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At the end of this lecture, you should...

« Recognize national-scale networks of cosmic-ray neutron
sensors for soil moisture networks

« Understand the current challenges related to the

establishment of a global-scale network of cosmic-ray neutron
Sensors

* Be aware of current efforts to harmonize global datasets of

cosmic-ray sensors and their important quality control and
processing steps



A quick recap



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 (-)



The cosmic-ray neutron sensor signal is atfected bby
all sources ot hydrogen within its support volume
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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)
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Propagation of uncertainty: dry versus humid
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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?



How does each factor influence the neutron
signal?

0.1r
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How 1s that propagated to the derived soil

moisture estimation?

Relative contribution to sensitivity

of estimated soil moisture

Relative contribution to sensitivity

of estimated soil moisture
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Expansion of cosmic-ray neutron sensot
stations for soil moisture monitoring



Since the US COSMOS, we have seen an

increase in national-scale networks
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Increase adoption of the technology from scientitic
publications

4L
Total Publications i

106 Analyze

Web of science search: “osmic” and “ray” and “soil moisture” (as of September 2020)

18- . All publications
h-index = 25

16 4

14

124
10
8-
6+
4
2
] ]
T T T T T T T T 1

T T T T T
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Number of publications
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This new technology 1s relevant to environmental
modeling and remote sensing communities
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http://www.theguardian.com/environment/2015/apr/12/californian-drought-water-restrictions
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Soil moisture from cosmic-ray sensors have
unique information at sub-kilometer scales
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Soil moisture from cosmic-ray sensors have
unique information at sub-kilometer scales

ARM Site, USA
|
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The importance of in situ soil moisture has led
to global international efforts

H

http://ismn.geo.tuwien.ac.at

Rafael Rosolem ©
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Challenges ahead



However, the combined use of cosmic-ray neutron
sensors with environmental models is still lacking

Total Publications

106 Analyze

| Web of science search: “cosmic” and “ray” and “soil moisture” (as of September 2020)
®1 h-index = 25

16

All publications

14
12

104

4
| .

T T T T T T T T T T T T T
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Publications involving

Number of publications

modeling applications
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Partially processed cosmic-ray sensor measurements
hinders more comprehensive comparisons with
hydrological and land surface models

Error metric on soil moisture memory

Dirmeyer et al. 2016 (JHM)

Rafael Rosolem ©

Network Average

Network Mean CFSR  CFS  20CR |MERRAland MERRA GEOSS | ERA-lland ERA-Interim  IFS CLM CCSM | Bias sD
Ameriflux 7.6 08 -05 | 141 11.0 50 74 7.7 -1.7 03 [ 20 56| 28 58
ARM 9.7 26 -35 29 -2.5 20 -23 8.3 -4.2 41 | 39 43 | 1.8 36
AWDN 3.7 s5 29 N 9.8 95 107 | 137 2.0 17 | 25 07 | 59 44
CHILI 74 49 S 9.9 9.6 0.4 03 | 46 10 | 75 57
M 12__-19 QNEE 1 94 | 84 26 I 05 D21 7%
DEOS 15.9 23 [ 61 30 -0.4 63 115 14.4 -8.1 -89 1.7 84
ECONET 7.2 10 37 1.2 08 | 44 37 | 98 100
MAWN 8.7 07 -24 39 6.4 53 69 9.3 -1.9 22 | 09 49 | 15 44
MAW-MO 7.3 34 10 90 9.6 60 99 11.2 2.2 31| -07  -48 | 32 55
NOAAHMT 7.9 06 01 [ 142 | 109 @ 48 76 74 -1.7 04 | 25 59 | 27 59
OK-Meso 9.0 26 21 71 -1.2 1.8 0.7 46 -4.8 41 | 41 67 | 16 38
PBO-H20 8.9 o1 -38 -14 [ESEEE 2 BN o -3.5 14 | 07 61 | 24 7.8
SCAN 17.6 05 165 67 5.1 60 43 11.7 88 [N -7 19 81
SDAWN 7.8 07 22 58 7.9 62 68 104 | 13 1.4 | -10 2.1 4.8
SNOTEL 14.0 33 SN o2 I o 7.9 837 51 15 138
SOILSCAPE 9.6 20 50 00 75 73 87 59 -1.5 1.7 | -30 06 50
USCRN 143 68 66 -23 -2.8 54 5.1 6.9 7.5 76 | -79 54 43
USDA-ARS 6.7 5.1 1.7 146 9.0 0.8 0.7 1.6 ! 9.3 11.1
WTX-Meso 3.7 i 12 NS5 13.1 0.0 0.0 00 ["120° -07 | 85 111
Average 7.9 06 -17 69 10.4 9.6 96 9.4 2.7 29 | -14 | 58 | 25

sD 3.8 37 36 59 9.4 106 7.1 6.0 3.2 38 | 50 38

-10 6 -4 -2 2 4 6 10 16

Data processing steps included

v' conventional /uniform calibration
weighting

v’ atmospheric pressure correction

v" high-energy neutron intensity correction

Missing processing steps

X lattice water and soil organic carbon
correction (Franz et al. 2012; WRR)

X atmospheric water vapor correction
(Rosolem et al. 2013; JHM)

X aboveground biomass correction (Baatz
et al., 2015; WRR)

X revised calibration weighting (Schron et
al. 2017; HESS)

18



Worldwide evaluation for modeling applications is
limited due to lack of harmonized datasets

Data processing steps

COSMOS

Cosmic-ray Soil Moisture Observing System

CosmOz

COSMOS-UK

UK Soil Moisture Monitoring Network

Atmospheric pressure correction

High-energy neutron intensity correction

Atmospheric water vapor correction
Aboveground biomass correction

Lattice water and soil organic carbon correction

Yes

Jungfraujoch
reference site with
no local correction

Rafael Rosolem ©

Yes

Neutron monitor site
with closest cutoff
rigidity value to site

Yes
No
Yes

Yes

Jungfraujoch reference site
with

local correction

(Hawdon et al. 2014; WRR)

Yes
No
Yes

19



Different data processing procedures can lead

to different estimates

Soil Moisture - Vol (cm3/cm3) Neutron CPH

Soil Moisture - Vol(cm3/cm?3)

(a)l Sant‘a Rita Crleosote, pSA (20]‘.2)

of soil moisture

27301 1400
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() . . . . . .
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0.75 4 ' -
0.10 1 i — pint2_awv
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Power et al. 2021 (GMDD)

Rafael Rosolem ©
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Precipitation (mm yr™")

Good practices from other networks

Mean Air Temperature (° C)
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Towards a ‘Global COSMOS’ initiative?

Voluntary participation; PI-driven research; bottom-up
organizational structure

Strengths Weaknesses Can we solve the issue?
v' Interdisciplinarity X Insecurity of funding for many |! National to multi-national
v’ Strong sense of community sites consortia (‘network of
v Good representation X Underrepresentation of some networks’)
hydroclimates and biomes biomes or geographical location | !  Awvailability of subset of data
X Lack of incentives for data | Publication of datasets with
sharing DOI numbers

Rafael Rosolem © 22
Rosolem et al. (In prep.)



Towards a ‘Global COSMOS’ initiative?

Lack of standardization/harmonization of instrumentation and
quality-control processing

Strengths Weaknesses Can we solve the issue?
v" Open and flexible methodology |X Undesired biases and data | Hybrid approach: flexible
to advance the technology inconsistencies for processing of data while sharing
v Tncentive for PIs to submit data continental /global comparison a subset of data for
with ‘in-house’ data processing | X Limited adoption by wide harmonization
modeling community I Open-source software for
X Unclear about publication modeling %nd d%‘ta procgssing
strategies and authorship are becoming widely available
(COSMIC, URANOS, Cornish
Pasdy, crspy)

Rafael Rosolem © 23
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Towards a ‘Global COSMOS’ initiative?

Lack of a common platform for data quality control and
processing for multiple sites globally
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limited understanding and application
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Opportunities for a Global COSMOS network



We have developed ‘crspy’ a comprehensive
data processing tool for cosmic-ray sensor

https://github.com/danpower101/crspy

¥ master ~ P 1branch © 1tag

&

[P e R e R

Cosmic-Ray Sensor PYthon tool (crspy)

danpower101 Added refs

crspy

data

example

.gitignore

LICENSE

README.md

name_list.py
run_crspy_workthrough.ipynb

setup.py

README.md

Added refs

Added alternative intensity correction.
delete duplicate file to avoid confusion
adding gitignore

Create LICENSE

Update README.md

change to name_list default

Added notebook workthrough (mk2)

Changes to n0 calib

Go to file Add file ¥

a223362 2 daysago YY) 87 commits

2 days ago
5 months ago
last month
3 months ago
4 months ago
2 months ago
last month
2 months ago

26 days ago

This tool can process Cosmic Ray Sensor data into soil moisture estimates. It is based on research conducted by many
individuals and groups (see references).

Please note: this is a work in progress that is being updated regularly, so bugs or issues may be found. If you have any

issues with crspy please do get in touch daniel.power@bristol.ac.uk

python v3.7+ | contributions ‘welcome

https://doi.org/10.5194/gmd-2021-77
© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

Abstract Discussion Metrics
B

Submitted as: model description paper 07 May 2021

Review status: this preprint is currently under review for the journal GMD.

Cosmic-Ray neutron Sensor PYthon tool (crspy): An
open-source tool for the processing of cosmic-ray
neutron and soil moisture data

Daniel Power'®1, Miguel Angel Rico-Ramirez'®!, Sharon Desilets?, Darin Desilets?, and Rafael Rosolem21:3

Y TFaculty of Engineering, University of Bristol, Bristol, UK
2Hydroinnova, Albuquerque, New Mexico, USA
3Cabot Institute for the Environment, University of Bristol, Bristol, UK
Received: 12 Mar 2021 - Accepted for review: 05 May 2021 - Discussion started: 07 May 2021
Power et al. 2020 (GMDD)
Rafael Rosolem © 27
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External

User
gt Data USA_SITE_011
Sources Calibration
Data NO
Calibration
l / il
SITE BETA_COEF 8D..
USA_0110.007 141 ( N 0
» calibration
@ process
RAW TIMESERIES DATA
[ [ UsA_SITE 011 ] [ USA_SITE 011 ] [ USA_SITE 011 ] [ USA_SITE 011 ]
I DATE MOD PRESS.. Calculate DATE.. foor ol QA DATE.. foar fig.. Calculate Soil DATE.. SM SMizh.. Final
DATE MOD PRESS.. i i i ina
Selectsite 16/01/2014 2010 948 Corrections 16/01/2014 105 103 16/01/2014 105 0 Moisture 16/0/2014 015 0.16 . )
16/01/2014 2010 948 16/01/2014 2000 952 15/01/2014 104 103 16/01/2014 104 0 ® 15012014 018 017 T"-nesenes
15/01/2014 2000 952 16/01/2014 1928 953 16/01/2014 105 102 16/01/2014 105 0 16/01/2014 0.17 0.17
L6 1R 963 16/01/2014 2000 943 15/01/2014 11 104 15/01/2014 111 16/01/2014 015 0.16 Folder
15/01/2014 2000 48 15/01/2018 1955 947 15/01/2014 108 108 15/01/2014 108 2 16/01/2014 0.15 015
16/01/2014 1955 947 16/01/2014 1935 933 16/01/2014 104 109 16/01/2014 104 0 16/01/2014 014 015
15/01/2018 1955 932 | 16/01/2018 1945 945 16/01/2014 101 107 16/01/2014 101 0 16/01/2014 014 0.14
16/01/2014 1945 945

missing -

pe)
e > _ ‘qo (oo
o IFdatais = % 04. (o4

S
fill -l
T : '

ERAS5 Land
reanalysis
data

n

Quality
Analysis

Folder Power et al. 2021 (GMDD)




import crspy

Name

calibration_data
crns_data
eraSland
figures
global_biomass_netcdf
land_cover_data
n0_calibration
nmdb
qa
@ metadata - Copy
@ metadata

>

Status Date modified
©) 24/09/2020 12:19
©) 22/09/2020 12:09
® 11/09/2020 10:3
©) 01/10/2020 14:1
® 24/06/ 012
® 03/06/2020 11:
® 01/10/2020 14:24
® 18/06/2020 14:
©)] 01/10 014
= 17/06 016:
® 01/1 014

crspy.initial(wd)

Type

File folder
File folder
File folder
File folder
File folder
File folder
File folder
File folder
File folder
Microsoft Excel C...
Microsoft Excel C...

crspy contains functions to help with working
directory set up for each processing step

Size

33KB
35KB

Rafael Rosolem ©
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Pre-processing steps integrate global products
for use in processing and analysis of sites

y 2019 from ERA5-Land Celsius

Mean 2m temperature for Februar

AR ISRIC

World Soil

neutron monitor database

«— e —

nmdb/ statio
RecentChanges

Rafael Rosolem © 31



User can calibrate the

Hydrol. Earth Syst. Sci., 21, 5009-5030, 2017 Hydrology and
https://doi.org/10.5194/hess-21-5009-2017 _ .

© Author(s) 2017. This work is distributed under Earth System
the Creative Commons Attribution 3.0 License. Sciences

Improving calibration and validation of cosmic-ray
neutron sensors in the light of spatial sensitivity

Martin Schriin"z. Markus Kohli'3#, Lena Scheiffele’, Joost Iwema®, Heye R. Bogena7, Ling Lv%, Edoardo Martini',
Gabriele Raroniz'S, Rafael Rosolem®?, Jannis Weimar?, Juliane Mail'o, Matthias Cuntz>'', Corinna Rebmann?,
Sascha E. Oswald’, Peter Dietrich', Ulrich Schmidt®, and Steffen Zacharias'

The optimised N@ is calculated as:

N@ | Total Relative Error
RelErr N©

3476 0.618526 3476

The site calibrated was site number 102 in UK and the name is W2-W3
The bulk density was 1.166

The user defined accuracy was 0.01

The soil organic carbon was 0.046 g/m"3

The lattice water content was 0.031

Unique calibration dates where on:
[datetime.date(2015, 11, 2) datetime.date(2016, 2, 8)
datetime.date(2016, 11, 1) datetime.date(2015, 7, 4)]

Average neutron counts for each calib day where {0: 1800.0, 1: 1759.0, 2: 1901.0, 3: 1977.0}

SENSOt using crspy

Revised weighting approach for soil samples that
takes into dependencies on air pressure, air
humidity, soil moisture and vegetation

Outputs a mini-report along with any
tables written during the calibration
process. This can be useful to check
for any issues in the calibration
process.

The weighted field scale average of theta (from soil samples) was {0: 48.01, 1: 61.86, 2: 31.40, 3: 20.02}

Please see the additional tables which hold calculations for each calibration date

Rafael Rosolem © 32 1 1



Data quality assessment with visual outputs

80 -

70 A

60 -

50 -

40 A

30 4

20 1

Internal relative humidity

w

|

2015-07

2016-01

2016-07

201I7-01

201|7-O7

2018-01

Correlation Plot

SRESS -

i 1

foar -

fawv -

TEMP -

2018-07

2019-01

2019-07

Battery Voltage

15.0 4

14.5 4

14.0

13.51

13.0

2015-07 2016-01 2016-07 2017-01 2017-07 2018-01 2018-07 2019-01 2019-07

Data quality flags

Flags:
1 = fast neutron counts more than 28% difference to previous count
2 = fast neutron counts less than the minimum count rate (default == 38%)
3 = fast neutron counts more than n@
4 = battery below 1@v

Rafael Rosolem © 33 12



crspy generates soil moisture analysis for easy

checks

0.25 1

0.20 A1

0.15 A1

Soil Moisture over time at Santa Rita Creosote, USA
0.10 A

‘\
| I
|
| iy N ||
0.05 ‘ | ‘ ‘ ‘ \ il
| | | Y k|
0.00 i ‘ | !”' ‘| tff) N o SRR L) ’ i
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Date

Soil Moisture - Volumetric (cm3/cm?3)

Soil Moisture over the year 2013 at Santa Rita Creosote, USA
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site processing
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New harmonization tool crspy
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era5_get_data_second.ipynb mainpy @ name_list.py

@author: Daniel Power

name list

crspy

fileslist = crspy.getlistoffiles(nld[ defaultdir']+"/data/crns_data/raw/")
fileloc - fileslist[25]

df, meta = crspy.process raw data(fileloc, calibrate = True)
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Final remarks

* There has been a steady adoption of cosmic-ray neutron
sensing technology recently

« Combined used with environmental models currently at slower
pace

 Efforts to harmonized global data from cosmic-ray neutron
sensors can facilitate further adoption

* Initial steps taken with the development of crspy as a common
platform for data quality control and analysis
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