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Structure for the day

Lecture 1: Factors affecting the accuracy of cosmic-ray neutron counts and estimated
soil moisture

» Factors do influence the signal from the cosmic-ray sensors

* Important to account for those factors to reduce uncertainty in estimated soil moisture

Lecture 2: Efforts to a harmonized data processing approach for cosmic-ray neutron
sensors

» Despite important, there are currently no standard way that individual national-scale
networks correct such factors and process the data globally

» There are ongoing efforts to produce a global harmonized database

Lecture 3: The use of cosmic-ray neutron sensors in hydrometeorology

« Examples of applications of cosmic-ray neutron sensors combined with different
environmental models with a wide range of complexity



At the end of this lecture you should...

« Be familiar with the way the cosmic-ray sensor works in
translating neutron counting rates to soil moisture estimates

* Be able to understand the required corrections and to identify
additional factors affecting the sensor signal

* Be aware of way the sensor operates in dry versus humid site
conditions

« Have a basic understanding of which factors may impact, more
or less, both the neutron signal as well as the derived soil
moisture product



Brief introduction



Who am I?

Born in Piracicaba, Brazil

1999 - 2002 BSc Meteorology (University of Sao Paulo E3)

2003 - 2005 MSc Agricultural Systems Ecology (University of Sao Paulo E3)
2006 - 2010 PhD Hydrology (University of Arizona =)

2009 - 2012 NASA Earth and Space Science Fellow (University of Arizona =)
2013 - Senior Lecturer Hydrometeorology (University of Bristol =)

Additional (current) appointments :

Co-leader for the ‘Water’ theme of the Cabot Institute of the Environment

Co-leader for the ‘Impact and risk-based predictions’ theme of the MetOffice Academic Partnership
Board Member for the GW4 Water Security Alliance

Associate Editor for the American Geophysical Union’s Water Resources Research Journal

Associate Editor for the American Meteorological Society’s Journal of Hydrometeorology
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Experience with modeling

Simple Biosphere Model NOAH model Joint UK Land Environment Model

Sk _L¥ Py

Precipitation Heat €O, CH,

LA

7/

Transpiration

Canopy Water
Evaporation

Deposition/Sublimation to
and from snowpack

LSM

TurbulentHeat Flux o and
from snowpack, soil and plant

Precipitation
Condensation

Direct Soil
Evaporation

Evaporation
fromOpen
Water

interface

Az,

AZ;=10cm Soil Moisture Flux Soil HeatFlux

AZ ;=30 cm » New GW
Interflow | model

Internal Soil Heat Flux

87 =100 cm

Internal Soil MoistureFlux |
|
|

Gravitational Flow

Unconfined Aquifer Layer: Recharge rate is proportional to:
(water head at the bottom — water head at the water table)

~ Warain
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Research projects

= Team member ‘Large-scale Biosphere Atmosphere Experiment in Amazonia’ - LBA
(NASA/INPE)

= Principal Investigator ‘A MUlti-scale Soil moisture- Evapotranspiration Dynamics study’ -
AMUSED (NERC)

= Co-Principal Investigator ‘MOSAIC Digital Environment Feasibility Study’ (NERC)

= Principal Investigator ‘Brazilian Experimental datasets for MUlti- Scale interactions in
the critical zone under Extreme Drought’ - BEMUSED (NERC/FAPESP)*

. go-[n\t/e)stigator ‘Drought Resilience In East African dryland Regions’ - DRIER (Royal
ociety)”

= Co-Investigator ‘Mobile phone App Development for Drought Adaptation in Drylands -
MAD DAD’ (EPSRC)*

= Co-Investigator ‘DOWN2EARTH: Translation of climate information into multilevel
decision support for social adaptation, policy development, and resilience to water
scarcity in the Horn of Africa Drylands’ (ERCY*

* Ongoing projects



Understanding the factors



Our understanding of the sensor was limited at

the beginning

Ao
Ocrav = N — ap
_Pt_ 4
Ny 1
where
Npihv — Nyagw © fp - fi

Based on Zreda et al. (2008) and Desilets et al. (2010)

Ograv = gravimetric water content (g g)

Ny = corrected measured neutron counting rate
(counts per hour)

N..w = raw measured neutron counting rate (counts per

hour)
No = site-specific calibration parameter
f, = atmospheric pressure correction factor (-)
f; = solar intensity correction factor (-)

ag, a1, a; = fixed coefficients (-)



Over the years, the community has learned
more about the cosmic-ray neutron sensors

Ao
OyoL = N —a; — LW —50C| - ppg
pthv a
Ny 1
where
Npihv = Nyaw 'fp fi fn fo

Based on Franz et al. (2012), Rosolem et al. (2013);
and Baatz et al. (20157?)

OvoL = volumetric water content (m3 m-3)

Npinv = fully-corrected measured neutron counting
rate (counts per hour)

Nraw = raw measured neutron counting rate (counts per
hour)

No = site-specific calibration parameter

LW = lattice water content (g g'1)

SOC = soil organic carbon (g g')

Ppa = dry soil bulk density (g cm-3)

fo = atmospheric pressure correction factor (-)

f; = solar intensity correction factor (-)

fi = atmospheric water vapor correction factor (-)
f, = aboveground biomass correction factor (-)

ap, a1, &, = fixed coefficients (-)



2, 41, 4, are fixed coeftficients originally obtained
from neutron particle transport modeling

55
50 - 5 MCNPX - modeled However, there have b.een attempts to.‘z.adjust’
45 - calibration these coefficients to site-specific conditions
€ through empirical methods!
Q 407 Least squares fit to rough empirical methods
C a5 MCNPX
S = See for example:
o 20 ¢  Calibration points Rivera Villarreyes et al., 2011
® 25 1 lwema et al., 2015
= 20 Heidbiichel et al., 2016
= 15-
g 10 1 ag = 0.0808 (cm? g What are the advantages and
2 _|a;=0.372 () . 2
S 2 015 (em? o) n disadvantages of such approaches?

0.50 0.75 1.00 1.25 1.50 1.75 2.00

Relative neutron flux

Unpublished work by Marek Zreda and Darin Desilets Rafael Rosolem © 12



Chemically-bound “lattice” water is not exchanged
with the atmosphere but atfects the signal
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6 (cm” cm™)
Franz et al. (2012; WRR)

0.08 -

——Greacen 1981
0.06 -
------ Upper bound
004 1 £ 000 e Lower bound

m Babalola 1971

Lattice water (cm3/cm3)

0.02 -

T 1
0 0.5 1 1.5

Clay content

McJannet (37 COSMOS Workshop 2012)
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Soil Organic Carbon acts in a similar way to
lattice water (usually assumed time-invariant)

0
Bogena et al. 2013 (WRR)
10 A
20 A
SWC = soil water content
OM = organic matter
e 30 - LW = lattice water
O, RM = root biomass
*
N 40 H —2* (SWC)
—2* (SCW + OM)
50 -
——2* (SWC + OM + LW)
60 - —2z* (SWC + OM + LW + RM)
70

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Soil water content [cm¥cm?3]

Rafael Rosolem ©



Dry soil bulk density is important if estimating
volumetric water content but hard to sample

lowa
September 2010
5
10 A
£
(&)
£ 15 -
Q
[
0
20 -
Source: COSMOS (Trenton Franz) 25 14 . . . . : :
20 25 30 35 40 45 50

Soil moisture. vol. %
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Cosmic-ray intensity

—-135 -90 —45 0 45 90 135

Cut-off rigidity map!

Higher values show regions with
stronger magnetic field (i.e., near the
equator)

Stronger magnetic fields result in less
cosmic-rays reaching the Earth’s
atmosphere

Luckily, this correction is easily
applied in the cosmic-ray sensor
measurements

Rafael Rosolem © 16



Atmospheric pressure

50
Compare the number of molecules at

10 km of altitude versus surface level!

40 —
ke e — What do you notice?

w
O

More particles were in the cosmic-ray neutron’s
downward pathway in a thicker atmosphere

Air density

N
o

Altitude (km)

Also remember that pressure is continuously
changing due to weather patterns

10
i Luckily, this correction is also easily applied to

pressure. —BNN the cosmic-ray sensor

0.01 | 1

Air pressure (bar)




Atmospheric water vapor
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Rafael Rosolem ©
Rosolem et al. 2013 (J. Hydromet)
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0 (m3 m'S)

(a) Santa Rita

20

06/26/11 08/01/11 09/06/11 101211

(e) Santa Rita
0.2 ‘ ‘

0.15;
0.1;

0.05¢

06/26/11 08/01/11 09/06/11 101211

Rosolem et al. 2013 (J. Hydromet)
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(b) Desert Chaparral
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(f) Desert Chaparral

—— Corrected

Uncorrected

0.2

0 (m3 m'3)
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100411 110341 12/03/11 01/02/12

0.15;

0.1;

(c) P301

—— Measurement
- = = Calibration Day

(g) P301

4/11 11/03/11 12/03/11 01/02/12

Additional
temperature and
humidity sensors
allows for
calculation of

water vapor
correction with
surface
meteorological
measurements
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Water vapor correction factor relative to tully
dry atmosphere

Minimum Water Vapor Scaling Factor
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Aboveground biomass

Amazon
Rain
Forest

West
Coast US
Forests

Eastern
usS

Forests
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Unpublished data (Trenton Franz)
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[3% Lattice Water]

Rafael Rosolem ©
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The cosmic-ray neutron sensor signal is atfected bby
all sources ot hydrogen within its support volume

.............
_______
- [}
““““
. .

Transient ettt 1. Water Vapor """+
Quasi-static a
Static _

3. Vegetation 2. Built-up

5. Surface Water 4. Intercepted

7. Soil Moisture
8. Lattice Water
9. Soil Carbon Compounds

Image kindly provided by Trenton Franz (Nebraska-Lincoln)

Rafael Rosolem © 22



Example ot relative contribution from
different hydrogen pools 1n a humid region

1.6%

a)

m Soil water content

u LW+ OM + RM
2.3% w Litter layer

m Above biomass

m Biomass water

» Canopy interception

b)

2.7%

Bogena et al. (2013)

Rafael Rosolem ©
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NO 1s a parameter obtained through site

calibration

20005
1900-%
1800}
1700}
1600}
Z 15001
1400}
1300}
1200}
1100}

1000
0

10

20 30
VWC (%)

40

o0

Requires an independent
estimation of soil
moisture with similar
footprint

NO is the theoretical

maximum amount of

neutron counts under
fully dry conditions



NO 1s a parameter obtained through site
calibration

2000¢
19001
1800+
1700+
1600+
Z 1500
This is measured from
the cosmic-ray sensor 14007 This is measured with
while taking soil samples volumetric soil samples
00r representative of same
footprint
1200+
1100+
1000 : : ‘
0 10 20 30 40 50

VWC (%)



NO 1s a parameter obtained through site

calibration

20005
1900-%
1800}
1700}
1600}
Z 15001
1400}
1300}
1200}
1100}

1000
0

Which defines the
position of the
calibration curve

Y

1 ‘ 1 1
10 20 30 40
VWC (%)

o0

Requires an independent
estimation of soil
moisture with similar
footprint

NO is the theoretical

maximum amount of

neutron counts under
fully dry conditions



NO 1s a parameter obtained through site

calibration

And consequently, the
No parameter

20

1800+

1700}

1600}

Z 15001

1400+

1300}

1200

1100}

1000
0

19001

10

‘ |
20 30
VWC (%)

Rafael Rosolem ©

40

o0

Can you think of
potential issues with
these calibration steps?

Think of extreme dry or
wet regions?
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We found that CRS needs to be calibrated for

multiple davs for better performance
——

Santa Rita Creosote, AZ, USA

980 95

=390 1\
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e, 1000 0.08
\ lfhiidF /1005 SR
0— 2(,;‘—;]0:\‘1;[“'5 A 004 ..............
Rollc<!1m|cl{. Germany 0 02 —— TDT
Sl 755 .“_..._._.‘ err
""Si's" XS soX mg 0_0g e SIVIOSerr
LI 5:"75 == 006 5 — Nomod Rt
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0__ 200 400 Meters © 0.02 = _COSMlcRef
W"f'-; t“;;‘-ﬂefr,'_"'a"y - g 0 . NOmod
b1
0\ 2 0.08 s ® HMF
SSviy 0.06 ‘I v COSMIC
Ty
004 ..................................
0_ Z(le_;JD;\!elws 002
Legend 5m contour lines 0
e CRNS [163% cumulative sensitivity contour 12 4 6 10 16

Temporal strategy (days)

« in-situ sensor profiles [_]86% cumulative sensitivity contour

Iwema et al. 2015 (HESS)
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Propagation of uncertainties



Propagation of uncertainty: dry versus humid
regions

20
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351

0 1 | | |
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Propagation of uncertainty: dry versus humid

regions

20

45+

40+

351

10+

dry soil € g [IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIS
uncertainty b
1 1

1 1

0
0.5

0.6

Rafgez Rosolem @9'8
N/NO

0.9

In a dry region:

Uncertainty of neutron
counts on the order of 2%

Propagated uncertainty
of soil moisture on the
order of 1.5% vol.

What do you expect to

happen for humid
regions?
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Propagation of uncertainty: dry versus humid

------I..I.---------------------------------l

3 50
45§
wet soil
1 o]
35}
I T
__30F
>
O 25F
=
=
20}
15t
101
uncertainty T
Q
0:5

06 Rafge? Rosolem @9'8
N/NO

0.9

In a humid region:

Uncertainty of neutron
counts on the order of 5%

Do you know why?
Propagated uncertainty
of soil moisture on the

order of 17% vol.

Can you understand why?
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Neutron (cph)

Correction factors (%)
o

Soil moisture (m3 m'3)
o
N
|

Let’s have a look at a dry site: Santa Rita (AZ, USA)
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Now, let’s have a look at a humid site: Harvard Forest (MA, USA)
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Longer integration time can reduce uncertainty

at the cost ot lower temporal resolution

Standard deviation soil water content [cm%cm?3]

0.16 A
0.14 4
0.12 A
0.1 A
0.08 A
0.06 A
0.04 -

0.02 A

Bogena et al. 2013 (WRR)

0.1 0.2 0.3

T ' T
0.4 0.5

Soil water content [cm3/cm?]
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Example: Sheepdrove Farm (UK)

Hourly data Pounds 2b
0.6 I \
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Example: Sheepdrove Farm (UK)

3-hourly data Pounds 2b
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Example: Sheepdrove Farm (UK)

6-hourly data

Pounds 2b
0.6 \ \
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Example: Sheepdrove Farm (UK)

12'h0urly data Pounds 2b
0.6 | |
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Example: Sheepdrove Farm (UK)

Daily data Pounds 2b

\ \ \ \ ‘
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Applying proper sensitivity analysis in 2 humid

region

___Iwema et al. (2021 - In review)

grass

grass/crop

Legend

® CRNS

4 Soil sample locations
Elevation (m) .
T 0 250 500 1,000 Meters
~how: 0 I

Rafael Rosolem ©

41



site: Pounds 2b

Rafael Rosolem ©
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W2/W3

(5rass site
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Sensitivity analysis can help identity which factors
contribute most/least to the process of interest

(a) Sensitivity Analysis Tool ' E
(b) | (c)
System ‘/jL 0, .
9, On
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We use a simple analytical model to account for all
possible factors affecting the neutron signal and soil

moisture estimates

Input

Air humidity

Air pressure

High-energy neutron intensity
Sensor efficiency

Dry vegetation biomass
Vegetation water
Intercepted water
Animal water

Ponded water

Dry litter layer mass

Litter layer water

Dry sheep droppings mass
Droppings water

Dry soil bulk density
Soil moisture

Latice wate

Soil organic matter
Dry root biomass

Original COSMIC, modified COSMIC

)\

Model layers

&
Atmosphere,
sensor, high-

energy neutrons

)\

J\

—

Above ground
biomass

Modified version of the COSmic-ray Interaction

‘ ON“tp“t Code (COSMIC) to include additional factors
- (epihv)’
Limited number of factors in the original
COSMIC model (highlighted in bold)
N

Note: COSMIC will be introduced properly in
our last lecture

COSMIC COSMIC extended

\

0.6 \
L \

3)
©
(9]

o
i

©
N}

Soil moisture (cm> cm’
o
w

©
=

0 "
1300 1500

N (cph)

1700 1900 1300 1500 1700 1900

lIwema et al. (2021 - In review)

——grass/crop ——grass shrub N (cph)
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How does each factor influence the neutron
signal?

Relative contribution to sensitivity Relative contribution to sensitivity
of measured neutron counts of measured neutron counts
ObrT——T—T—T T T T T T T T 1 O o e I AN RN S B e B a—
c c
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5 03 ki
5o T grhss 2 o4l SM=0.3
g shrub g : ——SM=0.6
O 0.2¢ - o 0.3r
O ——threshold O ——threshold
E % 0.2
R 0.1r =
Q Q
2 —— ~
0 | | | | | | | | ] | | ] |
dummy factor QD LS e XS
NI AR o SO 2B
threshold é{'«‘%e& & &0 Q&(b QQ%A?&O&PQX& @WA‘FQO c?&@&\
R & SO @Q'Q D Q"G'O& o2
NS & MO NITIERAFN >
L0 \‘vqg@‘poo\&o&@&@o@ R RN
N T RL LS >
8&& %O ) 04 N é&o’ Q ﬁ(} é
N & g ®
> <
; : Q\é’\ Rafael Rosolem © N
Iwema et al. (2021 - In review) > aract rosorem o2



How 1s that propagated to the derived soil

moisture estimation?

Relative contribution to sensitivity

of estimated soil moisture
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Final recommendations

 Whenever possible... measure/sample everything - residual uncertainty

 Consider multi-day calibration especially if site has strong seasonality (if
unable, consider sampling on a day with average conditions)

« Uncertainty can be further reduced with longer integration time at the
cost of temporal resolution (e.g., daily versus hourly)

* Neutron signal overwhelmingly responds to changes in pressure, but
luckily this can be easily corrected for (with some impacts from in situ
soil moisture and dry soil bulk density)

 Derived product is by far a result of soil moisture variations (as a result
of effectiveness of corrections) but dry soil bulk density, lattice water,
and soil organic carbon are likely to affect the estimates
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