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Temporal and spatial patterns of remote sensing drought indices and their
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Abstract; Drought seriously affects vegetation growth and threatens food security. Vegetation condition index ( VCI),
temperature condition index (TCI) and vegetation health index ( VHI) based on remote sensing have been widely used to
monitor drought. In order to analyze spatial and temporal patterns of drought and their responses to climate and land use
changes in China, this paper analyzed the temporal and spatial variations of VCI, TCI and VHI from 2003 to 2016; Least
squares (OLS) and partial correlation analysis were used to analyze the responses of these indices to climate and land use
changes. The drought frequency calculated using these drought indices indicated that drought occurred frequently in the
central of middle temperate zone and southern temperate zone. The temporal trends of the drought indices indicated that
drought was alleviated in most regions of China, but intensified in some areas such as the middle temperate zone, the
southern temperate zone and the plateau climate zone during the study period. Overall, drought indices decreased with the
increase of annual mean temperature and the decrease of annual precipitation. The correlations of VHI with temperature and

precipitation were more consistent than VCI and TCI across different climate zones. The decrease of bare soil fraction and the
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increase of vegetation fraction led to the increase of drought indices. The conversion of trees to low vegetation induced the

decreases of drought indices.

Key Words: drought index; climate change; land cover change; change trend; response
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Table 2 Classification scheme of the drought indices

324 FR Name of class TCI VCI VHI SPEI SMCI
¥ T 5 Extreme drought 0—0.1 0—0.1 0—0.1 <=2 0—0.1
FEHE 5 Severe drought 0.1—0.2 0.1—0.2 0.1—0.2 -2—-1.5 0.1—0.2
B T 52 Moderate drought 0.2—0.3 0.2—0.3 0.2—0.3 -1.5—1 0.2—0.3
BT 5 Mild drought 0.3—0.4 0.3—0.4 0.3—0.4 -1—0 0.3—0.4
5% T4 Abnormal drought 0.4—0.5 0.4—0.5 0—1 0.4—0.5
TeF 5 No drought 0.5—1 0.5—1 0.4—1 > 1 0.5—1

TCIL: I3 R ZSHEEL Temperature condition index; VCI: HI PR ZS 85X Vegetation condition index; VHI: Hi 9% fd HE 55X Vegetation health index;
SMCI . 4815 B R 38 5L Soil moisture condition index
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Fig.2 Frequency of monthly drought determined according to TCI, VCI and VHI from 2003 to 2016
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Fig.3 Temporal trends of TCI, VCI and VHI from 2003 to 2016. The null values indicate insignificant temporal trends
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Fig.4 Partial correlations of annual TCI, VCI and VHI with temperature ( Areas without significant correlations are masked with white color)

and statistical results of partial correlations
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Fig.5 Partial correlations of annual TCI, VCI and VHI with precipitation ( Areas without significant correlations are masked with white color)

and statistical results of partial correlations
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Table 3 Average frequency of monthly moderate and above drought in different climatic zones determined by different indices

S Climatic zones TCI VCI VHI SPEI\3 SPEI\G SMCI
JLiEAHF North temperate zone 25.9 25.6 11.8 20.6 23.3 1.8
HiEHF Central temperate zone 27.8 32.9 18.9 27.4 30.6 13.1
R A South temperate zone 27.8 29.5 19.2 30.0 31.6 14.9
AL AT North subtropical zone 28.0 26.6 18.4 18.9 19.8 16.0
HITE#4HT Central subtropical zone 28.0 24.3 18.2 24.5 28.1 12.4
R #AHF South subtropical zone 26.8 24.0 17.9 21.8 27.0 13.8
LT North tropical zone 25.5 22.7 17.7 21.4 25.0 10.7
TR Central tropical zone 22.6 21.9 17.7 15.7 18.4 15.9
R R%IX Plateau climate zone 26.0 25.0 12.9 24.6 24.1 6.4
HEAFFE XIS, The entire study area 27.0 28.0 17.0 26.0 28.0 11.0

4.2 TEIEEWAEERE

3T R B AR B HIFA—3, VCL 5 VHI 22 b3 i 25 0] 0 A AL, (B 5 TCL AEE R I 22
S 3), AN TR bREsE T E AR B 2 O, BN NDVI 9 58 48 K M S 8504 [ K38 43 i
X VCI B BT, 7 2ERAR DR B3 50 3 R AR 1, MO 2 5 350 i R BE 19 TR TCT R AR
TE VCI W5 1 T (0 L DX AR 55 B3 K 3 0 0 ORI i S BUW M R TR BE B T SOR R w7 o A Ak
[V P45 TCT 28 b3 i, VHI J2& VCI F1 TCI B4 48 , 76 VI B B 38K TCI 28 fk a3 B i
LK, VHL 5 VCI AR, AR, 76 TCL B B REA%  VCT 2L HA B B i #b X, VHI 5 TCI (19748
LA

VCI 1 VHI B8k #4381, 2003—2016 4F 1 (] & [543 1 DX 1) -+ 52 e 92 il , 76 5 AT | oz 34
7 PR R AL S B RS 43 Hi DX A BH S 5 (A e TR R R v A DX ) o L X, R TN
TCI 87 , 78 [ PHFHE A8 70 b X £ 2003—2016 4] 91524 BTl 3 AT 548 80 2 fh i St [R5 s
6] g ek R e S A X A A M DX AR A B A S R 2 h T RIOR S R G XSS, R R AR
Uiy 155 A AT R PR RT3 AH L A X IR 2 T 5
4.3 S AT R AR B R

FEAFRAFRE T 50 N, SAEAR LS DR 0 52 0] RE AR A9 T A ¢, 3 45 /B A8 IR F B 1 R i > A

http ; //www.ecologica.cn



6702 xR 43 4

FEF, XS SR W RN K B TR B 7 5 A 18 52 2 s B A BE T R D 18 ) = B2 S R > TR T
1R B R 2RO I AR A 25 1 2o R 5 2 N 4 R IBOK 43, - oK 25 A5 A P AR 2R A2 5 A< FLRHE.
Fis I, FEEERE A WIIEFE A VER , f LA A P A= ) ARl R A 67 e 0 O R R b ad ik
EAFEH NP HRR 56 R SRR A R 3 AR R 407 s & 4 R TCT AT VHI i B AR T Y
TG RARTT G SR, BT 3 AR A6 T B 1) o 1 A7 8 25 ) S Bk, 76 v B ORER 2 M X, VET 5B
A E R ECR T 0, DLW B i fe ik THE B A= K 8 Ve Bk

(3 B P R o 5o A 9 O w7 5l 3 e < 7 B - 2 s R < I B3 B €
X3 3 AT R4 EC S K R 2 ) B & E ARG, (R ZE R IR U R C AT 138 o i IX. | R84 42t
A AR TR X, TCT 5 K 2 ARG, AR TCT AT Al 0L B 1T TCT FRE) i b 2 TR Bk
T DX AR B 7 55 b e K AR | BRI 2 R S 1 B AR ) B T A I S
X MR B R M2 BT, SO RIEE ARG, 18R IR SR K B AL S — 2R L X, TCT ME LA 3L
W SR
4.4 MBI AT T R AR BN R

AR AR5 B A5 TR 2T S 00 R 7 o5 AR AT XN T R AR R RO R AR R,
2 B I 0 FARRT 4R BH 8 S (%) T w8, DT 5 S50 AR AR I A LR A7 5 1 3 T AR X T R
7 5 % M 2 TR B K T R A, 25 ROFK PRIR A s SR TN 2R R 2 S 3K IR KRR
JERY T, M RACAE 24 i b K K St A

SR, Qi 7 F08 7N, 2 IR o IX sl gt - 7 55 230 10 B ATORT AR A 7 25 36 1 1 2 5 350 hb 32 308 132 1) %
i NDVI {9 EFHRIT 2385008 K, X S 2 s 45 R — 2807, R %W, 1982—2020 4F 3] i w5 J5 < fi
X AR FR A X3 NDVI 835 [ TF AR B B 3k o0 X Sk i) NDVI R R ASCobr 30, 76 e RS X Y
B A 1178 6 AR AT | T AER A A 1o 7 2 B . 1 T, R T BRI A i 8 i R B0 b X NDVI B 2 17, i3
PR S VCT R VHIL B9 6 SC, 0 T HAL SR IX

5 #ig

FET AL R S 22 15 18 I | SR FH A 353 B I A 5 3 AT O vk, AR SCRIFSE T 2003—2016 4F- 1 3 A4~
T AR B S AR AR T 5 AR AR LA KT AR B S A R B T AR AR e R, LSRN .

2003—2016 47 1], o [ S 43 M DX 8 H 52 % AR A 20%—30% , e rbia s v 38 R pg 1 8 43 b
DR RS A L= B (Y G RAL Y = i N 21 v A RS S 1 R g e o
ATAEALIRAT | TP B ARG AL AT | A I A R g S A Y R A3 DX T SR R ) IX 8 S A A A
BT O P A I 3 X LA R 5 SRS X 3R b X

REEARI T, T FFEEO R (e A — B0, IR 23 %30 TCL Al VHI BEAR (TS mEE) Vel /Y
BT TR o FrRL R 3 AR BCINE R S B0 T R SR IR — BN S e, ERER T X,
3T RAREC SRR S IE ARG, A TR W B /K s/ 5 8500 T R A B i — BebE . R B 5 SRR AR A
M R LI RECT BB T AR b A 5 R R A T AR RO R A A A [R) 25 S O TR
FE AR 5 P ) AR AR IR TR T SRR 55 FE 7B Ak o R T T 2 SR ) T SR 5 W = SR i 5 i
M R ER

5% 3Lk ( References) :

TPCC. Summary for Policy Makers of the Synthesis Report of the IPCC Fifth Assessment Report. Cambridge: Cambridge University Press, 2013.
ko, KRR, BEWE, O T RIS P RO A AR MR E R, HIRFLE R 2011, 26(7) : 763-778.
Kogan F, Guo W. Early twenty-first-century droughts during the warmest climate. Geomatics, Natural Hazards and Risk, 2016, 7(1) . 127-137.

]
]
]
1 BRI, SR, XISETE, R TR, hERE T B AW B0 s, B4, 2009, 27(11) ; 82-92.

1
[2
[3
[ 4

http ; //www.ecologica.cn



16 1 R A P R TR RO 23 AR B RS A A 2 7 S A A A ) 6703

(5]
(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

Palmer W C. Meteorological drought. Washington: US Department of Commerce Weather Bureau, 1965.

Tsakiris G, Pangalou D, Vangelis H. Regional drought assessment based on the Reconnaissance Drought Index ( RDI). Water Resources
Management, 2007, 21(5) . 821-833.

Anderson M C, Zolin C A, Sentelhas P C, Hain C R, Semmens K, Yilmaz T M, Gao F, Otkin J A, Tetrault R. The evaporative stress index as an
indicator of agricultural drought in Brazil; an assessment based on crop yield impacts. Remote Sensing of Environment, 2016, 174.

McKee T, Doesken N, Kleist J. The relationship of drought frequency and duration to time scales. Proceedings of the 8th Conference on Applied
Climatology,, 1993.

Vicente-Serrano S M, Begueria S, Lépez-Moreno J I. A multiscalar drought index sensitive to global warming: the standardized precipitation
evapotranspiration index. Journal of Climate, 2010, 23(7) . 1696-1718.

Guo H, Bao A M, Liu T, Ndayisaba F, Jiang L L, Zheng G X, Chen T, de Maeyer P. Determining variable weights for an Optimal Scaled Drought
Condition Index (OSDCI) ; evaluation in Central Asia. Remote Sensing of Environment, 2019, 231, 111220.

Rhee J, Im J, Carbone G J. Monitoring agricultural drought for arid and humid regions using multi-sensor remote sensing data. Remote Sensing of
Environment, 2010, 114(12) . 2875-2887.

Gidey E, Dikinya O, Sebego R, Segosebe E, Zenebe A. Analysis of the long-term agricultural drought onset, cessation, duration, frequency,
severity and spatial extent using Vegetation Health Index ( VHI) in Raya and its environs, Northern Ethiopia. Environmental Systems Research,
2018, 7(1): 1-18.

Seiler R A, Kogan F, Sullivan J. AVHRR-based vegetation and temperature condition indices for drought detection in Argentina. Advances in Space
Research, 1998, 21(3) . 481-484.

Kogan F N. Contribution of remote sensing to drought early warning. Early Warning Systems for Drought Preparedness and Drought
Management, 2000.

Marumbwa F M, Cho M A, Chirwa P W. An assessment of remote sensing-based drought index over different land cover types in southern Africa.
International Journal of Remote Sensing, 2020, 41(19) . 7368-7382.

Kogan F N. Vegetation index for areal analysis of crop conditions. Proceedings of 18th Conference on Agricultural and Forest Meteorology, 1987.

Kogan F N. Remote sensing of weather impacts on vegetation in non-homogeneous areas. International Journal of Remote Sensing, 1990, 11(8) .
1405-1419.

ek, S5, R, XU, 2R, 4 PR T R EE N Sl AT T I b B X FEE . A3 S R BREE 27 4k, 2020, 36(1) :
81-88.

VIR, &St BME, REE. ARAEHIX 2001—2014 SF AR (X SPEL R T AR M REE M i Bz, R824 4), 2018, 38(3):
1028-1039.

IEME, EAMEE, R4, 550« FE TR AR ERHIE A 3 b & K A B A, A2, 2007, 27(11) ; 4563-4575.

RS, MR, SRLHg, (T, WM, kA TP BB I A Ak T RN S, AR AE, 2018, 37(4) : 1172-1180
Wang Y P, Liu WZ, Li G, Yan W M, Gao G Y. A bibliometric analysis of soil and water conservation in the loess tableland-gully region of China.
Water, 2018, 11(1) : 20.

Kogan F, Salazar L., Roytman L. Forecasting crop production using satellite-based vegetation health indices in Kansas, USA. International Journal of
Remote Sensing, 2012, 33(9) . 2798-2814.

Liu W L, Wang S X, Zhou Y, Wang L T, Zhu J F, Wang F T. Lightning-caused forest fire risk rating assessment based on case-based reasoning: a
case study in DaXingAn Mountains of China. Natural Hazards, 2016, 81(1) : 347-363.

Salazar L, Kogan F, Roytman L. Using vegetation health indices and partial least squares method for estimation of corn yield. International Journal
of Remote Sensing, 2008, 29(1) . 175-189.

Bayarjargal Y, Karnieli A, Bayasgalan M, Khudulmur S, Gandush C, Tucker C J. A comparative study of NOAA-AVHRR derived drought indices
using change vector analysis. Remote Sensing of Environment, 2006, 105(1) . 9-22.

Jiao W Z, Zhang L ¥, Chang Q, Fu D J, Cen Y, Tong Q X. Evaluating an enhanced Vegetation Condition Index ( VCI) based on VIUPD for
drought monitoring in the continental United States. Remote Sensing, 2016, 8(3) : 224.

Kogan F N. Application of vegetation index and brightness temperature for drought detection. Advances in Space Research, 1995, 15(11) : 91-100.
Kogan F. World droughts in the new millennium from AVHRR-based vegetation health indices. Eos, Transactions American Geophysical Union,
2002, 83(48): 557.

Han Y, Li Z Y, Huang C, Zhou Y Y, Zong S W, Hao T Y, Niu H F, Yao H Y. Monitoring droughts in the greater Changbai Mountains using
multiple remote sensing-based drought indices. Remote Sensing, 2020, 12(3) : 530.

Zou L D, Cao S, Sanchez-Azofeifa A. Evaluating the utility of various drought indices to monitor meteorological drought in Tropical Dry Forests.

http ; //www.ecologica.cn



6704 JAE = 43 %

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

International Journal of Biometeorology, 2020, 64(4) . 701-711.

Yang W Z, Guo W, Kogan F. VIIRS-based high resolution spectral vegetation indices for quantitative assessment of vegetation health: second
version. International Journal of Remote Sensing, 2018, 39(21) ; 7417-7436.

Jiang R G, Liang J C, Zhao Y, Wang H, Xie J C, Lu X X, Li F W. Assessment of vegetation growth and drought conditions using satellite-based
vegetation health indices in Jing-Jin-Ji region of China. Scientific Reports, 2021, 11(1) . 13775.

Singh R P, Roy S, Kogan F. Vegetation and temperature condition indices from NOAA AVHRR data for drought monitoring over India. International
Journal of Remote Sensing, 2003, 24(22) . 4393-4402.

Kogan I, Adamenko T, Guo W. Global and regional drought dynamics in the climate warming era. Remote Sensing Letters, 2013, 4(4) . 364-372.
Li B, SuHB, Chen F, WuJ J, Qi ] W. The changing characteristics of drought in China from 1982 to 2005.Natural Hazards, 2013, 68(2) : 723-
743.

Pei F S, Wu C]J, Liu X P, Li X, Yang K Q, Zhou Y, Wang K, Xu L, Xia G R. Monitoring the vegetation activity in China using vegetation
health indices. Agricultural and Forest Meteorology, 2018, 248. 215-227.

Zhao S, Cong D, He K, Yang H, Qin Z. Spatial-temporal variation of drought in China from 1982 to 2010 based on a modified temperature
vegetation drought index (mTVDI). Scientific Reports, 2017, 7. 17473.

Didan, K. MOD13A3 MODIS/Terra vegetation Indices Monthly L3 Global 1km SIN Grid V006, 2015.

dSCRG, BEA K, BRFHZL. 2003—2019 4FAERZ B Tkm Jp PR R HBRE ™ BdE g, FRESREdR .G, 2021

Hansen, M., Song, X. Vegetation Continuous Fields (VCF) Yearly Global 0.05 Deg, 2018.

Vicente-Serrano S M, Begueria S, Lopez-Moreno J I, Angulo M, El Kenawy A. A new global 0.5° gridded dataset (1901—2006) of a multiscalar
drought index: comparison with current drought index datasets based on the palmer drought severity index. Journal of Hydrometeorology, 2010, 11
(4): 1033-1043.

Vicente-Serrano S M, Gouveia C, Camarero J J, Beguerfa S, Trigo R, Lopez-Moreno J I, Azorin-Molina C, Pasho E, Lorenzo-Lacruz J, Revuelto
J, Moran-Tejeda E, Sanchez-Lorenzo A. Response of vegetation to drought time-scales across global land biomes. Proceedings of the National
Academy of Sciences, 2013, 110(1) . 52-57.

Dorigo W, Wagner W, Albergel C, Albrecht F, Balsamo G, Brocca L, Chung D, Ertl M, Forkel M, Gruber A, Haas E, Hamer P D, Hirschi M,
Tkonen J, de Jeu R, Kidd R, Lahoz W, Liu Y Y, Lecomte P. ESA CCI Soil Moisture for improved Earth system understanding: state-of-the art and
future directions. Remote Sensing of Environment, 2017, 203 185-215.

Gruber A, Scanlon T, Van D S R, Wagner W, Dorigo W. Evolution of the ESA CCI Soil Moisture climate data records and their underlying merging
methodology. Earth System Science Data, 2019, 11(2) . 717-739.

Zhang A Z, Jia G S. Monitoring meteorological drought in semiarid regions using multi-sensor microwave remote sensing data. Remote Sensing of
Environment, 2013, 134, 12-23.

Zhang L F, Jiao W Z, Zhang H M, Huang C P, Tong Q X. Studying drought phenomena in the Continental United States in 2011 and 2012 using
various drought indices. Remote Sensing of Environment, 2017, 190 96-106.

Zhao X Y, Xia HM, Liu BY, Jiao W Z. Spatiotemporal comparison of drought in Shaanxi-Gansu-Ningxia from 2003 to 2020 using various drought
indices in google earth engine. Remote Sensing, 2022, 14(7) . 1570.

T, Bt kb XA R B sh A8 A B X A AZETG S M . T 5IXATSY, 2017, 34(5) : 1133-1140.

Huang F, Xu S L. Spatio-temporal variations of rain-use efficiency in the west of Songliao plain, China. Sustainability, 2016, 8(4) : 308.

Xue Y X, Lu HW, Guan Y L, Tian P P, Yao T C. Impact of thermal condition on vegetation feedback under greening trend of China. Science of
the Total Environment, 2021, 785 147380.

Zhang X Q, Lei Y C, Pang Y, Liu X Z, Wang J Z. Tree mortality in response to climate change induced drought across Beijing, China. Climatic
Change, 2014, 124(1/2) . 179-190.

Phillips O L, Aragdo L E O C, Lewis S L, Fisher J B, Lloyd J, LopezGonzdlez G, Malhi Y, Monteagudo A, Peacock J, Quesada C A, Van D H
G, Almeida S, Amaral I, Arroyo L, Aymard G, Baker T R, Banki O, Blanc L, Bonal D, Brando P, Chave J. Drought sensitivity of the amazon
rainforest. Science, 2009, 323(5919) . 1344-1347.

Peng C, Ma Z, Lei X, Zhu Q, Chen H, Wang W, Liu S, Li W, Fang X, Zhou X. A drought-induced pervasive increase in tree mortality across
Canada’s boreal forests. Nature Climate Change, 2011, 1(9) . 467-471.

XK. AHO T B, KSR, 2016, 40(1) : 142-156

Price J C. Using spatial context in satellite data to infer regional scale evapotranspiration. IEEE Transactions on Geoscience and Remote Sensing,
1990, 28(5) : 940-948.

Nemani R, Pierce L, Running S, Goward S. Developing satellite-derived estimates of surface moisture status. Journal of Applied Meteorology,

http ; //www.ecologica.cn



16 4] IR A R [ R IET RS RO A IR BN S M R 7 28 A A Wi 1 6705

[58]

[59]

[60]

[61]
[62]

[63]
[64]

[65]

[66]

[67]
[68]

[69]

[70]
[71]

1993, 32(3) : 548-557.

Boegh E, Soegaard H, Hanan N, Kabat P, Lesch L. A remote sensing study of the NDVI-Ts relationship and the transpiration from sparse
vegetation in the Sahel based on high-resolution satellite data. Remote Sensing of Environment, 1999, 69(3) ; 224-240.

Karnieli A, Bayasgalan M, Bayarjargal Y, Agam N, Khudulmur S, Tucker J C. Comments on the use of the vegetation health index over Mongolia.
International Journal of Remote Sensing, 2006, 27(9-10) : 2017-2024.

Sun D L, Kafatos M. Note on the NDVI-LST relationship and the use of temperature-related drought indices over North America. Geophysical
Research Letters, 2007, 34(24) : 24406.

WEE Fibgy, WMk, R4, MPE-HESE B (NDVI-LST) 703 T 5 il rh i F . A28 2741, 2018, 38(13) : 4694-4703.

Meng X H, Evans J P, McCabe M F. The impact of observed vegetation changes on land-atmosphere feedbacks during drought. Journal of
Hydrometeorology , 2014, 15(2) : 759-776.

5, £, BYIE, HMSE. NDVI NDMI -5 3 5 56 R LATTE. Mtz e, 2017, 36(5) : 585-596.

AL, MPAR, #4R, WERRL, A, FFRE. hEIETRIX 1981—2001 4E NDVI XSS AL A R 34, 15 DR8I 5 315
2009, 23(2): 12-16.

Liu S, Lu L, Mao D, Jia L. Evaluating parameterizations of aerodynamic resistance to heat transfer using field measurements. Hydrology and Earth
System Sciences, 2007, 11(2) . 769-783.

Ellison D N, Futter M, Bishop K. On the forest cover-water yield debate: from demand- to supply-side thinking. Global Change Biology, 2012, 18
(3) : 806-820.

Charney J G. Dynamics of deserts and drought in the Sahel. Quarterly Journal of the Royal Meteorological Society, 1975, 101(428) : 193-202.
Charney J, Quirk W J, Chow S H, Kornfield J. A comparative study of the effects of albedo change on drought in semi-arid regions. Journal of the
Atmospheric Sciences, 1977, 34(9) . 1366-1385.

Zeng N, Neelin ] D, Lau K M, Tucker C J. Enhancement of interdecadal climate variability in the Sahel by vegetation interaction. Science, 1999,
286(5444) : 1537-1540.

T, 2058, FEIOR. AR Ao i [ IR SRR I BB . R i, 2005, 63(5) : 613-621.

LY, AERE, TEAER, R4, XIS, BRB, JElBR, B4, 2R AT 40 AR5 R R S A AR K SR AR Y R L A A
i, 2022, 42(12) : 4770-4783.

http ; //www.ecologica.cn



