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Article History: Drought can lead to substantial crop losses and may exacerbate food insecurity
and socio-economic tensions. Agricultural production and rangelands in Markazi
Province, Iran, are also adversely affected by drought events. In this study, the
Revised: 10 June 2026 performance of remote sensing—based indices under drought and wet conditions
was evaluated using 15-year MODIS-derived time series of the Normalized
Difference Vegetation Index (NDVI) and Land Surface Temperature (LST) for
Available Online: August. August was selected because it coincides with peak vegetation cover and
30 June 2026 maximum thermal stress, enabling a clearer assessment of index performance.
Accordingly, the Vegetation Condition Index (VCI) and Temperature Condition
Index (TCI) were computed from the 15-year NDVI and LST time series,
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Keywords: respectively, and the Vegetation Health Index (VHI) was then derived by
Agricultural Drought assigning equal weights to VCI and TCI. The Vegetation Temperature Condition
Monitoring Index (VTCI) was also calculated by integrating NDVI and LST using an
MODIS alternative algorithm that accounts for minimum and maximum vegetation

thermal conditions. Drought severity maps based on VHI and VTCI were
Normalized Difference generated for August, and temporal variations in drought severity classes were
Vegetation Index (NDVI)  analyzed over the 15-year period. The results indicated good agreement between
VHI and VTCI in representing drought severity across the study years. For
%Béli)Surface Temperature validation, the 3-month Standardized Precipitation Index (SPI) ending in August

was calculated using data from 36 meteorological stations. Comparison with SPI
Vegetation Health Index showed that VHI better captured agricultural drought severity (R2=0.67), likely
(VHI) due to the balanced contribution of vegetation condition and land surface
temperature in the VHI formulation. Overall, the findings suggest that remote
sensing—based agricultural drought indices can support decision-makers and
planners by mitigating the spatial limitations of point-based measurements.
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Extended Abstract
Introduction

Agricultural drought disrupts plant growth by reducing soil moisture. It occurs when the water demand
for evapotranspiration exceeds the available water in the soil. As a natural and recurring phenomenon
driven by rainfall variability, agricultural drought leads to delayed planting, reduced growth, and
decreased crop yield, ultimately affecting farmers' livelihoods. Monitoring agricultural drought using
satellite imagery is an effective method for mitigating its impacts at local and regional scales. In this
context, remote sensing has been widely employed for agricultural drought monitoring, leading to the
development of indices such as the Normalized Difference Vegetation Index (NDVI) and Land Surface
Temperature (LST). NDVI indicates vegetation health and density, but alone it is insufficient for drought
detection as it does not reveal initial water stress. LST serves as a complementary measure, reflecting the
surface energy balance and plant water stress. The relationship between these two indices—often
visualized as a triangular scatter plot—can be negative (when water is the limiting factor) or positive
(when sunlight is the limiting factor), depending on the season and regional moisture conditions. To
effectively monitor agricultural drought, various composite indices have been developed. Two important
examples are the Vegetation Health Index (VHI) and the Vegetation Temperature Condition Index
(VTCI). VHI is derived from a simplified, equally weighted combination of NDVI and LST, while VTCI
employs a more complex algorithm that targets thermal conditions within specific NDVI ranges. Field
studies (e.g., in Bangladesh and Markazi Province, Iran) have confirmed the efficacy of these indices,
particularly VHI, in zoning and classifying drought severity from mild to very severe. This research
compares the effectiveness of these two indices in monitoring agricultural drought.

Material and Methods

This study was conducted in Markazi Province, Iran. The province covers an area of approximately
29,127 km?, has a semi-arid climate, and receives an average annual rainfall of about 290 mm, ranging
from 520 mm in Shazand to 177 mm in Delijan. About 75% of the province is mountainous. The data
used in this study include meteorological data extracted from monthly rainfall statistics of 36 synoptic
and rain gauge stations over a 15-year period (1999-2014). The primary meteorological index used was
the Standardized Precipitation Index (SPI) on a 3-month scale. Remote sensing data were obtained from
the MODIS sensor onboard the Terra satellite. NDVI was derived from the MOD13Q1 product with a
spatial resolution of 250 m and a temporal resolution of 16 days for the months April to September. LST
was extracted from the MOD11A2 product with a resolution of 1 km and an 8-day interval for the same
period. The remote sensing time-series indices studied included two composite indices based on NDVI
and LST for agricultural drought monitoring: (1) the Vegetation Health Index (VHI), obtained from a
simple combination of NDVI and LST, which itself comprises the Vegetation Condition Index (VCI)—
measuring long-term NDVI changes—and the Temperature Condition Index (TCI)—evaluating
long-term LST changes—with VHI calculated as the equally weighted average of VCI and TCI; and (2)
the Vegetation Temperature Condition Index (VTCI), which has a more complex algorithm defined based
on the relationship between LST and NDVI on a specific date within the study area. In this method, for
each NDVI value, a maximum (warm/dry edge) and minimum (cold/wet edge) range of LST is
determined, and the temperature position of each pixel within this range is measured. Lower VTCI values
indicate more severe drought. The aim of this research is to compare the efficiency of VHI and VTCI in
monitoring agricultural drought in Markazi Province.

Results and discussion

This research aimed to monitor agricultural drought in Markazi Province from 2000 to 2014 and
compared two major remote sensing indices—the Vegetation Health Index (VHI) and the Vegetation
Temperature Condition Index (VTCI)—with the meteorological Standardized Precipitation Index (SPI).
The characteristics of the indices are as follows:
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SPI was calculated as a ground-based meteorological drought indicator for August at a 3-month scale,
using precipitation data from 36 synoptic and rain gauge stations. The extracted SPI values indicated mild
to moderate drought conditions in most stations during August. VHI is a composite index derived from
VCI and TCI, obtained by normalizing NDVI and LST time series, respectively. This index was
calculated using equal weighting of the two sub-indices and classified into five drought intensity classes.
The final maps revealed that 2000, 2001, and 2010 were the driest years, while 2003, 2004, 2006, and
2007 had the wettest conditions. VTCI, with a more complex algorithm, operates based on the relationship
between LST and NDVI on specific dates. By plotting a scatter diagram of these two variables, the "warm
edge" (dry conditions) and "cold edge" (wet conditions) were determined, and the position of each pixel
within this spectrum was assessed. This index was also divided into five drought classes. The results
indicated that 2000, 2004, 2011, and 2013 experienced the most severe droughts, while 2006, 2010, and
2014 had the least stressful conditions.

Comparison of the indices revealed that VTCI is more sensitive to drought and wetness variations than
VHI. This difference stems from their mathematical logic: VHI is derived from a global averaging of
NDVI and LST across the entire region, whereas VTCI analyzes temperature variations among pixels
with similar NDVI values, making it more detail-oriented. Regression analysis between the satellite-based
indices and SPI showed that in August, TCI and VHI had a significant correlation with SPI. In contrast,
VTCI did not show a significant relationship with SPI during this month. This finding indicates that, in
this specific study, VHI aligns better with the standard meteorological drought index (SPI). For validation,
a linear regression model based on TCI and NDVI was developed to predict SPI. Evaluating this model
for the year 2015 (outside the study period) using Mean Squared Error (MSE) and Root Mean Squared
Error (RMSE) confirmed the model’s acceptable accuracy (low error values). This research demonstrated
the effectiveness of MODIS satellite imagery and its derived indices (e.g., NDVI and LST) in the
spatiotemporal monitoring of agricultural drought in Markazi Province. Although VTCI exhibited higher
analytical sensitivity, in this particular case, the composite VHI index was identified as a more suitable
tool for monitoring agricultural drought and estimating conditions consistent with precipitation data, due
to its significant correlation with the ground-based SPI and its relatively simpler calculation. This
approach can address the gap caused by the scarcity of ground stations and enable extensive, timely
drought monitoring.

Conclusion

Satellite imagery, particularly products from the MODIS sensor such as NDVI and LST, has high
capability for monitoring dynamic phenomena like agricultural drought due to its temporal and spatial
continuity. These products require no complex preprocessing and enable the creation of long-term time
series, which form the basis for developing composite indices such as VHI and VTCI. This study
compared two key composite indices for monitoring agricultural drought in Markazi Province. VHI
operates based on the simplified average of vegetation density (NDVI) and land surface temperature
(LST). VTCI uses a more complex algorithm and determines drought intensity by identifying the warm
edge (dry conditions) and cold edge (wet conditions) in the LST-NDVI relationship. The research
findings indicated that in the study area, the performance of VHI in monitoring agricultural drought was
superior to that of VTCI. This superiority was demonstrated by a more significant correlation of VHI
results with the ground-based SPI. Specifically, VHI maps identified 2000, 2001, and 2010 as the driest
years, which aligned better with SPI results that identified 2000 and 2008 as the driest. Furthermore, VHI
classified over 56% of the province’s area as "no drought," while VTCI placed about 44% of the area in
the "moderate drought" category. In conclusion, composite remote sensing indices such as VHI can serve
as suitable alternatives to meteorological indices for regional drought monitoring, especially in areas with
sparse weather stations, and can assist planners in drought risk management. To improve accuracy, future
studies are recommended to incorporate more ground data, consider physiographic factors, and utilize
other sensors (e.g., Sentinel and Landsat).
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s e Obe Bl il 2 VCT LastLs (Zuo etal, 2019) ol andllans ;o olo 3 oy o glos 5 ke SV b
(Zhao, Li el 005 8 sl Ay Joad by Ll 5 NDVImin) - 5do s NDVInax) o 2 53 NDVI 5lis s NDVI
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5o (8) alaly 53 VHI 25Ls (Zhang, Mu & Huang, 2016) <l edss 8 sl (LSTima) a2 5 (LSTmin) Jewily
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Ll parme yatli

LST, NDVli.max — LST NDVIi

VTCI = ®)
LST, - LST,

NDVIi.max NDVIi.min
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Table 1- Amounts of SPI-3 for Markazi Province stations for month of Mordad
oliws | ol e oS | o6 . oS | o6 SPI -3 oS | pb Sl
i Time " Time " Time Scal ” Time
Station Scale Station Scale Station Name me Scale Station Name Scale
Arak ST, -0.62 Shazand w5 ;L 0.34 BandAbasi_cwle o -1.2 Emarats les 0.36
Ashtian ;L] -0.88 Tafresh a5 -0.4 Razin 3!, -1.11 Alraj )l -0.39
Delijan :)l>xJs -1.19 Khomein o> -0.3 Ghadamgah oXe03 -0.23 Araghaleh 4l | -0.8
GharghAbadslls,e  -0.56  Joshiravanlg,de>  -0.89  AhmadAbad sbloes| -0.76 KhanAbad ol 0.3
Khomein o> 0.34 Y sl -0.72 EmamAbad sb]elel -0.49 Bijagan 5> -1.29
SaroghBala
Khondabolais- -0.08 DavodAbadsblsgls -1.17 Tafresh i ,a5 -0.52 i -0.7
JenaghchiOlya
Komijan .S -0.6 Mazraehae 30 -0.17 PeykZarand 5,5 Sy -1.28 Dastjan ;l>iws -0.98
Mahalat &Mxe 0 Jalayer ,M> -0.89 Doridan )l g9 -1.1 Ezedin ;yall3e -1.25
Saveh oglw -0.57 Astanehailu] 0.88 KarimAbad oLl S -0.36 MalekAbad o] SIbe  -0.85
VHI a5l

5 ab asle OFAY BTVA) aalllas Jlo 18 10 ole ol & bgsye Ll colools o d bogs e LST 5 NDVI qalass 51 e
5SS ,2 g pgai) 0 slaws TCL 4 VCI slamsle 51 SO o alal, llas calsl jo.ab odgs o] @Sl g Blos pglas
Slony] 0l (yrad 4 sl TCT 5 VCI glaasls gor Jols 45 VHI sl T3l e (Jlo 10 (1) s algs b s L o
(o) a1 el oS s alials & 4 VHI ) Jeolo uglas o JLocKis oy ol cpmns gliiads iy,
5 oyt b slo L gl s pads (F+) JLocKis 00 5 (Fo—F+) Gionds (T+-¥+) Lamgia ()Y +) spad
VA o da o om0 Mot dmlin sl 0,055 ol gollae ol ooty ioles & S8 yo JlocSis S oy 2aS
Sl QT (F USo) oauizl ypriw! gloaids 5l Jols guls .l 030 10,95 10 (6 i (JloSis a5 K0 sl e 4y cos
S LIs TWAR 5 VPA- 1TVA slo o 5 428ls |, JlocSiis A5 o 2aS ) PAS 5 1TAD 5 VWAY 4 VYAY slo Lo 45
Wloagy ayah lcSas
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Fig. 6. Map results from VHI for August from years of 2000 to 2014
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Fig. 8. Maps of VTCI of August from years of 2000 to 2014
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Table 2- Remote sensing indices extracted of August for Arak station

year NDVI LST VCI TCI VHI VTCI
1379 0.3 320.4 44 32 37 0.12
1380 0.3 319.0 44 30 51 0.07
1381 0.2 319.9 38 49 61 0.29
1382 0.3 319.6 51 53 44 0.25
1383 0.1 318.3 43 49 34 0.25
1384 0.2 320.0 30 47 70 0.32
1385 0.1 318.2 2 68 50 1.04
1386 0.3 317.1 54 84 65 0.21
1387 0.2 318.8 12 56 43 0.36
1388 0.2 319.6 37 68 41 0.22
1389 0.2 320.8 17 58 35 0.13
1390 0.1 318.8 3 56 33 0.10
1391 0.2 320.3 36 55 39 0.24
1392 0.2 321.9 40 56 78 0.24
1393 0.2 319.5 27 60 45 0.28

VTCI $ VHI b 5L duuss o

S o ol Ho e solling! jo JluSas Gul andss 4 sl asls (lgieas VICL 5 VHI lo jasls 4o
@ o) ade adl oS ol VHI o3l 5l i Jlop 5 JloSes Olnss 4 VICT a3l Cowlus 45 apo o olis
NDVI o azls p cive slaazls sl 5l VHI ol (Y Jgo) 00,5 cop b jasls 5l alaS o as Slsl ) shis
o 4 4 NDVI 6l ls o JuSoy &)l > 4z 0 Ol s 5IVTCT asls oS Jbjo 005 o Jolb> gol)) mlaw JS LST,
s VTVA slaJlo (235 Jai 0 b oogdige ai8)5 a3 )3 5 (duney Jolge plu cidn j2ras VHI j3 (F Jou2) 035 oo ol
Sl jeSde ezl g0 wld @ ol e Jlo g sl Jlo laeas YWAZ Jlo g o JluSes b glaJlo lsicay VWAY
A JS8) colyy JuSies o, Sles oL
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3l 4o olo ,o VICI 5 VHI slo jazlis anslie— 4 JSC&
Fig. 9. Comparison of VHI and VTCI of August
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Table 3- Area of drought intensity classes in August for VHI

olo KRV} ‘51""’ KRV} b gio Py ‘5|L.»6.....'> RYE"
Month Very Intense  Intense  Moderate  Gentle No Drought
318 o 480576 2006444 4424310 6877702 29670697

GUS)VTCI og, 40  JlocSis Glid colus 3o y0 5 polis —F Jgas
Table 4- Area of drought intensity classes in August for VTCI

obo ] b gio o Jby by
Month Intense  Moderate Gentle Normal Humid
318 o 2969642 19168643 17266592 3816097 148690
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Fig. 10. The curve of drought intensity area in study years for VTCI
655y Ol GlrolKiwn] ;3 VYV olesls o 4y bgypo JlocSis (5,905l sionw ool o SPI asls polie -0 Jgoo

Table 5- SPI amounts of SPI and remote sensing drought indices for August

oS SPI-3  NDVI  LST vl TCI  VHI  VTCI
Arak (L) ST, 0.7 0.42 320.8 21 31.7 37 0.12
Ashtian () oLz 0.3 027 316.3 2.6 22,6 13 0.57
Delijan () ol 0 0.08 322 21 46.9 23 0.15
Gharghabad () slis,¢ -1.6 0.11 318 10.3 429 21 035
Khomein (s) (o 0.7 0.28 3205 77 23.4 51 0.09
Khondab () wluis -0.6 0.17 318.9 12.3 38.4 25 0.15
Komijan () olxseS’ 0.7 0.28 321.9 21 39.9 20 0.07
Mahalat () &l -1.2 0.09 319.6 21 39.2 22 0.14
Saveh () ogbes 14 0.08 324.7 4 421 33 04

Shazand () «;Ls -0.2 0.26 320 74.1 19.7 30 0.33
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Tafresh (Lw) 5% 14 0.16 3176 33 318 24 0.5
Khomein (0) seas 04 024 3217 602 40.6 45 0.1
Khondab () clypipr s 4 0.3 316.1 21 39 20 0.69
Joshiravan
Sarogh Bala (<) Y (35, 0.1 0.14 3184 21 324 23 027
Davod Abad () sllsgls 0.5 0.1 318.1 21 41.7 21 0.36
() o> 42,0 0.8 0.19 320 135 236 19 02
Mazraeh Khaton
Jalayer (&) > 0.4 022 3191 285 48.1 39 043
Astaneh (0) ale] 0.2 03 3184 102 29.6 17 0.51
Band Abasi (<) b o 0.5 012 3189 269 515 26 0.36
Razin (&) () 0.6 02 3194 182 52.8 26 0.36
Ghadamgah (<) ol%ea3 02 0.14 3185 21 19.1 10 0.35
AhmadAbad () o5l stlaa! 0.4 0.13 3214 321 47 63 04
Saveh

EmamAbad(c) sblal! 0.1 025 3176 342 47.9 43 0.53
Tafresh (0) b i 0.6 14 035 3191 433 226 13

Peyk Zarand(w) &, S 05 27 0.16 3257 21 39 70
Doridan(<) o5 1 17 0.1 3226 21 218 11
Karimabad(<) sl S 0.6 12 013 3212 283 61 38
Emarat (o) & ks 04 0.7 034 3178 319 19.2 10

Alraj (&) ¢, 1 12 011 3212 21 335 17
Araghaleh (L) alil| 0.6 15 032 315 18 517 26
KhanAbad (0) sbisl> 0.7 12 0.36 315 845 497 75
Bijegan (©) oS 03 24 011 3161 21 332 17
Jenaghchi Olya(e) Lle 8l 0.5 -2 0.2 313.8 11.9 41 25
Dastian (o) ozt 0.8 -0.9 0.1 321 1.6 342 25
Ezedin(o) cpallye 0.5 27 009 3181 21 65.2 33
MalekAbad (<) oL L 0.7 1.9 012 3193 4 422 31

Rain gauge _zwwyl)b i Synoptic Sy gigews 1y

315 o olo (Fgumw 5y Ll
Sl swlislen sla asli sla cewlS (5,905l jioms o jazls il 7ilas iagh (pl ol s )3 10 aS 4igS len
oBigl a5 ablie ;0w )lo 5929 (5,995l romiw Latli gl Sy ol a5 (Kiwgo L aS Jae cpdy iS00 B,k S
sl asli 5 aiwly jsie lgieay SPI 285 Jlas 5 1 .ogad eolaiwl (5,905l jiomiw sl ol 5l g8 oo s gwlililgn
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S gime L3I sLls VCI 3 TCI sl ozl (V- JSU3) ol 1,8 15 dsloans SPT g oleols o b bogy o (5,903 siomiw sl jasLi
law 6,lo gxe LLI,ISPI L aS 590 slojlgale slo ol s3> 50 VTICL aslis clesls o jo .ailodgs asleans SPT asli b

Cnnd VHI ua}Lu as o; 6)..54.?.....' U‘?”(SA u_a‘).)l.u Cewl VHI ua.‘>L~u &‘P‘ )‘ TCI 4&.." L c\.‘>5.' la 4.7(.....:)0 o eo)SJ
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Table 6- linear regression models between drought SPI and remote sensing indices for August

Oz Sy Joe Sl Fro gl R Sljest
Regression Model Significant Time Scale
SPI=-0.555+0.009TCI+0.970NDVI *k 0.67 3-Month
. * .k
do S my pdaw o Aoy S o ol

VHI a5Lls 568 bl o, oS 3 6905l s ali g aaledns SPI ozl L as )8 Jeew 5, Lailg,
(Y Jgaz) 5, VICI & cos

31350 sloylgale 9 SPI JluSias (a3ls (po (s 1ué (oS ) Lalg, =V Jgor
Table 7- Non linear regression models between drought SPI and remote sensing indices for August

O3 sS ) Jone SoloSro b R R Sbjesb
Regression Model Significant ! Time Scale
SPI=0.734+0.427TClan)10.233NDVI,)-0.117VHI ok 0.37 0.36 3-Month
M)O&CJ&M)JI* M)bujg'&'a‘u)b:**

S5y s dae e (2L

Ol VAT JNYYA slaJlo aSiul s azgi b ¢ (Ggam )55 o Joe Como (b))l 9 (2w el jolatedy Gudod ol )0
e il Ol e )55 sl Jae bl gl (018 e ole S, VYAY Jle Sledb] ciads ol asdlas glo Lo
Y SPI jasli polie zl vl 4 & ol daollny) (L3 JLo VO 5L ol e 4 YYAE JLs ol o ailale slo o ,b (g9, 5l a5
0 Fam e SPI slaaiis cbogs po (slo oo wliol j3 (s 1030 5 ((58lg) oalionnlive yolie (ylgrea YWAF JLo jo ;9536 anls
SISPT Lo lis szl peiwl polae (L jo 000,85 zlseinl oS! sl b asls cpl polis g sadaslo VYAY Jls 6l
9 MSE ails) oo (o) p slro bl 5,k IVYAT Lo o o Jow 3 Jol> SPT polas b (easlive polie olgicay) o Sas)l
w0l 09l g oalionnlice polie 4y axgi bl (A) 5 (V) Laslg, (bl o bao,lel ol Jgo,8 00285 )18 b5, 0,90 (RMSE
8 ool RMSE) s 50 (5l p39 e 5 (MSE) Aol il ppimn c5,lal sloslono & 55 b g, o 280
_ Zin () —z(x0))?

n

MSE M

RMSE = \/2;;1@* <>;i)—z(xi))2

M)

9 MSE .coul rosls slows 9 )Jé;.io)y ).».’.».A 0 (_gjjo)‘..b‘ )‘..\M WY \))51)..1 )L.\.M u.».)).: ong Z(Xi) Z* (Xl)u—‘ L) as
e 050y 00imo Ll i 5 4y ] drgi BB ite b oo pyolie il yio gyl sl Jba) SJl> 0 RMSE

Lol iy by, Coro il eSS RMSE g MSE (Lo g0 polie ax 0 alad jgboay .ol o28lg Jlads 5l eSS
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Table 8- Temporal Assessment of Assessment Models

RMSE MSE oleo wiloj orlade ol
Equation Time Scale Month
0.6 0.36 SPI=-0.555+0.009TCI+0.970NDVI 3-Month August

51 ol RMSE oLl jyalie ol ity ansl ity Joko <30 il 555 5 yiaS Joa ,5 RMSE s MSE yolie a4 5
sl e <85 )| jsliiads (igems,) sla e 3 oadiaalng 5 (Uil sloosls 31 ol sl SPI yolia dlic
o oo 5 eaimd LS 45 e3g sdoanlin (sloesls 5aSilie 5| S s polie 45 ams e Lis 0, b sloels
RMSE ko 31 cglolsnle (5 )03l sioeim (sl pailis b anloaws SPI oles ot alal, obul 02l 5 (A Jgoz) Cansl 555 oo
Lol 0092 19,55 (oS pue Joke

S5 A

5 BLS Gtdgy aile ey lrodsny (b 50 (295 sl Sl 5l Gloj g e (g Jdo 4 slojlsale SledL
plwl 4 5Ls eay DV game (pl AT o0y eaite OVgame sl MODIS ocaizin aiiwe oy &l ax o
@ by odiziw (pl OV game p90 09,5 a1 1) o g 10 eolatwl (Sl (5 ogioly g cwain slo3le , ion
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