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Fig. 1 Geographical information of study area and the path and row numbers of Landsat images
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ARWT5E S BRRE L AED R i [ 28 5 55 8] FRA X 8] 7Y LS Tinin-NDVI 5 LS Trax-NDVI {1445 P HIUS B8 41
J5k, #E ArcGIS 10.2 FRBUS XA, 485 7 Origin Pro 2015 H2: il i 2D MU &, FRARFEIIA IR 1 e 2R


https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov/datasets/M2TMNXLND_5.12.4/summary?keywords=https:%2F%2Fdisc.gsfc.nasa.gov

552 ST, 45 T Landsat I fA5ORIARZ M 5l 3 050 129

(R & M M SCPRAF G B0, 76 3~9 YR 22 11 =X ok B0 b ik B de AR M L6 5 B2, 43 3R B LS Tomin 5
LSTmax HY5&T NDVI AYAEZAE L,

MR B f Landsat TV BYFRET AR B S 45 3], Horb TM-6 SR FHFpLd i 500 ; TIRS-10/11 SR T
SCHETEN SEFRLGT PN T 2507 22 EER(SWCVR) Y AHES A B k0 ARk Ha =X (3) A1 (4) R A5 H SRR

t = Yie Y1 (Gd + O)+yal+y3}+6 3)

w1=a1w2+b1w+cl, ¢2=a2w2+b2w+62, ¢3=a3w2+b3w+63 4)

Ky 5 0 AP SESET; ¢ NIRRT wis yo F ys RS HG d 4 Landsat TR RYIRELLIM
B R G I O M3t i S0 B CLSC b kA ) o
NDVI JEAH 8 7 55 19— FhRAE, 754 SR G A o hAs 2] 17 )3z i, ot 5aaoh:
v = (04 —p3)/(pa +p3) ®)

. v S NDVI; 3. ps 4351 Landsat-5/8 FUZL . 3T 2T A1 B 1 b 26 R 5%

MR IAE A 53, B BFIE I E) 6—9 H 7y 3 5 LST 5 NDVI #1740k FRSMETE, ¥4 A
PIE A RS R A I R TVDIL AL S A U
22 KIESEEAASIER

AR S P 36 K ST 15 0 (PR IRIZE, f T 5 TVDI #5800 BRIE B =
R X8 2k B AR 5 52 4 T A T 380 L AAURR, T AR ITEA X sl A I 75 i B B 7K SR - AN 358
KU, A% Xul" $2 B IE B IH— kK ARTE BUMNDWI, {8384 )5 Feyisa 2520 2 Hi Y A stk A
BUEEC(AWEL fiiC N ), [FIBHKSE #5555 (1B, fic R A) F - HEFR R (ST, fich &) R ME A ALAY A —
fb25 S H IR E(NDBSI, #igh w0

B=(p2-ps)/ (p2+ps) (6)
11 =4(p2 —ps) — (0.25p4 +2.75p6) (7
p=+8/2 ®)

_ 2p5/(0s +pa) = [pa/(pa +p3) + p2/ (P2 +p5)]
205/(p5 +pa) + [pa/ (o4 +p3) +p2/(p2 + p5)]

E=[(ps+p3)—(oa+pD]/ [(p5s+p3) + (P4 +p1)] (10)

A 8 MNDWI; 7 5 AWEL 2 i IBL; ¢ 4 SI; 1 i NDBSI; p1_pa. p3. pa. ps il ps 53 5 Landsat-5/8 (1)
WL SR L0, IEETAN, IR LTS 1 BB I LA 2 Dk B i bR S . 115 AWEL Fil NDBSI, DA R & 43
HE% Google Earth 1 R S B 0 S, B34S i 7Kk el a3 F
23 TVDI HELRIGIE

AHIFFE 15 BIAS BASRURE BEPEAN FE AR 022, BISER 22 (ME, g8 4) | SFXAXHRZE (MRE, fafic A 4) fl
B iR 22 (RMSE, filich Q) K1Y TVDI A9 3 B S 45 R I HER 1 . 4=0, FRIRTC 255 4>0, Fom mifili;
A<0, Rt o 4 5 Q FAMEIRIG ARG B Ay B i, Be b, 8T,

)

3 HR557

31 FELEMTELFUEER
K3, BRI Y 8 4 4 28 LR /BT B T AIFSE X LST-NDVI AFAES (] fYE LT i 7
FELR AN PR . AT, TR AR S8 MR, T s IR T 4R, (046 2 AR A (RUBE AR



130 P/ L ) G A - S 2022 44 H

B N S BUE Y AR K 2= (6—9 A ) B9 LST-NDVI H5FAE 25 [8] A 48301 5 (tmax) SR T (tmin) , BRI 52
9 WL WIAFEBISE, R 7 X WMLL . THRIARE R W25 TR A, BPiE ik 0.05 K-F EiY
B3, RIS AR5 B o

B
L ¥ mw .Y N 1 I I N L I 0 1 |'A I; i = 1 : fEdr: I 1 0 |.'\“.44. 1 1 " : 2 1 i i 1 I:
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 10
NDVI NDVI NDVI
(a) 1986 4F 6—9 H (b) 1990 4= 6—9 H (c) 1995 4F 6—9 H

72t

04 06 08 10 0 02 04 06 08

NDVI NDVI
(e) 2005 4F 6—9 H (f)2010 4F 6—9 A
64| .
56 | g LSTmin 4¢f & LSTmin
i % LSTmin Ziffy + LSTmin AFIAli
ol —— e R i S MR 5
E :2 : — R L AH R 2 S
=24y . LSTmax #&H o LSTmax b
16 | © LSTmax FHl LSTmax_ A< F| b

— R T R M TR
— By R R AR TR

S ~ i o EE R e E
0 02 04 06 08 10 0 02 04 06 08 10
NDVI NDVI
(2) 2015 4F 69 (h) 2020 4F 69

3 1986—2020 4F- 57 P 52 i Bt 4 25+ i FIH T LST-NDVI RFAEZs 0] 450 - 51 i AR A A 45 R
Fig. 3 Non-linear fitting results of dry edge and wet edge of LST-NDVI space in Inner Mongolia section of
the Yellow River under four land use types from 1986 to 2020

32 TVDIBIZ=TL

Kl 4 23T 8 1 6—9 A V34 TVDI Wyzs 153 Atk i A28 [R50 A AR, #4 TVDI 45830 B 43 b
#E: 0<0<<0.2, TIBIHE; 0.2<0<0.4, {51H; 0.4<0<0.6, 1EH; 0.6<6<0.8, T-5; 0.8<0<1.0, I T 5. H 1986 4F
Pk, TRAERAD T2k TRER-SIER ., TREFSEHIIA TR >TREIRAIER -T2 )T
BV TRER IEF 5B 8K, 2015 4F L1 T 2R RS0 (E, % T 598 B i i o8 X P e ndiE i
A FH - (7 45 e T ) Tl S RFAE X, 2000 4F B IR 13, 32 80 A et 58 X AR ER 1|
SR IR DR b T X —a7 o FR T 4G W0, BT oA Sty B b R P /78 e DA B b R A R P bR
FAA, G 35 Ak, AR b PRI TR AR AR G ARk, R Hb TR 5 SR R ARk, KA Ak R R
i AR R A sh ARt . AT UL, RA M (VDM Ehesih TR B BRA ) BRI NS B T



5 2 1 FKHBF-, 25 FET Landsat I P AR AIARLAE 1 50 i) -3 1 005 131

AL R, T ENGR T FME IR B . S35h, NI e B IR BRI A BRI, A TH A+ Sk, i
TR ZE BRI, AR KT SR TR S5 TR .

—_ ——km km 4 k. — ,
¥ 04590 180 s “0 501( e ST 04590 180
(d) 2000 4 6—9 H (e) 2005 4E 6—9 H () 2010 4F- 6—9 f

= RA M =K =k
=A< =il =AM

i B AR A%
3

) ol
TVDI 40 |

= 0~0.20 30
20 H

= 10 |

=D L

=] © S QD EN O
O M DR QI

= e =i — FEF S EF s

- 0 50100 200 K 04590 180 SEAy

(g) 20154 6—9 H (h) 2020 4F 6—9 H (i) 8 401 6 & - R T AL AR (92 £k
Fl 4 1986—2020 4F-H#ial N 52 i BE TVDI %5 8] 4345 Al A FH /2 i AR 1k
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33 TVDI hELEREIE
B 5(a) BT 8 1 54 X ik B i TVDI 5444 (M2TUNXLND) i 4 B2 (1-GWETTOP) 2D s &l
PSR, ARWFSE R TVD 15 (1-GWETTOP) —4E RS RN AT AR 78 1 2 1 LR GEL) P,
FEARSRY] TVDIL RS TR AT SR e . AL 5(b) BB B0KS BEPE M A8 BT & - T 0, 4 25 + 1R Y
BT ) TVDI FEIT 35 4F ) 22 38 5 028 Ak, A8 40 iy 54 4 B 18] S BRAE 2015 4F, TVDI B K/ NIT Ay A AF)
FH B> T >0 i > bRl bt R 8 M 78 TE 5 5 T 52 22 A8k, AR R FH 3k 5 A I AE T 5l T 2 Z [ 284k .
TVDI H i 22 52 14 9 2l A8 Ak, 382 18 5% (192 (8] 5 B Pt SR 30 e A 28 Ak . 8 MFSE P 240
251 5124: 0.030 6. 0.004 3, 0.060 9, —0.002 6, 0.078 1, —0.003 7, —0.002 1 F1-0.049 4, *F-FJHHXT %2 (MRE)
R H:0.075 1, 0.021 2, 0.192 0, 0.482 2, 0.232 3, 0.018 6. 0.020 7 Fi1 0.094 2, Y5 M iR 25435 M: 0.064 1,
0.021 5, 0.127 3, 0.234 4, 0.144 3, 0.018 2, 0.018 3 F1 0.104 6, FBAKIRZE R 2%~8%, FIXTUER . XUESL T4



132

7K

v

MoKz

T

EE

2022 5E 4 H

WFFE51 5w B I P RR R, RIZ5 I8 LULC, ARZeit: TR Y 2 5t Landsat 28 S TVDI ik &

PR SRR
09 10 —8— KH —o— Ml e —y
1986 x1990 41995 +2000 o Bk —a— BER% —y— KA
2005 12010 -2015 520200 0.9 - M - e 4 s 7
08 081 0 o
0.7 K& '3
& 0.6 18
o | vy g : ox
£ 07 Foo = 05K
[_g vv§ o i 04
So6f 03}
- g . 02F
IS v 01 u‘),;\\ S V?Hf!:l
05 > 3 0 (m ”L’/ 2 lr’}\mwzm/
R B 0,004 3 0002 6 41%7_0‘%%‘)
—0.1}F 0.049 4
0.4 1 1 1 1 1 1 1 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1986 1990 1995 2000 2005 2010 2015 2020

TVDI

i

(2) {31 TVDI 5 M2TINXLND $cda4E T4 %
(1-GWETTOP) L 4%

K5 TVDI 3R AT &5 R

Fig. 5 Evaluation results of TVDI remote sensing inversion accuracy

(b) TVDI S{EGE 5 188 S O A 2521

4 %

3

ARG Fet th T 35T Landsat B P 00E . R /728 g8t A2 e TR 30 AU B BB B 1] L ) 23 1]
() TVDI B HESL 5 HOR R, SR 5 LU T N 58ty Be iy R kAT T SEIE 5%, 4% 18 J& 5 i TVDL
NASA &A1 0.500°%0.625° H R HF2 Wikl 45 (M2 TUNXLND ) 72k 9 3R 2 - 58 18 (1-SMD) i 47
FEXTIPA, UEBH T ARG T E i AR, BICL) “ 2205 NBME G l— o b B & s ik 250K T
BN F B HA X TVDL” | iZ R AT TY; (2) 3T by a@ s i 1) TVDIL A T 5E 1

FESE) TVDI S AR A A SR e T (1-SM) 5 LST 24RMESC R, HA M Wil A A4k
PERY . AHESR R o T S O 2 (7 IREE 9 OB T = Z IR, THRIA 64 LG ki
TE ZRECH 0.497 6~0.920 9, FJFRE] T p<0.001 /K- A i 25 MK, H-3RA5 T T SEM TS5 2R . X R, %
J& LST-NDVI H#fiE 25 [8] i TR0 A A AEZME R, FE— B L n] DAcE: XS TVDI A9 Titiieg &

A TVDI skt TVDIL #4755 0, K8 N GRS E R — A2 k% &, /0% &
SR R B 052 o P TR Rl | R EE RS ) 2 ] 4 AR B v B RN 55 BE AP AE R 25 57,
A B b 2 B e A B AL AR e R 25 T, S8 TVDI 545 RAEAEAR R 25 . [RIFP 78 - b ) /78
PRAL T A X 1 R G b FE R, A H) T UERGFE Kk TVDI 55 LST A1 NDVI Z 6] 26 2, A RUEAR T TVDI & &%
RORMIA 22 1825 . AR Ira4sie 5 SHI %7 25 R —3,

P SR 1) 1 3 RAE TN TR AT, T B AT T IR i B SRS RIS ISR
(i) B SHE B 550 . AR IR M AR PR R o A, N5 TR TR 1R B 1) 4 R T AT A R T MR A DC L
ST B A O R T R TR [ SR, TR LKE N L DK 7R, KSR S <L
T DX S /K B I A3 T, B D332 DGR T R v Jo e i g, S Bl AR A 28 H e

5

=

£ X #:

[1] LIU L B, GUDMUNDSSON L, HAUSER M, et al. Soil moisture dominates dryness stress on ecosystem production
globally[J]. Nature Communications, 2020, 11(1): 4892.


http://dx.doi.org/10.1038/s41467-020-18631-1
http://dx.doi.org/10.1038/s41467-020-18631-1

552 ST, 45 T Landsat I fA5ORIARZ M 5l 3 050 133

(2]

(31

(4]

(5]

(61

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

PETROPOULOS G P, IRELAND G, BARRETT B. Surface soil moisture retrievals from remote sensing: Current status,
products & future trends[J]. Physics and Chemistry of the Earth, 2015, 83/84: 36-56.

2, RIEK, AL, S5 200048 LUK N 52 it A K e B 8 A T SR I K HE S e DR R A D). A SR BRI, 2021,
36(2): 459-475. (QIN Yi, ZHANG Tingbin, YI Guihua, et al. Remote sensing monitoring and analysis of influencing factors of
drought in Inner Mongolia growing season since 2000 [J]. Journal of Natural Resources, 2021, 36(2): 459-475. (in Chinese) )
KOLEY S, JEGANATHAN C. Estimation and evaluation of high spatial resolution surface soil moisture using multi-sensor
multi-resolution approach [J]. Geoderma, 2020, 378: 114618.

ABOWARDA A S, BAI L L, ZHANG C J, et al. Generating surface soil moisture at 30 m spatial resolution using both data
fusion and machine learning toward better water resources management at the field scale [J]. Remote Sensing of Environment,
2021,255: 112301.

ZHU W B, JIA S F, LV A F. A time domain solution of the Modified Temperature Vegetation Dryness Index (MTVDI) for
continuous soil moisture monitoring[J]. Remote Sensing of Environment, 2017, 200: 1-17.

SHI S Q, YAO F M, ZHANG J H, et al. Evaluation of temperature vegetation dryness index on drought monitoring over
Eurasia[J]. IEEE Access, 2020, 8: 30050-30059.

STISEN S, SANDHOLT I, NeRGAARD A, et al. Combining the triangle method with thermal inertia to estimate regional
evapotranspiration-applied to MSG-SEVIRI data in the Senegal River basin[J]. Remote Sensing of Environment, 2008, 112(3):
1242-1255.

ST, Trif, 250, 55, 5T Landsati (R AN MU RS 7 12 288 el S5 366 A0E 22 Sl T R AR 2 387K 23 (0] R IEHOR 5 0 1,
2020, 35(1): 120-131. (ZHANG Xinping, QIAO Zhi, LI Hao, et al. Remotely sensed retrieving the surface soil moisture of
Yan’an urban forest based on Landsat image and trapezoid method[J]. Remote Sensing Technology and Application, 2020,
35(1): 120-131. (in Chinese) )

Rk, T3, X5k, 5. B NS BLR VM RS Ty s SR [T]. /KR K 2 TAE2E4R, 2017(3): 16-24. (QIN Yi, LI Ziwen,
LIU Qiang, et al. Sediment fraction and its mechanic movement characteristics in Inner Mongolia reach of Yellow River[J].
Hydro-Science and Engineering, 2017(3): 16-24. (in Chinese) )

FER, TR, XUBRHE, 55, A N 8 JREOR R K BT S B [0]. K ADKz TREA4R, 2020(2): 1-8. (WANG
Guogqing, QIAO Cuiping, LIU Minglu, et al. The future water resources regime of the Yellow River basin in the context of
climate change[J]. Hydro-Science and Engineering, 2020(2): 1-8. (in Chinese) )

SANDHOLT I, RASMUSSEN K, ANDERSEN J. A simple interpretation of the surface temperature/vegetation index space for
assessment of surface moisture status[J]. Remote Sensing of Environment, 2002, 79(2/3): 213-224.

YAN H B, ZHOU G Q, YANG F F, et al. DEM correction to the TVDI method on drought monitoring in karst areas[J].
International Journal of Remote Sensing, 2019, 40(5/6): 2166-2189.

JIMENEZ-MUNOZ J C, SOBRINO J A. A generalized single-channel method for retrieving land surface temperature from
remote sensing data[J]. Journal of Geophysical Research: Atmospheres, 2003, 108(D22): 4688.

TR, T G, FKRIRI, 2. BT Landsat 8 TIRSECHE AR UK YRS 0 S B 37 5305 (7). 3@ REOR 5 HT, 2017, 32(1):
166-172. (WANG Mengmeng, HE Guojin, ZHANG Zhaoming, et al. Atmospheric water vapor retrieval from Landsat-8 TIRS
data using split-window algorithm [J]. Remote Sensing Technology and Application, 2017, 32(1): 166-172. (in Chinese) )
ZHANG X P, WANG D X, HAO H K, et al. effects of land use/cover changes and urban forest configuration on urban heat
islands in a loess hilly region: case study based on Yan’an city, China[J]. International Journal of Environmental Research and
Public Health, 2017, 14(8): 840.

CHEN T H K, PRISHCHEPOV A V, FENSHOLT R, et al. Detecting and monitoring long-term landslides in urbanized areas
with nighttime light data and multi-seasonal Landsat imagery across Taiwan from 1998 to 2017[J]. Remote Sensing of
Environment, 2019, 225: 317-327.

XIA L, SONG X N, LENG P, et al. A comparison of two methods for estimating surface soil moisture based on the triangle
model using optical/thermal infrared remote sensing over the source area of the Yellow River[J]. International Journal of
Remote Sensing, 2019, 40(5/6): 2120-2137.

XU H Q. Modification of normalized difference water index (NDWI) to enhance open water features in remotely sensed


http://dx.doi.org/10.1016/j.pce.2015.02.009
http://dx.doi.org/10.31497/zrzyxb.20210215
http://dx.doi.org/10.31497/zrzyxb.20210215
http://dx.doi.org/10.1016/j.geoderma.2020.114618
http://dx.doi.org/10.1016/j.rse.2021.112301
http://dx.doi.org/10.1016/j.rse.2017.07.032
http://dx.doi.org/10.1109/ACCESS.2020.2972271
http://dx.doi.org/10.1016/j.rse.2007.08.013
http://dx.doi.org/10.12170/20200216001
http://dx.doi.org/10.12170/20200216001
http://dx.doi.org/10.3390/ijerph14080840
http://dx.doi.org/10.3390/ijerph14080840
http://dx.doi.org/10.1016/j.rse.2019.03.013
http://dx.doi.org/10.1016/j.rse.2019.03.013
http://dx.doi.org/10.1016/j.pce.2015.02.009
http://dx.doi.org/10.31497/zrzyxb.20210215
http://dx.doi.org/10.31497/zrzyxb.20210215
http://dx.doi.org/10.1016/j.geoderma.2020.114618
http://dx.doi.org/10.1016/j.rse.2021.112301
http://dx.doi.org/10.1016/j.rse.2017.07.032
http://dx.doi.org/10.1109/ACCESS.2020.2972271
http://dx.doi.org/10.1016/j.rse.2007.08.013
http://dx.doi.org/10.12170/20200216001
http://dx.doi.org/10.12170/20200216001
http://dx.doi.org/10.3390/ijerph14080840
http://dx.doi.org/10.3390/ijerph14080840
http://dx.doi.org/10.1016/j.rse.2019.03.013
http://dx.doi.org/10.1016/j.rse.2019.03.013

134 KoOF K BB L B W 2022 5E 4 H

imagery [J]. International Journal of Remote Sensing, 2006, 27(14): 3025-3033.

[20] FEYISA G L, MEILBY H, FENSHOLT R, et al. Automated water extraction index: a new technique for surface water mapping
using Landsat imagery [J]. Remote Sensing of Environment, 2014, 140: 23-35.

[21] FRIAFK. 3k T 3 b AR A A B B L (7). AE 382441, 2013, 33(24): 7853-7862. (XU Hangiu. A remote sensing urban
ecological index and its application[J]. Acta Ecologica Sinica, 2013, 33(24): 7853-7862. (in Chinese) )

[22] ZENG W Z, XU C, HUANG J S, et al. Predicting near-surface moisture content of saline soils from near-infrared reflectance
spectra with a modified Gaussian model[J]. Soil Science Society of America Journal, 2016, 80(6): 1496-1506.

Soil drought monitoring based on Landsat time-series images and nonlinear
edges: A case study of the growing season in Inner Mongolia section of the
Yellow River from 1986 to 2020

ZHANG Xinping', QUAN Quan®

(1. School of Art and Design, Xi’an University of Technology, Xi’an 710054, China; 2. State Key Laboratory of Eco-hydraulics in
Northwest Arid Region, Xi’an University of Technology, Xi’an 710048, China)

Abstract: Soil temperature vegetation drought index (TVDI) is a commonly used indicator to characterize soil drought
state. Land use/cover (LULC) types and nonlinear properties of dry edge and wet edge in LST-NDVI feature space are
issues that need to be considered in TVDI remote sensing inversion process. However, most of the previous studies and
applications of TVDI ignored these conditions, thus causing part of the error. In order to improve the inversion accuracy
of TVDI with long time and wide space, this study took the Chinese character “Ji” shaped bay of the Yellow River
basin, a typical resource-driven region, including five cites of Inner Mongolia Autonomous Region, namely, Hohhot,
Ordos, Bayannur, Baotou and Wubhai, as a study area. A long time series Landsat data composed of 816 scences of
image, during the local vegetation growing season, in eight periods, during 1986 to 2020, as well as contemporaneous
30 m LULC rasters, were used in this study. After excluding construction land and water body, the LST-NDVI feature
spaces were rebuilt by seamless mosaicing and mean value synthesis of NDVI and LST during vegetation growth
season under the four LULC types. Then their dry edges and wet edges were fitted through polynomial of higher power.
Finally, eight 100 m TVDI grids, proven to be accurate, of soil surface in Inner Mongolia section of the Yellow River
were obtained. The results of this work could provide theoretical reference and technical guidance for regional soil

drought prediction.

Key words: temperature vegetation drought index (TVDI); image mosaic; mean value synthesis; nonlinear edge; Inner

Mongolia section of Yellow River Basin
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