

al. (2008) Fernandez and Ceballos, 2003; Western et al., 2004). Tempo-
ral stability in the spatial patterns indicate that the soil mois-
o = k1 * Omean e k2*fmean (6) ture distribution acts in a systematic way dominated by per-

sistent surface and atmospheric characteristics and processes.
whereo is the standard deviation @m?), 6meanis the spa-  In the survey area, we observe stability in that the high soil
tial mean soil moisture (Am~3), andk; and k, are the  moisture regions remain consistently high and the low soil
fitting parameters. This specific functional form was cho- moisture regions remain consistently low. In this section, we
sen as it seems to fit the data within the observed rangattempt to quantify this temporal stability and incorporate it
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Fig. 5. Left: the spatial structure map in the 2510 km survey area
of the mean parametef from the 22 cosmic-ray rover surveys.
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into the modeling of the daily soil moisture distributions. To Sell molsture mfnr)
do this, we calculated the offset of each cell (30000m)  Fig. 6. The modeled soil moisture maps from 2012 using the rela-
from the mean soil moisturéfean as a fraction ) of the  tionship in Eq. (7). The same overall trend is preserved when the
basin-wide standard deviatioa mean soil moisture is constrained. The pattern is consistent because

the mearf parameter was used to reproduce each map result.

Ocell = Omeant f * o, (7)

wherefmeanando are in units of mm—3. The standard devi- . ,

ation is derived from the exponential form outlined in Eq. (6), Rita COS_M_OS _pomt measurement served as our reference
which was fitted to our seven-minute data (Fig. 4). Thea- dat_a, as it is highly correlated with the basin-wide mean.
rameter remains relatively constant in time as indicated byP2!ly Soil moisture maps were produced from the year 2012
the temporal standard deviation, validating the statement oPased on Eﬂs' (6)~(7) and the correlation bet%/veen_the basin
temporal stability. The mean of the spatially varyifigpa- ~ mean and t el Santa RI'_ta COSMOS probe shown in F'g'f7'
rameter and its standard deviation from the 22 maps surveyg'gure_3 7 displays two linear regressions, one assigned for
is shown in Fig. 5. The standard deviation of fhparameter e Winter months (January—April) and another for the dry-
is fairly low except for the pecan farms due to irregular ir- SUmmer and monsoonala‘rgonths (May-December). The re-
rigation, and for the anomalously wet University of Arizona 9réssion functions have art of 0.84 and 0.91 giving a re-
and anomalously dry Sentinel Hill. Equation (7) relies on two liable fit, suggesting that the relationship between the Santa

conditions, that the soil moisture distribution displays tempo-R'ta probe and the basin-wide mean soil moisture changes

ral stability in the spatial patterns and that the exponential re With séason and when different atmospheric and surface pro-

lationship between the mean soil moisture and the standar§€SSeS dominate. We hypothesize that the difference in eleva-
deviation is defined correctly: both seem to be satisfied for!!on @nd soil texture accentuate the difference in soil moisture
our data set. In Fig. 6 we show the reproduced soil moisturé)Gh""VIor ‘_N'th increasing wetness, and since the seasons are
distributions of the 22 survey days from tligparameter and characterized by wetness, ;ggsonallty become; a major 'fac-
mean soil moisture from surveyed data. The maps are ver;%or' Water management activities may impact tk_ns regression
similar to the cosmic-ray rover surveys (Fig. 2) because of a0 SOMe degree, but the effect is unknown at this time. In the
high degree of temporal stability indicated by an average cordat@ Set, it is seen as abrupt shift in the estimated mean soil
relation coefficient of 0.82; however, we conclude that this M0iSture (Fig. 9, top panel). This transition is not well cap-
approach is accurate only if the basin-wide mean soil mois_turgd with the current method and is considered a processing
ture is defined correctly. Absolute difference maps benNeerf“rt'faCt; hovyever the reisst of the O_Iata set matches the survey
the surveys and the modeled results are shown in the Suppl&€Sults within 0.02 thm-2 uncertainty.
ment Fig. S2. Note that in these reproduced maps the spatial
pattern does not change since the mean offtlgarameters
data was used.

The challenge in modeling this distribution at the daily
time step is having an accurate representation of the mean
soil moisture from an independent measurement. The Santa
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Fig. 7. The correlation between the mean soil moisture from the Moidgled senlmolsmare (i)

22 cosmic-ray rover surveys with the corresponding soil moisture
from the Santa Rita COSMOS point measurement. The correlatioq . . . - .
ure product with the interpolated cosmic-ray soil moisture values.

changes with season and is approximated by separating the Wmtelrhe correlation is described here with and linear relationship. The

months (January—April) from the dry season and monsoon (May—SIvIOS product has a significant degree of noisé)(04m°’m*3),
December) surveys.

and in consequence was reprocessed with this correlation. The scat-
ter is attributed to satellite noise and uncertainties in the interpola-
tion.

Fig. 8. Correlation of the area-average SMOS Level 3 soil mois-

4.3 Basin-wide hydrologic application L . _ .
ing it the centroid of the weighting functior'( cm)

4.3.1 Soil moisture profile C= }z*, ®)
3

Soil moisture profiles are not necessarily uniform and a sin-wherez* is the penetration depth in cm. The centroid is com-
gle sample value of a portion of the profile (which is the puted as 1/3 of* because the linear weighting function cre-
case for the cosmic-ray rover) may not accurately represenates a right triangle with the weight of the surface layer as
the soil water storage in a near-surface water balance. Tthe horizontal leg and the depth of penetration as the vertical
improve the storage estimate, we developed an integratebbg. The centroid depth is the most representative point of the
approach using the cosmic-ray rover and satellite measuresoil column to assign the cosmic-ray measurement.
ments to estimate an area-average soil-moisture profile. This Data from 190 TDT probes installed at the Santa Rita sta-
approach is similar to that used in remote sensing, wherdionary COSMOS site (Franz et al., 2012b) show no signifi-
satellite retrievals have utilized different wavelengths thatcant change in soil moisture below the depth of 40 cm, which
penetrate to different depths (Jackson, 1980; Reutov andk consistent with previous observations that diffuse recharge
Shutko, 1990), although all have been limited to the topat the basin floor is minimal (Walvoord et al., 2002). Because
5cm (Laymon et al., 2001). Our approach uses informationthe daily dynamics of soil moisture at 40 cm depth is so slow,
from three depths in the soil column to generate soil mois-when synthesizing the area average profile we assume the
ture profiles: (1) a surface measurement (from satellite-basedoil moisture at this depth is constant and assigned the value
microwave instrument, 0-5cm), (2) a deeper measuremer.06 P m—3, consistent with the TDT data. 40 cm was cho-
(from cosmic-ray rover, 10-50cm), and (3) a constrainingsen as a depth of minimal daily soil moisture changes from
value at depth. In our analysis the cosmic-ray rover measurethe TDT data, not specific to the depth of penetration of the
ments are averaged in space to the size of the Soil Moistureosmic-ray rover. This exploratory exercise may not be appli-
and Ocean Salinity (SMOS) level 3 products which we takecable everywhere. In wetter areas where soil infiltration and
as the surface measurememit|y://catds.ifremer.fy/ recharge are significant, the soil moisture value at depth may

The cosmic-ray probe’s penetration depth was recently denot be so easily constrained. In addition, the TDT network is
rived by Franz et al. (2012) where the soil moisture, bulk den-a point measurement and carries the uncertainty that the deep
sity, and lattice water determine the depth from which 86 %soil moisture behavior at the point may not be representative
of the neutrons are sourced. Franz et al. (2012) also approxief the rest of the survey area.
mated how much each layer contributes to the overall signal In common with other satellite microwave sensors, the
by a linear weighting function. This integrated measurementSMOS signal has substantial noise due to the influence on
is converted to a point on the soil moisture profile by assign-the measurement of variables other than moisture (Entekhabi
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B Surveys — Modelel Il Precip there is minimal diffuse recharge, and wash recharge is or-

‘ ‘ ‘ ‘ ‘ ders of magnitude less than evapotranspiration. The regional
groundwater flow is also negligible compared to the evapo-
transpiration flux (Kalin, 1994). Thereforé\Sgroundis neg-
ligible and the equation reduces to

o
)

Precipitation (mm)

ET() =P (1) — R(t) — ASsoil (7). (10)

Depth (cm) Soil moisture (m%m3)

age = - = J;n _Runoff was.calcula_ted from_the inlet and outlgt gauges us-
\ ‘ : | ing the publicly available United States Geological Survey's
e i (USGS) stream gauge networktip://waterdata.usgs.gov/
nwis/r) and the Pima County Flood Control's (PCFC) Alert
Fig. 9. Top: time-interpolated soil moisture (blue line) generated system fttp://alert.rfcd.pima.gdy but was found to have a

from the modeled results where the mean soil moisture was es“'negligible contribution to the mass flux and is taken as zero
mated from the Santa Rita COSMOS point measurement. Precipif1ere

tation amounts are shown as black bars and rover surveys as gray The soil moisture profiles are used to calculate chanae in
boxes. Bottom: soil moisture profiles generated from three depth P 9

points. The abrupt shift in the mean soil moisture is due to the Storage. The in'_[egral Is calculate(_j at each tirlne step to calcu-
change in the linear regression relationship from winter to summer@t€ the soil moisture storagé (1), in mm day ),

and is an artifact in the result. 24
AS (1) = /9 (z)dz — S;—1, (11)
et al., 2004; Kerr et al., 2010). Nevertheless, it still captures 0

the same trend seen with the interpolated cosmic-ray mea- i ) .
surement defined by a linear function (Fig. 8). In order to WNereAS () is the change in storage (mm day, 6 (2) is
limit noise propagating through the storage terms and also t¢€ SOil moisture in thm~2 at depth (mm) at timer, andz,

fill the time gaps, the surface value was re-calculated base§™™M) iS the base of the estimated profile, set to 400 mm.

on the linear function with a given cosmic-ray measurement. Precipitation is gridded for the basin using 104 rain gauges

The re-calculated surface value was then used as the surfad@®™ the publicly available Rainlog Networkginlog.org
input in the profile calculation. This relationship is an ad hoc 2Nd the PCFC’s Alert system with a linear interpolation. The

solution to estimate the top layer soil moisture and has &2Sin-wide average precipitation events in 2012 had mag-
larger bias to the cosmic-ray integrated value. Any improve-Nitudes between 3 and 15 mm day with a yearly total of
ments in the accuracy of satellite measurements will improve224 mm. The rain gauge network is denser in the developed

the robustness of this approach, but at this time we believe th8"€as 0f Tucson than in the less developed areas in the south
satellite data is too noisy to be used as a stand-alone prodiide Of the Tucson Basin, and consequently has greater con-

uct in this application. The computed soil moisture profiles ldence. The uncertainty is expressed in the cumulative dis-
are shown in the bottom panel of Fig. 9. As mentioned in tfiPution plot in Fig. 10; the gray shaded region represents
the previous section, the top panel shows the modeled basirjihe difference between the basin-wide precipitation based on

wide mean with precipitation and the cosmic-ray rover sur-the Ra_unlpg r_letwork and the ALER_T network; the average
vey means. precipitation is shown as the black line.

ET is calculated daily from Egs. (9)—(11) from a uniform
4.3.2 Mass balance profile down to 70 cm and the derived soil moisture profiles
from the previous section to investigate if the soil moisture
A mass balance is Computed to provide estimates of evappI’Of”es improve the mass flux calculation. These are shown
otranspiration loss and to explore the possible use of thén Fig. 10 where the ET from the estimated profile behaves
cosmic-ray rover as a tool in adding closure to a basin-widemuch more reasonably than the uniform profile, which tends
mass balance. The mass balance outlined here serves as figeoverestimate the near-surface mass flux. The ET curves
survey area average including all land cover types. The masshow a decrease after a rain event, because of the coarse
balance calculation is defined (see, for example, Freeze andime resolution. The average daily soil moisture shows the in-

Cherry, 1979) by the equation crease in precipitation typically the day after the event since
the soil moisture during the event is averaged out with the soil
ET(r) = P (t) — R (1) — ASsoil (t) — ASground(?) , 9) moisture on the previous day. Also, the uniform case shows

large decreases in ET that is unrealistic since the soil mois-
where ET is evapotranspiration at time P is precipita-  ture increases are much greater than the precipitation event
tion, R is runoff, ASsei is the change in soil moisture stor- itself. The abrupt change in the ET curves is again due to
age, andA Sgroundis the change in groundwater storage; all the change in regression from the Santa Rita probe when at-
terms are in mm day* per unit area. As discussed in Sect. 2, tempting to estimate the basin-wide mean soil moisture. In
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calibrate the cosmic-ray rover for vegetation, lattice water,
_gpﬂfﬂ'e , and soil organic carbon. Interpolation techniques can also be
<200 i | improved to constrain the observations to land cover infor-
mation, such as the outline of the pecan farm or other in-
creased areas of wetness. In terms of spatial structure and the
predictability, the functional form in Eq. (6) (Famiglietti et
al., 2008) and thef parameter in Eq. (7) should be inves-
tigated to find out how universal or variable these relation-
ships are at this scale. For hydrologic applications, the ET
estimates and soil moisture profiles need to be validated with
Fig. 10. Left: the change in soil moisture storage in mm per day. robust data sets, such as distributed eddy covariance towers
Right: cumulative distribution in time of precipitation (Precip), ET \yithin the survey area. The mass balance study in Sect. 4
estimated from the soil moisture profiles (dile) and uniform 5 5y example of the potential use of the cosmic-ray rover
profile ETuniform. The abrupt decreases in cumulative ET is due (0, + j o\,rrently only an exploratory method to investigate the
a t_lme gllscrepancy between precipitation events and daily averaggatchment scale hydrology. The main objective of this paper
soil moisture values. . o .
was to provide a methodological approach for the cosmic-
ray rover and an example data set of mesoscale soil moisture

summary, the mass balance gives insight into how the intermaps.

polation and profile estimate techniques are performing. The

va!TJe of ET derr:ved from tk|1e profile seerps 'to C}onstraln the(fupplementary material related to this article is

soll moisture change to values more realistic of system anGy5ijapje online athttp://www.hydrol-earth-syst-sci.net/

the cosmic-ray rover provides a new observation teChniquel7/5097/2013/hess-17-5097-2013-supplement pdf
to measure it. ’
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