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ETFT COSMIC #BE W FHEEPFRIER
il X T EE K5
ZEMET KBRS ORXE BEXES HI®R”

(' E R B P A S PR BRI SR, AR I A A R ST I S AR B e 3, 22 7300005 > ERb2 ek, b
L 100049)

T .

C

W E FEHALATFRARLBEMNAHE T FRE, REETKRETEN-FH LEAMRI, &Ry BA
THRWR EHFPREFESRE, VI COSMIC BAERETRERPRELEZASOTEY. AFLETH
HAFHAELT FRAEZTPRTE-ZMNXTRT LEAXPAM KD, FRENA. FTE-FMN KX K 2|
é’] P F B E A 350~ 715 counts + (30 s) T R ENFHE T FRE(N,,,.) H(38.5£2.2) counts - (30 s)”"
comic % T AT P T o  COSMIC 42 AL (3 7 R 18 2 RMSE =0.019 g + g') A8 N, % # % (RMSE = 0.018
g g VW RBEFMETTRELIEARS, Z BT W R KKFILT, 28K REREEE ;KR &
I X P2 47 3 M R E A 19 em TR X 0 36 em, COSMIC 42 A 7] Jf 35 -5 M IX o o7 4 & P F ROE 1%
Ko, BEHEEAELAAMERILZ- A C-EAEEZHERNCTEBEARABL,
KPR FHEHAYFEA; RE-GM; £E AL COSMIC; R il
Retrieving soil moisture using cosmic-ray neutron technology based on COSMIC model in the desert-oasis
region. WU Shaoxiong'>, ZHANG Yongyong'*, ZHAO Wenzhi', KANG Wenrong'”, TIAN Zihan'? (' National
Field Science Research Station of Farmland Ecosystem in Linze, Northwest Institute of Eco-Environment and
Resources, Chinese Academy of Sciences, Lanzhou 730000, China; >University of Chinese Academy of Sciences, Beijing
100049, China).
Abstract ; Cosmic-ray neutron technology could estimate average soil moisture on scale of hectometers by monitoring
the neutron intensity near the ground, which has been successfully applied in forest, grassland, farmland, and other
ecosystems. To verify the reliability of Cosmic-ray Soil Moisture Interaction Code ( COSMIC) model for retrieving
mesoscale soil moisture in arid regions, we carried out soil moisture observation experiment by using the cosmic-ray
neutron rover in the desert-oasis region of the middle reaches of Heihe River. The results showed that the fast neu-
tron intensity in the desert-oasis region were 350—715 counts + (30 s) ™', and the calibrated high energy neutron
) were (38.5+2.2) counts + (30 s) ™", which was affected by land surface characteristics. Both
COSMIC model (oot mean square error=0.019 g - ¢g”') and N, equation (root mean square error=0.018 g - g™')

intenSity ( N(:osmic
could well assess the mesoscale soil moisture, with the accuracy of soil moisture being higher considering soil lattice
water. The average penetration depth was 19 c¢m in the oasis region and 36 cm in the desert region during the exper-
iment. COSMIC model could be used to retrieve soil moisture by cosmic ray neutron in the desert-oasis regions,
which had great potential to realize data assimilation of surface meteorological-hydrological-ecological variables by

combining with land surface models.

Key words: cosmic-ray neutron technology; desert-oasis; soil moisture; COSMIC; mesoscale monitoring.

T3k S 50 R ZEA S R G KA et R A A= S g dR T B e X BT,
PR A RO K A IR X T T A SO T3 v 43 A i RUEE WP REFI R R, A
ASCHER ARSI (42071044 42230720) e plgge V(<D m®) WAL R B Ik ISR SOHIA (FDR)
ﬁ@ﬁﬂ%ﬁﬁi&%ﬁﬁl(zozmzo)ﬁiﬁﬁbu &ﬁ%ﬁ%\%%[a 5] T R TR

2023-02-09 Yk, 2023-07-05 %,

s WAF1EH E-mail; zhangyongyong@ lzb.ac.cn @@ ,f—/n\ Rrﬁ/ﬁ‘ E/J [:i"jz /fjﬁ%:_{ i% H EF‘ %’B( /ﬁm




2446 A

M

IO S

34 %

R E I RA R aFE Y . KRERETE
RSN, A DGR iR 3k TR AL R 48 (GNSS)
S K AR BT I LA 2 AR R R
RE AL, SR N B AR SN RE S 0~ 10 em T3
K53, F P B B8 - 33K o3 J 1) B R A T
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TR R S i IR A T TR

T AR P T BRI R b R AU
TR R HE DG 2R I vh RUBE R HEK . ST
RS R ORI E R CR P2 EE Tk
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Carlo N-Particle (MCNP ) fCAS R T 55 B8 5 H7 5 46
M8 km 54 Bl R 5 B AL AL e AR R
AP AOT LU AR 24 300 m 1 ] A A 12
IKIPIRBL . Desilets 551 #E57 T + 3K 43 55 h 75
IR Ry il T SE A TR RIS T b
TR R R K 4y (N, B8k 072 302 Bl
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Fig.1  Cosmic-ray neutron rover (a) and the distribution of

sampling points (b).
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FUBUENIREE (8.28GV)

N:NnringinxfprRH/ﬁRc (5)
AN AR IE A B3R [ counts + (30 s) 7' ]
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1.3 HHES/KESSERGE
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BT Fortran i 75 4 55 1 COSMIC 2 )7 AL A% AT
M http ; // cosmos. hwr. arizona. edu P 3 e B, 3 3 B
MR 7R A AU S KR
e Wy AR K i S I SRR R SRR AL
e F OB (N, ) o ASBESEFIH Matlab R2018b
Hh“system” iy 2 V8 COSMIC F2 e Xt NV . 471
N, i BNBET R BE N 0.1, B4 RFEHL Y
N i BB TE 10000 IR, A3 BIEAR N0, PEAARE
ZULSCHk[26] . KAk iE I N, B A E] COSMIC
BRI P Sl v -5 5 i 38 v RUBE -2 R 38K O
1.5 Heibs

FIFH Microsoft Excel 2010 #1445 11454 , Matlab
2018b HEATEHE A AR TT AL . SR TR E R AL
(R*) VPO 2R D05 P B2, 1) T35 5 # 1% 2% (RMSE)
WA SR

2 ERESH

2.1 T RGERARGE
T R] , T S b ASOULI A e d5E-2R i X
HRF5R AR 350~715 counts + (30s) ™" FEiRIX [ 611

counts + (30s)™' ] KF M IX[469 counts - (30
$) '] RIE R B R AE 129 ~ 221 counts + (30

$) 7L HEBIX [ 200 counts + (30 s) 7] KT LY IX
[154 counts + (30 ) ™' ] (F 1), ILHTH T3 1

Mg PR 2R 2 A AE R A5 A TR | e
T T U G BN R ARG (A% 18+
VR 22 5 ) ACIE i B - El i s b Ry KR
BRI, SR FEY AT 5—9 A,
MAIRIAE 1—5 A #EAT, B DU Sk i A= i 1
B MUK R, A, b 805 SR 5
FH Y BN X - K o i TR EIX (R 1),
R, 2 Fhse A B b5 R 2 el R K £

S -2 X 8 5E 1Y R RE TP T OB (N, ) N
(38.5+2.2) counts + (30 s) ' (FHEMELFRUEEE) | A
I N, AN B SR X N, A FE 2 57
(1) N5 NSHGED N (1 N SEAKTT
SEASEN AT AN 58 4 TR AR B T
JiE ) (5 e R 28 LA — ARG N AR AL 2 b
HEPEAT G, W) I A2 s RAE A BOR R SR AR
Tl k2546, Hornbuckle 2512 BFFE 20 | A
Yy ey % 2 S ECRE NS BOR A2, A R
AR DX N, KT FEI X, R BE 2 PR Ay 2 9 DX R
REAR A 3R A B ' AE 3 AR,
ZRUN X LS B8 W 25 K25 R 0.05 g -
g TR E R 0.04 g - g7 N(FR 1) BRUNIX L
s oK S TR X 55 mdl o a X, &
P AR KBTI N U8/ R 31.0+4.8 counts -
(30 s) ™", X It T LR W) S s 2K B AE RS

x1 PTFHEREMEE
Table 1 Correction and calibration for neutron counts
H FOMSAL L AR b TR BOETP T BEERE WisKkERE BIEESKE mhbhTEa
Date Landscape Latitude, longitude  Original neutrons  Corrected Soil bulk Lattice water Soil water N osmic
type [ counts * neutrons density content content [ counts
(30s)7"] [ counts - (g+em™) (g-g") (g-g™") (308)7']
(30)7']
01-05 Z80 Oasis ~ 39°19" N,100°08" E 350 129 1.45 0.07 0.24 39.1
39°20" N,100°14" E 412 149 1.49 0.05 0.15
39°17' N,100°13' E 439 158 1.47 0.05 0.09
FEW Desert  39°20" N.100°12' E 601 212 1.59 0.05 0.03 38.6
39°18’ N,100°16" E 618 218 1.61 0.04 0.03
39°17' N.100°17" E 600 213 1.58 0.06 0.02
03-24 £ Oasis 39°22' N,100°06" E 485 157 1.43 0.05 0.16 39.9
39°19’ N,100°17" E 494 159 1.48 0.03 0.11
39°16" N,100°17" E 506 160 1.44 0.06 0.10
Fed Desert  39°25' N.100°07' E 652 200 1.62 0.05 0.02 35.5
39°25’ N,100°08" E 546 170 1.59 0.05 0.09
39°23' N,100°11" E 715 221 1.59 0.03 0.01
05-12 % Oasis 39°23' N,100°10" E 495 158 1.45 0.06 0.16 41.4
39°24' N.100°10" E 544 165 1.47 0.05 0.12
39°24' N,100°07' E 491 150 1.49 0.05 0.14
FEP Desert  39°24’ N.100°12' E 653 214 1.54 0.02 0.03 36.3
39°20" N,100°15" E 555 177 1.55 0.06 0.06
39°21' N.100°16" E 556 178 1.58 0.04 0.06
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Fig.2 Relationship between neutron intensity and soil moisture.
Nomic : THBEETTFHE ¥ High energy neutron intensity. 2 /5K 18 /¢
Hi f S E The black points indicated the actual value at the 18 sample
plots.
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Fig.3 Comparison of soil moisture by oven-drying method and
determined by COSMIC model in the desert-oasis region.

R? . P 2B Coefficient of determination; RMSE: 377 #1152 Root

mean square €rTor. “FIA] The same below.

BRI /N S AT i P FRCE R (£ 1),
ST LA (%) AN A PR T I, N S 80k A S 5 5
2P PR S KA R —ROTEY L %
JE A HEAAE K, SEE-LR N IX N, R (247+13) counts -
(30s)7'(F2),Hri, COSMIC BRI N 5 N,
SERIMEZ R 0.16,3X 5 Baatz AU 2 AR
t & 4 W LUE N S50 SO 1) 30K 5 5 HT
PINAS £3EK 7 Z (BB RMSE 24 0.018 ¢ ¢,
AL R 0.92, #6581 2 1 ik, L, fEFEw-4¢
PIX, COSMIC LRI Ny S50k 4 e 5 4 ook b+
558 2 A Sk v RUBE 380K 4, 25 18 - 38 (1 0 )
H& AT 07 S 4R T B AR A T -2 Y DX 1) B RS
BE
2.4 AN[EEJEX BTk G A [ AR R
HHELEE Ny S 80E TS i BE 2R 73 80, COS-
MIC AT DL sz e i 320 £ v - 78R R 4 2 1 25 1]
SRR . TR T H AL R R A TR
D] P H 86% 1 X IR, K 86% T R R A
FEMLBIE A SR S S ATLAE iR

£2 FEE-FNEHN,E

Table 2 N, value in the desert-oasis region

H 1 SO Ny
Date Landscape type [ counts » (30 s)7"']
01-05 L% Oasis 232
Fe i Desert 268
03-24 £ Oasis 243
T Desert 247
05-12 L% Oasis 247
S Desert 246

Np: i NoBEARGTEA R0 0] LU 56 4 T 4 1F T it
FRJE N; could be regarded as the fast neutron intensity over dry soil ,

which was calculated by the Noequalion[m] .
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Fig.4  Comparison of soil moisture oven-drying method and

determined by N, method in the desert-oasis region.
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Fig.5 Contribution of different soil depths to neutron counting
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B E], 75 86% ¥ R R KT, ST
FHRWEIIRE N 19 em, FEBEX K 36 cm, H T4
o RS K B B, 3 YRR L XA A AL
WU B I A L 2 N T, e Ah , 3 T rp 3K
- b T AR K R A A TR
%, X 5 Heidbiichel 257" #F 57 W s — 2, ]
MCNPHEY 4 7K 70 5 i FE A C R R, A AL
WEI R B 5 3 A oK R LS R R AR
COSMICAE RUBEALLER I 2] 4 7 - 38 350 i 1) B2 AR
2k 5 MCNP BUEE AL, FIH COSMIC FAY AT
DIARBUAN [A] T #8845 1 52 94 b A3 2k i
REE .
3 it %

TR P P TR AE W R RN AR IR D T
BABRAH, T K o R 45 R A LA K E A

HAMRBRFRES . AP T L -
Yy i K (8B 25 R A S8 X v 1 e 4K

SYHSE I 5 AN b AR T A AR AR LR
FRA R AT IF R, M K 0 I T 5 R AR KT
{E 4 A gy At B A 1] 28 AR B R, B8N N,
SR AU K I A B SR R
Baroni 25U R, AT LUK AR 4 7K 224 840k < S5 5k
T KR SRV AT A Y R BB IE, I Franz 55770
Kohli 2% 20, A9 b SR 7 % o 32§ i 52 i)
55l 2 S5 R DI AH O, R 9 S0 X 30 M 1T P 5
SR R AR AR R AT A, A T
AR B () b {755 52 R A LB RLE B 5T
P, Heidbiichel 457" 7R 15 4 845 ML 0l F A 4>
T h CH, O, 2F 4k &, i A LT 2 5 5 A AL
JFUE Y 0.556 SR A% IE 4 A AILJE AY 5% IR, Schron
S DB I R N K AN A Y 498, R URANOS
AR AN ) TR A LT b T v 5 B R T T
T A TE 28 201 3 e 5 i) PR 2 9 A IE 7E A K T
- v RUEE K s th T EEE

T BT LR Bk R AR TR DL N L e
%, HaTWioE 2 M HE R KA 107° ~ 107 MeV [ h
T S T RURR A R 1 R RV - A K oA
VFZRE RPN T 5 M 3R 45 8 A5 Z ] ¢ 2R 1 R4
0T 254 MCNP J7%5, GENAT4 Fl PARMA %45 %
AR P SR TR 1 S AR R 5 A 2K SR
RUFASS G, T DL SEE s Rl 4L, 6 an , WOFOST 44
Yy HE KA RV ) A W B AR IE T S rp FHR
FE ) S R 52, COSMIC BLRLE S MCNP
B R A, R4 T R E R B A L2 S
B TS S AR TR E R IC R, Brunetti
ZE2IH ] Python f&1E COSMIC 1A% 5 HYDRUS-1D
B R G SEEL T 3R T o 5 4 20K O R
FHE AR, AR T b AR AN 5 BR T 3
K3 W0 LA K ot 328 SR K 4377 i R SR E | TR Y
T AE T 5 Bl ALY (40 Noah RED) AHSE &, 529
LB T TG - K S-S R BRI,

4 & B

AT T 2 LT b PR 7E R
Hh i e - I DX TR 1 e RUEE = 498K 0 O i 46
IR T COSMIC R Al gt RS DX I ) rh
Tk BEAE 350 ~ 715 counts -+ commic
(38.5+2.2) counts + (30 s) ™", %S B2+ Mk,
B S S AR E S, COSMIC AL N,
SR RE R A B e - R IX v R - 386K 4
ZE T RS K, T S Tk K



9

SIS . FET COSMIC ALY i S 2k v B s e -2 1X. 38Kk 73

2451

SR P v o R I R] S U DX 357 A 4050 00 0 R
19 em, FEBEX K 36 cm, COSMIC A5 A] LA HIR
eSS R ot e TR S o 1517 7 TR 1 M N7 s Y
MAEYIK AP 8 B S b5 5 2 e i F
9%, COSMIC A5 FY 7E S BT b 187 K5 -7k SC-AE A4S B
EXACHEL R N DA

S 3k

(1]

[2]

(4]

[6]

[10]

[11]

(12]

[13]

Baatz R, Bogena HR, Franssen HH, et al. Calibration
of a catchment scale cosmic-ray probe network: A com-
parison of three parameterization methods. Journal of
Hydrology, 2014, 516, 231-244

Brunetti GJ, Simiinek H, Bogena R, et al. On the
information content of cosmic-ray neutron data in the
inverse estimation of soil hydraulic properties. Vadose
Zone Journal, 2019, 18. 180123

Dobson MC. Microwave dielectric behavior of wet soil-
part ii; Dielectric mixing models. IEEE Transactions on
Geoscience and Remote Sensing, 1985, 23. 35-46

He HL, Dyck M, Zhao Y, et al. Evaluation of five com-
posite dielectric mixing models for understanding
relationships between effective permittivity and unfrozen
water content. Cold Regions Science & Technology,
2016, 130. 33-42

Yi J, Zhao Y, Shao M, et al. Soil freezing and thawing
processes affected by the different landscapes in the mid-
dle reaches of Heihe River basin, Gansu, China. Jour-
nal of Hydrology, 2014, 519. 1328-1338

Vather T, Everson C, Mengistu M, et al. Cosmic ray
neutrons provide an innovative technique for estimating
intermediate scale soil moisture. South African Journal of
Science, 2019, 114; 2017-0422

Bindlish R, Barros AP. Parameterization of vegetation
backscatter in radar-based, soil moisture estimation.
Remote Sensing of Environment, 2001, 76. 130-137
Almeida AC, Dutta R, Franz TE, et al. Combining cos-
mic-ray neutron and capacitance sensors and fuzzy infer-
ence to spatially quantify soil moisture distribution. IEEE
Sensors Journal, 2014, 14. 3465-3472

A, WA, X R, AR K O I IR R A
FEHERE. JERUMAL R4 A ARPEF IR, 2020, 56
(3): 474-481

Sun Y, Cheng Q, Xue X, et al. Determining in-situ soil
freeze-thaw cycle dynamics using an access tube-based
dielectric sensor. Geoderma, 2012, 189, 321-327
Zreda M, Desilets D, Ferré TPA, et al. Measuring soil
moisture content non-invasively at intermediate spatial
scale using cosmic-ray neutrons. Geophysical Research
Letters, 2008, 35. 1.21402

LRZE, skiEs, RIBZR, &5, B Rk AE 1R
IKSCEEWE T 0 S i e, 34, 2014, 51
(3) . 439-447

HiEn, 2/, SRIBR, S5 T BRI R
BB - HE K £ RN BF 5T A A AR, 2019, 39
(24) . 9188-9199

[14]

(15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

(29]

[30]

Nguyen HH, Kim H, Choi M. Evaluation of the soil
water content using cosmic-ray neutron probe in a heter-
ogeneous monsoon climate-dominated region. Advances in
Water Resources, 2017, 108, 125-138

BEFRAE. LT T B 2 b 7 A TR B R JRUR OC RUE
K W S BE. A s 3 Jeat. P EDK A
R EESEBE, 2017

Wang QM, Fan J, Wang S, et al. Application and accu-
racy of cosmic-ray neutron probes in three soil textures
on the Loess Plateau, China. Journal of Hydrology,
2019, 569 . 449-461

PRI, T P TR TE PG AL R B Al K
Sy B E AR SY. e S0 22 2R
2%, 2020

FEH, AHBAL, XIFR, & TR D TEER
FH =38k 23 b W BIF 5T 5 0 . R FL 2 e
2013, 28(10): 1136-1143

Desilets D, Zreda M, Ferre TPA. Nature’ s neutron
probe: land surface hydrology at an elusive scale with
cosmic rays. Water Resources Research, 2010, 46.
W11505.1-W11505.7

Rk, R, PERE T L TR X
R IBEOK o oA R AL AT Ak HL B A
2022, 53(1): 321-330

6, RS, EAT AL, AR TSR TERTER
F b K W b B P . R AR S, 2022,
33(4): 909-914

TS, skHE 5, BOCH, % T HLhTHRR
o RUBE SR 5 3 Jre K A S - U DX AR .
BRBEERE 2022, 37(9) : 979-990

Franz TE, Zreda M, Rosolem R, et al. A universal cali-
bration function for determination of soil moisture with
cosmic-ray neutrons. Hydrology and Earth System Sci-
ences, 2013, 17 453-460

Franz TE, Zreda M, Ferre TPA, et al. An assessment of
the effect of horizontal soil moisture heterogeneity on the
area-average measurement of cosmic-ray neutrons. Water
Resources Research, 2013, 49, 6450 - 6458

BREAR, MR, B, A TR AT Tk b
SR 0 S B R B AL v s i, 2014, 30
(21): 113-117

Shuttleworth J, Rosolem R, Zreda M, et al. The COs-
mic-Ray Soil Moisture Interaction Code ( COSMIC) for
use in data assimilation. Hydrology and Earth System
Sciences, 2013, 17, 3205-3217

Zhang YY, Zhao WZ, Ochsner TE, et al. Estimating
deep drainage using deep soil moisture data under young
irrigated cropland in a desert-oasis ecotone, northwest
China. Vadose Zone Journal, 2019, 18. 180-189
Sk, E—1, XIEA. BT R R R
IR R R A 2R o RO R 7274, 2020,
25(2): 151-159

Zhang YY, Wu SX, Kang WR, et al. Multiple sources
characteristics of root water uptake of crop under oasis
farmlands in hyper-arid regions. Agricultural Water
Management, 2022, 271. 107814

Zhang YY, Zhao WZ, Li XB, et al. Contribution of soil



2452

N A&

EOR S 34 %

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

macropores to water infiltration across different land use
types in a desert-oasis ecoregion. Land Degradation &
Development , 2021, 32. 1751-1760

Heidbiichel I, Giintner A, Blume T. Use of cosmic-ray
neutron sensors for soil moisture monitoring in forests.
Hydrology and Earth System Sciences, 2016, 20 1269—
1288

Zreda M, Shuttleworth W], Zeng X, et al. COSMOS:
The cosmic-ray soil moisture observing system. Hydrolo-
gy and Earth System Sciences, 2012, 16 . 4079-4099
Desilets D. Extended scaling factors for in situ cos-
mogenic nuclides: New measurements at low latitude.
Earth and Planetary Science Letters, 2006, 246, 265—
276

Rosolem R, Shuttleworth W], Zreda M, et al. The effect
of atmospheric water vapor on neutron count in the cos-
mic-ray soil moisture observing system. Journal of
Hydrometeorology, 2013, 14; 1659-1671

Hawdon A, McJannet D, Wallace J. Calibration and
correction procedures for cosmic-ray neutron soil mois-
ture probes located across Australia. Water Resources
Research, 2014, 50, 5029-5043

Sato T, Niita K. Analytical functions to predict cosmic-
ray neutron spectra in the atmosphere. Radiation
Research, 2006, 166: 544-555

Franz TE, Zreda M, Ferre TPA, et al. Measurement
depth of the cosmic ray soil moisture probe affected by
hydrogen from various sources, Water Resources
Research, 2012, 48, W08515

Kohli M, Schron M, Zreda M, et al. Footprint charac-
teristics revised for field-scale soil moisture monitoring
with cosmic-ray neutrons. Water Resources Research,
2015, 51: 5772-5790

G, T S R T K S W DS B A 5 e i
FUARAFSE. WIS =M. 2R, 2022

Schron M, Zacharias S, Koéhli M, et al. Monitoring
environmental water with ground albedo neutrons and
correction for incoming cosmic rays with neutron monitor
data. 34th International Cosmic-Ray Conference,
Hague, Netherlands, 2015 231-236

Baroni G, Oswald SE. A scaling approach for the assess-
ment of biomass changes and rainfall interception using
cosmic-ray neutron sensing. Journal of Hydrology,
2015, 525. 264-276

Hornbuckle B, Irvin S, Franz T, et al. The potential of
the COSMOS network to be a source of new soil moisture
information for SMOS and SMAP. IEEE International
Geoscience & Remote Sensing Symposium, Munich,

Germany, 2012, 1243-1246

[43] Zhang YY, Zhao WZ, He J, et al. Soil susceptibility to
macropore flow across a desert-oasis ecotone of the Hexi
Corridor, Northwest China. Water Resources Research
2018, 54. 1281-1294

[44] Jakobi J, Huisman JA, Vereecken H, et al. Cosmic ray
neutron sensing for simultaneous soil water content and
biomass quantification in drought conditions. Water
Resources Research, 2018, 54, 7383-7402

[45] Andreasen M, Jensen KH, Desilets D, et al. Status and
perspectives on the cosmic-ray neutron method for soil
moisture estimation and other environmental science
applications. Vadose Zone Journal, 2017, 16(8)

[46] EFRkER, EME, BEA FH LD EETE LK
FREIR . DAL STE RO ). K AR
B, 2015, 13(5) ; 125-131

[47] R, B, bk, 5 Sgrh I 7E AL IR
S AL R 3K 3 0 b L. R AR A A AR
2019, 30(3): 906-912

[48] Schrén M, Rosolem R, Kohli M, et al. Cosmic-ray neu-
tron rover surveys of field soil moisture and the influence
of roads. Water Resources Research, 2018, 54. 6441 -
6459

[49] &afi, =EE, X5, & FH 5L 8K Jr
AR B IR A B . SR, 2015, 52
(6): 1438-1444

[50] Tian ZC, Liu ZZ, Bao G, et al. Soil water content
determination with cosmic-ray neutron sensor; Correcting
aboveground hydrogen effects with thermal/fast neutron
ratio. Journal of Hydrology, 2016, 540. 923-933

[51] Kohli M, Schron M, Schmidt U. Response functions for
detectors in cosmic ray neutron sensing. Nuclear Instru-
ments & Methods in Physics Research, 2018, 902, 184-
189

[52] Han X, Franssen HH, MA JB, et al. Simultaneous soil
moisture and properties estimation for a drip irrigated
field by assimilating cosmic-ray neutron intensity. Jour-
nal of Hydrology, 2016, 539. 611-624

(53] A, B, 20hs, A5, R T4 S Ou I Ay
TRl 2 DX S K A3 B 5T B R R
SR, 2021, 36(5) : 997-1008

[54] B, ARWEs, 20540, 55 TG b F ik re -
KA MBS R Je. AR 25 AR IR 244,
2019, 35(5) : 545-553

BB R, B, 1999 454 Wi A, T EMNHE
TR X KOS . E-mail; wsx991215@ 163.com

RIEHRE B Ul




