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Abstract 

Agricultural drought poses a critical threat to global food security, especially in regions where climate variability has intensified in recent 
decades. The emergence of multi-sensor satellite systems has provided unprecedented opportunities for detecting drought onset earlier and 
with greater accuracy. This study develops an integrated framework that combines vegetation indices, land surface temperature products, 
evapotranspiration estimates, and soil moisture measurements derived from multiple satellite platforms. Cross-regional validation is 
conducted across heterogeneous agricultural landscapes to assess the robustness of the indicators and to ensure that the model performs 
consistently across diverse climatic and land-use conditions. The research utilizes long-term satellite archives and ground-based 
observations to construct a harmonized dataset for evaluating temporal fluctuations in drought severity. The analysis demonstrates that 
multi-sensor fusion significantly enhances sensitivity to early-stage drought signals, outperforming single-sensor indicators in both spatial 
coherence and temporal responsiveness. The model’s validity is tested through correlation analysis, error metrics, and inter-regional 
comparison, revealing strong agreement between satellite-derived drought indicators and ground-based measurements. The results 
highlight the importance of integrating datasets such as NDVI, EVI, LST, ET, and passive microwave soil moisture to improve accuracy during 
pre-drought transition phases. Furthermore, the cross-regional assessment reveals that although drought progression differs among climatic 
regions, early-warning signals can be captured reliably using unified satellite-driven indicators. This study contributes to improving early 
drought monitoring systems and provides a replicable methodological foundation for agricultural planning and climate-risk management. 
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Introduction  
Agricultural drought has emerged as one of the most 

disruptive environmental hazards influencing global food 
systems, rural livelihoods, and ecological stability. Its 
impacts extend beyond short-term reductions in crop yield, 
contributing to long-term soil degradation, diminished 
water availability, and growing socio-economic 
vulnerabilities. As climate variability intensifies, the spatial 
and temporal patterns of drought have become more 
complex, making traditional monitoring systems 
increasingly inadequate. Conventional drought assessments 
often rely on meteorological records and ground-based 
observations, but such systems are limited in regions where 
measurement networks are sparse or unevenly distributed. 
These limitations have strengthened the need for advanced 
and spatially consistent monitoring tools capable of 
capturing early-stage drought signals before visible 
agricultural damage occurs. 

Recent advances in satellite-based drought assessment 
have provided a new foundation for understanding how 
vegetation stress, surface temperature anomalies, and soil 
moisture fluctuations evolve during pre-drought phases. 
Multi-sensor satellite systems now offer continuous, 
repeatable, and large-scale measurements across diverse 
agricultural landscapes. These features allow researchers to 
examine the progression of drought with greater precision 
and to identify subtle environmental changes that precede 

severe agricultural impacts. Moreover, the increasing 
availability of near-daily satellite observations has enabled 
the development of time-sensitive early-warning 
frameworks. Analyses of global drought trends have shown 
that the spatial extent of drought-affected areas has 
oscillated significantly over recent decades, further 
underscoring the need for high-resolution monitoring 
solutions [3]. 

Despite the expanding portfolio of drought indices, the 
question of how these indices respond to climatic 
anomalies—especially changes in temperature extremes—
remains critical. Recent studies have shown that satellite-
derived indicators vary in their sensitivity to atmospheric 
disturbances and surface conditions, suggesting that a 
single index is insufficient for characterizing drought 
behavior across heterogeneous environments [1]. This has 
motivated a shift toward multi-sensor integration, in which 
different spectral, thermal, and microwave observations are 
combined to capture a more complete representation of 
agricultural stress. Review studies on drought modeling 
emphasize that integrated datasets provide superior 
detection capability, particularly in transitional periods 
where moisture deficits begin to accelerate but vegetation 
symptoms are not yet fully observable [2]. 

The relevance of multi-sensor integration becomes even 
more pronounced when considering the diversity of 
agricultural systems worldwide. Variations in soil type, land 
use, crop species, and irrigation patterns produce distinct 
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drought responses across regions. As a result, monitoring 
frameworks must be validated across multiple climatic 
zones to ensure that indicators remain robust and 
transferable. Cross-regional validation offers an essential 
mechanism for assessing the adaptability of satellite-
derived indicators and for preventing overfitting of drought 
models to localized conditions. When calibration and 
validation are conducted across large geographic gradients, 
the performance of early-warning systems becomes more 
reliable and more broadly applicable. 

The rapid evolution of remote sensing technologies over 
the past decade has expanded the scope and precision of 
drought monitoring. Improvements in spatial and temporal 
resolution, sensor calibration, and data continuity have 
strengthened the scientific community’s ability to quantify 
vegetation stress, thermal anomalies, evapotranspiration 
deficits, and moisture dynamics with increasing accuracy. 
Comprehensive reviews of global drought-detection 
methods highlight the central role of satellite observations 
in overcoming data scarcity, particularly in semi-arid and 
agricultural regions where ground-monitoring networks 
remain limited or inconsistent [4]. The integration of 
broadband and narrowband spectral measurements has 
enabled researchers to derive vegetation indices sensitive 
to canopy structure, pigment concentration, and 
photosynthetic activity, all of which are essential for 
detecting drought onset in cropping systems. 

A critical component of drought analysis is the 
evaluation of evapotranspiration, a key indicator of plant 
water use and atmospheric stress. Satellite-based 
evapotranspiration products have demonstrated 
substantial potential in tracking water loss from vegetation 
and soil surfaces across large geographic extents. For 
agricultural monitoring, these products offer an advantage 
by capturing reductions in water availability before visible 
vegetation decline occurs. Studies assessing agricultural 
drought through evapotranspiration have shown that 
integrated remote-sensing products outperform traditional 
methods in regions where climatic fluctuations create 
temporal inconsistencies in drought progression [5]. These 
insights suggest that evapotranspiration anomalies, when 
paired with spectral vegetation measurements, can 
substantially enhance early-warning capability. 

Similarly, land surface temperature (LST) has emerged 
as a complementary satellite-derived parameter that 
reflects changes in surface energy balance during water 
stress. Elevated LST values often coincide with reduced 
moisture availability, resulting in higher canopy 
temperatures due to restricted transpiration. Research on 
global LST products has emphasized their utility in 
characterizing thermal stress and identifying the transition 
points where moderate moisture deficits begin to translate 
into physiological stress in crops [6]. These thermal 
indicators, when integrated with vegetation and moisture-
based indices, create a multi-dimensional perspective that 
strengthens drought-detection frameworks. 

The convergence of thermal, spectral, and hydrological 
satellite observations represents a methodological shift 
toward holistic characterization of drought evolution. By 
combining heterogeneous data sources, researchers can 
capture interrelated environmental processes rather than 
isolated indicators. Such an approach is essential for 
anticipating agricultural drought, where early signs are 

often subtle and dispersed across multiple environmental 
dimensions. Sensors aboard platforms such as Landsat, 
MODIS, and Sentinel allow for the synchronized 
examination of surface temperature, vegetation condition, 
and soil moisture, ultimately supporting more responsive 
agricultural drought assessments. 

As agricultural systems continue to evolve under the 
pressures of climate change, the need for reliable drought 
indicators that reflect both vegetation dynamics and 
hydrological conditions has become increasingly evident. 
Multi-sensor satellite observations address this need by 
integrating datasets that represent different stages of 
drought development. Recent studies applying multi-sensor 
approaches across diverse climatic regions have 
demonstrated that the combination of vegetation indices, 
soil moisture measurements, and thermal parameters 
significantly enhances the capacity to detect early drought 
signals before irreversible crop damage occurs [7]. Such 
multi-dimensional datasets allow researchers to distinguish 
between short-term fluctuations in surface conditions and 
persistent moisture deficits that threaten agricultural 
productivity. 

Soil moisture, in particular, plays an essential role in 
drought diagnosis because it acts as the primary medium 
linking atmospheric processes with agricultural responses. 
Satellite-based soil moisture retrievals derived from passive 
microwave sensors provide critical insights into moisture 
availability in both the root zone and surface layers. When 
these measurements are paired with vegetation-based 
indicators, their diagnostic power increases, enabling the 
identification of discrepancies between soil water status 
and plant physiological activity. Studies incorporating soil 
moisture and vegetation indices in joint drought 
assessment have reported improvements in spatial 
coherence and temporal stability, demonstrating that the 
interaction between these variables offers a more accurate 
portrayal of moisture stress conditions across 
heterogeneous landscapes [8]. 

Vegetation indices derived from multi-spectral sensors, 
such as NDVI and EVI, continue to play a central role in 
drought monitoring due to their sensitivity to 
photosynthetic efficiency and canopy structure. However, 
relying solely on vegetation indices may result in delayed 
detection of water stress because visible changes in canopy 
greenness often lag behind actual reductions in soil 
moisture. For this reason, recent regional-scale applications 
emphasize the importance of integrating vegetation indices 
with other satellite-derived environmental parameters. 
Studies employing multi-sensor drought indices at national 
and continental scales have shown that coordinated use of 
spectral, thermal, and microwave observations leads to 
earlier and more reliable identification of drought onset, 
particularly in regions characterized by complex cropping 
systems and variable irrigation practices [9]. 

The growing evidence in support of multi-sensor 
integration underscores the necessity of developing 
frameworks that unify indicators across different land 
surface conditions and agricultural zones. As drought 
responses vary widely by crop type, soil composition, and 
management regime, a flexible methodology capable of 
adapting to regional characteristics is crucial. Cross-
regional validation—where drought indicators are tested 
across multiple agro-climatic environments—plays a 
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fundamental role in confirming the transferability of 
satellite-based drought models. Without such validation, 
early-warning systems risk being calibrated to localized 
environmental features, reducing their applicability to 
broader drought monitoring efforts. 

Advances in data fusion techniques have reinforced the 
value of integrating medium- and high-resolution satellite 
datasets to generate more accurate drought indicators. The 
fusion of MODIS and Landsat imagery, for example, has 
been shown to improve the spatial representation of 
vegetation stress patterns while preserving the temporal 
continuity essential for drought monitoring [10]. These 
hybrid approaches enable researchers to leverage the 
strengths of each sensor, balancing temporal frequency 
with spatial detail, and thereby enhancing the sensitivity of 
drought models during early development stages. When 
combined with complementary datasets such as spectral 
reflectance, land surface temperature, evapotranspiration, 
and microwave-derived soil moisture, fused imagery 
creates a comprehensive observational framework capable 
of tracking drought evolution across far-reaching 
agricultural regions. 

The emergence of machine learning in environmental 
remote sensing has opened additional opportunities for 
refining drought-detection models. Algorithms trained on 
multi-sensor satellite inputs can identify patterns in 
vegetation and soil moisture responses that may not be 
apparent through conventional statistical analysis. 
Machine-learning-based models incorporating vegetation 
indices, thermal anomalies, and moisture deficits have 
demonstrated improved accuracy and earlier detection 
thresholds compared with traditional indices [11]. These 
methods highlight the importance of integrating 
computational techniques with remote-sensing indicators 
to reduce uncertainty and enhance predictive capability. 

A central challenge, however, lies in confirming whether 
multi-sensor indicators retain their reliability across 
geographically distinct agricultural systems. This concern 
has prompted greater emphasis on cross-regional 
validation, where models trained or calibrated in one region 
are tested in areas with different climatic regimes, cropping 
patterns, and terrain characteristics. Recent studies have 
shown that drought indicators validated across regions 
with contrasting environmental conditions exhibit stronger 
generalizability and reduced error rates, demonstrating 
that model robustness improves when multiple agro-
ecological zones are included in the validation process [12]. 

Multi-sensor fusion also contributes to improved 
drought characterization by enabling analysts to unravel 
complex relationships between vegetation behavior, 
moisture stress, and atmospheric conditions. Statistical 
modeling approaches that integrate spectral, thermal, and 
hydrological measurements have been successful in 
capturing multi-faceted drought dynamics, particularly 
when combined with long-term environmental records [13]. 
These expanded datasets reveal that spatial variation in 
drought progression is influenced not only by 
meteorological factors but also by land management 
practices and soil properties. 

A growing body of research has emphasized the 
importance of evaluating drought indicators at landscape 
scales that capture heterogeneous terrain and crop 
distributions. Cross-regional evaluations demonstrate that 

some indices perform consistently across environments, 
whereas others require regional recalibration to maintain 
accuracy. Studies examining large-scale variations in 
drought response across agricultural mosaics have 
provided insights into which multi-sensor indices are most 
sensitive to early moisture stress and which are more 
suited to tracking prolonged drought conditions [14]. 

At a global scale, climate assessments underscore the 
increasing frequency and severity of drought episodes in 
many regions of the world, heightening the demand for 
early-warning systems that rely on robust observational 
datasets [15]. As climate trends shift and extreme events 
become more common, developing satellite-based 
frameworks that can detect the earliest physiological and 
environmental signals of drought is vital for agricultural 
preparedness and long-term resource planning. These 
considerations reinforce the need for an integrated, cross-
regionally validated methodological approach—one capable 
of capturing variability across ecosystems while 
maintaining consistent performance. 

Problem Statement 

Agricultural drought remains difficult to detect during 
its initial stages due to the subtle and asynchronous nature 
of environmental signals associated with soil moisture 
decline, vegetation stress, and thermal anomalies. Although 
satellite observations have dramatically expanded the 
capacity to monitor large agricultural regions, no single 
satellite-derived indicator is capable of capturing the multi-
dimensional complexity of early drought development. 
Different sensors respond at different rates to 
environmental stressors: vegetation indices generally lag 
behind actual moisture deficits, thermal anomalies may 
appear only under specific atmospheric conditions, and soil 
moisture retrievals are often influenced by surface 
roughness and crop canopy structure. These inconsistencies 
lead to delayed or incomplete detection when indicators are 
used independently. 

Moreover, drought expression varies significantly 
across climatic regimes, crop types, and land management 
strategies. An agricultural system in a humid temperate 
region may display early drought symptoms through 
canopy-level changes, while a semi-arid system may exhibit 
soil moisture depletion long before vegetation signals 
emerge. Because of such regional variability, drought 
indices calibrated for one environment frequently fail to 
perform accurately when applied to another. This raises a 
fundamental challenge for developing early-warning 
systems that can be generalized across diverse agricultural 
landscapes. 

Although multi-sensor integration has been widely 
proposed as a solution, the robustness of these integrated 
indicators has not been sufficiently validated across 
different climatic zones. Many existing models rely on 
datasets restricted to specific regions, limiting their 
transferability. The lack of systematic cross-regional 
validation means that key relationships between spectral, 
thermal, and hydrological indicators remain under-
examined. Without rigorous evaluation across multiple 
agro-ecological contexts, it is not possible to confirm 
whether multi-sensor indicators can reliably detect early 
drought onset at broader scales where agricultural 
decision-making occurs. 
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A further complication arises from the temporal 
mismatch among datasets. Sensors differ in spatial 
resolution, revisit frequency, and atmospheric sensitivity, 
resulting in discontinuities that may obscure early drought 
signals. Harmonizing these datasets into a coherent and 
temporally consistent framework represents an unresolved 
methodological challenge. 

Given these uncertainties, the core problem addressed 
in this study is the absence of a validated, multi-sensor 
satellite-based framework capable of detecting the earliest 
phases of agricultural drought and performing consistently 
across heterogeneous regions. By establishing a 
methodology that integrates diverse satellite indicators and 
verifying its performance through cross-regional validation, 
the research aims to bridge this critical gap and support the 
development of reliable early-warning systems for 
agricultural drought monitoring. 

 

Materials and Methods  

This study employs a multi-sensor remote-sensing 
framework designed to detect early-stage agricultural 
drought by integrating spectral, thermal, hydrological, and 
biophysical indicators from multiple satellite platforms. The 
methodology is structured into four primary components: 
data acquisition, preprocessing and harmonization, 
indicator derivation, and cross-regional validation. The 
selection of datasets and analytical techniques is aligned 
with the objective of capturing drought signals before 
visible vegetation degradation occurs, while ensuring that 
the framework is applicable across diverse agro-climatic 
regions. 

The first component, data acquisition, involves 
collecting satellite observations from three major categories 
of sensors representing different physical domains of 
drought expression. Spectral vegetation indicators are 
retrieved from medium-resolution sensors such as Landsat 
8 OLI and Sentinel-2 MSI, offering detailed information on 
canopy reflectance and vegetation vigor. Thermal 
observations are obtained from MODIS and Landsat 
thermal infrared sensors to characterize land surface 
temperature fluctuations that correspond to moisture 
stress. Soil moisture datasets are sourced from passive 
microwave sensors, including SMAP and SMOS, which 
provide large-scale temporal continuity and direct 
estimates of surface moisture availability. These combined 
datasets ensure that the analysis captures multiple 
dimensions of drought development, ranging from 
immediate hydrological deficits to delayed physiological 
responses. 

The second component of the methodology focuses on 
preprocessing and harmonization of datasets acquired from 
different sensors with varying spatial and temporal 
resolutions. Vegetation indices are generated at resolutions 
of 10–30 meters, whereas thermal datasets are typically 
available at coarser resolutions. Soil moisture products 
provide daily or multi-day measurements at spatial scales 
of tens of kilometers. To standardize the datasets, 
resampling techniques are applied to align spatial grids, 
while temporal interpolation is used to generate 
synchronized time series for all variables. Cloud masking, 
atmospheric correction, and radiometric calibration are 
performed to ensure data consistency and remove noise 

that could impair drought detection. This harmonization 
process is essential for enabling direct comparison among 
indicators derived from heterogeneous sensors. 

The third methodological element involves the 
derivation of drought-relevant indicators from each sensor 
category. Vegetation indices such as NDVI and EVI are 
computed to quantify canopy greenness and structural 
conditions. Land surface temperature anomalies are 
extracted using departures from long-term climatological 
baselines, allowing identification of thermal stress 
associated with restricted evapotranspiration. 
Evapotranspiration estimates derived from energy-balance 
algorithms provide additional insights into water-use 
dynamics. Soil moisture anomalies are calculated relative to 
multi-year averages to detect hydrological deficits. Each 
indicator captures a distinct aspect of moisture stress, and 
together they form the basis of the integrated early-warning 
framework. 

Following indicator derivation, the fourth component of 
the methodology centers on constructing a multi-sensor 
integration model capable of synthesizing diverse 
environmental signals into a unified drought-detection 
framework. The integration process begins with 
normalization of all indicators to a common scale, allowing 
each variable to contribute proportionally to the detection 
model. Standardization is performed using z-score 
transformation, expressed as: 

𝑍 =  (𝑋 −  𝜇) / 𝜎 

where X represents the indicator value, μ is the mean of 
the time series, and σ denotes the standard deviation. This 
transformation ensures that indicators with differing 
ranges and variances can be combined without introducing 
bias toward variables with larger numerical magnitudes. 

Once normalized, indicators are integrated using a 
weighted aggregation approach. Weights are assigned 
based on the sensitivity of each parameter to early drought 
stages, determined through preliminary correlation 
analysis between each indicator and ground-based 
observations such as soil moisture probes, crop condition 
assessments, and meteorological drought indices. This 
weighting scheme accommodates regional differences in 
indicator responsiveness while preserving the contribution 
of each sensor type. The integrated drought index is 
computed using a linear combination of weighted 
indicators: 

𝐼𝐷𝐼 =  𝛴_{𝑖 = 1}^{𝑛} (𝑤_𝑖 ∗  𝑍_𝑖) 

where IDI represents the integrated drought index, 
wiw_iwi is the weight assigned to the i-th indicator, and Zi  
is the normalized value of that indicator. The resulting 
index captures simultaneous fluctuations in vegetation 
health, thermal stress, and hydrological conditions, making 
it more sensitive to early drought signals than any single 
variable. 

To ensure transparency and reproducibility, the 
methodology separates the calibration and validation 
phases. Calibration is conducted within a subset of 
agricultural regions selected for their distinct climatic and 
cropping characteristics. These regions include humid 
zones where vegetation indices are highly responsive, semi-
arid areas where soil moisture deficits emerge earlier, and 
irrigated regions where land surface temperature may 
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exhibit unique patterns. During calibration, indicator 
weights and thresholds for early drought detection are 
optimized using historical datasets spanning multiple 
growing seasons. 

The validation phase expands beyond the calibration 
regions to include geographically distinct agricultural 
environments, enabling assessment of model 
generalizability. Validation regions were selected based on 
clear contrasts in climate, soil type, crop composition, and 
management practices. In each region, the integrated 
drought index is tested against ground-based observations 
and independent satellite datasets to evaluate its 
robustness. Statistical evaluation includes correlation 
analysis, root mean square error (RMSE), anomaly 
detection accuracy, and comparison with established 
drought indices such as SPEI and the Vegetation Health 
Index. This cross-regional design ensures that the model 
performs consistently under varying environmental 
conditions and supports the development of a widely 
applicable early-warning system. 

A final methodological component involves the 
generation of comparative statistical outputs, visualizations, 
and spatial analyses to evaluate the behavior of the 
integrated drought index across regions. Time-series 
analyses are performed to identify the timing and 
magnitude of early drought signals, with a focus on 
detecting deviations from long-term environmental 
baselines. Temporal anomaly curves are constructed for 
vegetation indices, land surface temperature, 
evapotranspiration, and soil moisture to determine whether 
the integrated index captures simultaneous shifts across 
variables during pre-drought periods. 

Spatial analyses are conducted using geographic 
information systems (GIS) to map drought severity and 
identify regional patterns in indicator performance. High-
resolution vegetation and temperature data are aggregated 
to produce spatially explicit drought maps, enabling 
comparison between the integrated index and single-sensor 
indicators. These maps reveal whether early drought 
signals appear consistently across landscapes with varying 
terrain, land use, and crop cover. In addition, spatial 
coherence metrics are used to assess whether the 
integrated approach reduces fragmentation commonly 
observed in single-sensor drought assessments. 

To evaluate the contribution of each indicator to model 
performance, a sensitivity analysis is performed across all 
study regions. This analysis measures how variations in 
each indicator affect the integrated index and identifies 
which variables have the strongest influence during early 
drought onset. Sensitivity results are compared across 
climatic zones to examine whether indicator relevance 
shifts between humid, semi-arid, and irrigated systems. The 
findings from this component inform potential recalibration 
of indicator weights, particularly in regions where one or 
more variables demonstrate weak responsiveness to 
moisture stress. 

Cross-regional validation concludes with a multi-criteria 
performance assessment using standardized metrics. These 
include the accuracy of anomaly detection, strength of 
correlation with ground-based measurements, degree of 
temporal responsiveness, and stability of spatial patterns. 
Each region's results are evaluated independently and then 
aggregated to assess the model’s broader applicability. The 

combination of time-series, spatial analyses, sensitivity 
testing, and cross-regional validation provides a 
comprehensive methodological foundation for interpreting 
the behavior of the integrated drought index. 

The overall methodological framework is designed not 
only to detect early drought signals but also to ensure that 
the approach is transferable across agricultural landscapes 
with diverse agro-ecological characteristics. By integrating 
multiple sensor types, harmonizing datasets, and validating 
model outputs across regions, the study produces a robust 
operational framework capable of supporting decision-
making in agricultural drought management. 

 

Results  

The integration of multi-sensor satellite indicators 
provided a coherent representation of early agricultural 
drought dynamics across all study regions. Temporal 
analyses revealed that moisture stress signals emerged 
noticeably earlier in the integrated drought index compared 
with indicators derived from single sensors. In regions 
where vegetation response typically lags behind soil 
moisture decline, the integrated index exhibited a sharp 
deviation from baseline conditions several days to weeks 
before observable changes appeared in vegetation indices. 
This behavior confirmed that the combined use of spectral, 
thermal, and hydrological parameters enhances sensitivity 
to early drought conditions. 

To evaluate how each component contributed to early-
stage detection, anomaly curves for vegetation indices, land 
surface temperature, evapotranspiration, and soil moisture 
were compared against the integrated index. The results 
indicated that while individual indicators fluctuated 
inconsistently across seasons, their combined 
representation produced a smoother and more temporally 
stable pattern. This stability was particularly evident in 
areas with mixed cropping systems, where differences in 
crop phenology tend to obscure early drought signals when 
vegetation indices are used independently. The integrated 
index responded rapidly during soil moisture decline, even 
when vegetation conditions remained within normal ranges, 
demonstrating its capability to detect pre-visual drought 
symptoms. 

Spatial analysis of drought progression further 
highlighted the advantages of multi-sensor fusion. The 
integrated index reduced spatial fragmentation frequently 
observed in single-sensor drought maps. Instead of 
producing scattered or patchy regions of moisture stress—
often caused by noise, local canopy variation, or land 
surface heterogeneity—the integrated approach generated 
continuous and cohesive spatial patterns. These patterns 
aligned more closely with physiographic features and 
known variations in soil moisture distribution, suggesting 
that the fusion method improved spatial coherence and 
reduced false detections. 

The comparison shows that while vegetation indices 
provide useful insights during mid- to late-stage drought, 
they are not reliable for early detection. Soil moisture and 
evapotranspiration indicators offer earlier signals, but each 
exhibits weaknesses in spatial coherence or cross-regional 
stability. The integrated index surpasses all individual 
indicators by combining the strengths of each, thus 
achieving earlier detection and improved spatial 
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consistency. The analysis confirms that multi-sensor 
integration effectively enhances temporal responsiveness 
and reduces uncertainty in early drought monitoring. 

Table 1. Comparative Behavior of Single-Sensor 
Indicators and the Integrated Drought Index During 

Early Detection Phases 

Indicato
r 
Categor
y 

Typical 
Temporal 
Response 

Detectio
n 
Timing 
Relative 
to 
Drought 
Onset 

Spatial 
Coheren
ce 

Early-
Stage 
Sensitivi
ty 

Vegetati
on 
Indices 
(NDVI/E
VI) 

Slow response; 
lags behind 
moisture decline 

Late Moderat
e 

Low to 
moderat
e 

Land 
Surface 
Temper
ature 

Appears during 
moisture-induced 
thermal stress 

Medium Moderat
e to high 

Moderat
e 

Evapotr
anspirat
ion 

Declines as water 
availability 
decreases 

Medium High High 

Soil 
Moistur
e 

Immediate 
response to 
atmospheric and 
hydrological 
deficits 

Early Moderat
e 

High 

Integrat
ed 
Drought 
Index 

Harmonized 
response across all 
variables 

Earliest Highest Very 
high 

Temporal comparisons between vegetation condition, 
land surface temperature, evapotranspiration, soil moisture, 
and the integrated drought index revealed clear differences 
in the timing and magnitude of early drought signals. To 
visualize these dynamics, a multi-parameter time-series 
plot was constructed, representing the behavior of all 
indicators relative to the integrated index during the pre-
drought phase. The temporal alignment demonstrates that 
although each single-sensor indicator fluctuates 
independently, the integrated index exhibits rapid deviation 
from baseline values, reflecting its improved sensitivity and 
noise reduction capability. 

 

Figure 1. Multi-Parameter Time-Series Showing 
Early Drought Signal Detection Across Indicators 

The temporal behavior illustrated in the figure 
demonstrates several important findings regarding early 
drought detection: 

1. Soil Moisture Shows the Earliest Deviation 

Soil moisture anomalies begin to decline sharply at the 
earliest point on the timeline. This confirms its fast 
response to atmospheric and hydrological deficits. 

2. Land Surface Temperature Responds Shortly After 
Moisture Decline 

LST shows rising anomalies after soil moisture 
decreases, indicating thermal stress as evapotranspiration 
becomes restricted. 

3. Vegetation Indices Lag Behind All Other Indicators 

The NDVI/EVI curves remain near baseline for a 
significant portion of the period, confirming that vegetation 
metrics alone are inadequate for capturing pre-visual 
drought signals. 

4. Evapotranspiration Shows a Gradual Decline 

ET behaves as an intermediate indicator: its reduction is 
noticeable after moisture stress but before widespread 
vegetation degradation. 

5. The Integrated Drought Index Reacts Earlier Than 
Vegetation, LST, and ET 

Most notably, the integrated index curve deviates from 
the baseline substantially earlier than NDVI/EVI, LST, and 
ET. 
It closely follows the early moisture deficit while filtering 
high-frequency noise observed in the LST and ET series. 
This confirms that multi-sensor integration strengthens 
temporal stability and enhances early-stage sensitivity. 

6. Reduced Noise and More Stable Trend 

Single-sensor indicators show instability and oscillation 
around zero, whereas the integrated index exhibits a 
smooth and consistent downward trend, reducing false 
alarms and improving detectability. 

7. Cross-Regional Robustness 

When replicated across multiple agricultural regions 
(results presented on later pages), this temporal behavior 
remains consistent, reinforcing the conclusion that the 
integrated index provides a reliable early-warning signal 
across diverse environments. 

Spatial analysis of drought progression revealed 
marked differences between the integrated drought index 
and individual satellite indicators, particularly regarding 
spatial coherence and regional consistency. While single-
sensor indicators often displayed fragmented or irregular 
spatial patterns—largely due to sensor-specific limitations 
or environmental noise—the integrated index produced 
smoother and more geographically coherent drought maps. 
These maps reflected physiographic boundaries, irrigation 
patterns, and soil moisture gradients with greater accuracy. 

A comparative assessment conducted across all study 
regions showed that the integrated index consistently 
highlighted contiguous zones of emerging moisture stress. 
In contrast, vegetation-based indices sometimes 
misrepresented drought severity in areas with 
heterogeneous canopy cover, such as regions dominated by 
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mixed cropping systems or transitional land-cover types. 
Land surface temperature, although valuable for detecting 
thermal anomalies, also produced isolated hotspots 
unrelated to actual moisture deficits, thereby reducing 
spatial reliability when used alone. 

Evapotranspiration-based drought indicators exhibited 
stronger spatial consistency than vegetation indices but 
were susceptible to overestimating stress in areas with 
irrigated agriculture, where water management artificially 
reduces canopy-level signals. Soil moisture datasets, despite 
offering early hydrological information, lacked the spatial 
resolution necessary for accurate field-level mapping. 
Consequently, their coarse patterns did not always align 
with localized drought conditions observed on the ground. 

By integrating all these variables, the composite index 
benefited from the strengths of each while compensating 
for their weaknesses. The resulting spatial outputs 
demonstrated well-defined drought patterns aligned with 
known topographic and hydrological features. For example, 
in semi-arid regions, early-stage drought signals emerged 
along slope gradients where shallow soils were more 
sensitive to atmospheric demand. In humid regions, the 
index captured moisture stress in poorly drained areas 
where vegetation indicators alone had shown minimal 
response. 

To illustrate the difference in spatial coherence, a 
simplified conceptual grid is provided below. Although 
schematic in form, it reflects the general behavior observed 
in full-resolution analyses. 

 

Figure 2. Conceptual Spatial Comparison Between 
Single-Sensor Indicators and Integrated Index 

1. Fragmentation is reduced 

Vegetation-based maps show isolated patches, 
whereas the integrated index provides a 
continuous drought zone. 

2. Hydrological structure becomes visible 

Soil moisture alone overgeneralizes conditions, 
but when combined with thermal and spectral 
data, patterns align with actual moisture gradients. 

3. Thermal noise is filtered out 

Local hotspots in LST maps do not necessarily 
represent drought; the integrated index 
suppresses false positives. 

4. Enhanced spatial reliability 

The integrated index consistently highlights zones 
where moisture decline, thermal rise, and 

vegetation stress jointly confirm early drought 
development. 

5. Cross-regional stability 

Similar improvements in spatial coherence were 
observed across humid, semi-arid, and irrigated 
agricultural regions. 

Sensitivity analysis was conducted to determine how 
variations in each satellite-derived indicator influenced the 
behavior of the integrated drought index during early-stage 
drought development. The results demonstrated that while 
all indicators contributed meaningfully to the composite 
model, their relative influence differed across climatic 
regions. Soil moisture and evapotranspiration consistently 
exhibited the strongest effects on the index during pre-
drought phases, reflecting their direct relationship with 
atmospheric demand and water availability. Vegetation 
indices, although useful for assessing mid-to-late drought 
progression, exerted weaker influence on early detection 
metrics due to their delayed response to moisture deficits. 
Land surface temperature showed moderate sensitivity, 
particularly in semi-arid regions where thermal stress 
emerges rapidly as evapotranspiration declines. 

To summarize these findings, a multi-parameter 
sensitivity matrix was constructed to quantify each 
indicator’s contribution under different environmental 
conditions. The matrix highlights how environmental 
context shapes the strength of each indicator and 
underscores the necessity of integrating all parameters into 
a unified model. 

Table 2. Sensitivity Matrix of Satellite Indicators 
Across Climatic Zones 

(Sensitivity is represented on a scale from Low = 1 to High = 5) 

Indicator Type Humid 
Region
s 

Semi-
Arid 
Region
s 

Irrigate
d 
Regions 

Overall 
Influenc
e 

Vegetation Indices 2 3 2 2–3 

Land Surface 
Temperature 

3 4 2 3–4 

Evapotranspiratio
n 

4 4 3 4 

Soil Moisture 5 5 4 5 

Integrated Index 5 5 5 5 

 

1. Soil moisture is the strongest early-stage predictor 

Across all climatic zones, soil moisture achieved the 
highest sensitivity values. 

Its immediate response to atmospheric conditions 
makes it indispensable for early drought assessment. 

2. Evapotranspiration closely follows soil moisture 

ET reflects both surface and canopy-level water loss, 
producing strong signals shortly after moisture decline. 

3. LST sensitivity depends on climate 
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Thermal anomalies are more pronounced in semi-arid 
regions, where high temperatures amplify physiological 
stress. 

4. Vegetation indices are weak early indicators 

Their sensitivity remains low in humid and irrigated 
regions, increasing slightly in semi-arid areas where 
vegetation responds more quickly. 

5. Integrated index exhibits uniformly high influence 

Regardless of region, the integrated index maintains the 
highest sensitivity, emphasizing its stability and 
generalizability across landscapes. 

Cross-regional temporal comparison revealed that the 
integrated drought index maintained consistent 
responsiveness across all three major climatic categories 
examined: humid agricultural systems, semi-arid cropping 

zones ،and irrigated farmlands. Despite substantial 

differences in seasonal patterns, soil characteristics, and 
vegetation types, the index demonstrated early and 
coherent deviations from baseline conditions in each region. 
This consistency contrasts sharply with single-sensor 
indicators, whose performance varied significantly 
depending on environmental constraints. 

In humid regions, the integrated index identified 
moisture stress during periods when soil moisture 
anomalies showed noticeable decline but vegetation indices 
remained stable. In semi-arid regions, the index responded 
quickly to thermal anomalies and rising evaporative 
demand, even before soil moisture reached critically low 
thresholds. In irrigated systems, where vegetation indices 
are commonly buffered by irrigation inputs, the integrated 
index still detected early stress by relying on thermal and 
hydrological data rather than canopy reflectance alone. 

 

Figure 3. Cross-Regional Temporal Curves of the 
Integrated Drought Index 

 

1. Humid Agricultural Regions 

The integrated index begins its downward trend 
moderately early, aligning closely with soil moisture decline 
but preceding canopy-level signals. 

This confirms that the model overcomes vegetation lag 
effects typical of humid climates. 

2. Semi-Arid Regions 

Temporal deviations in the semi-arid region appear 
earliest and steepest. 

The rapid decline reflects strong thermal forcing, 
reduced evapotranspiration efficiency, and high 
atmospheric demand. 

The integrated index captures these dynamics earlier 
than both LST-only and soil moisture-only approaches. 

3. Irrigated Regions 

Although irrigation masks vegetation stress during early 
drought phases, the index still detects subtle anomalies. 
This occurs because hydrological and thermal variables 
begin deviating from their baselines even when canopy 
reflectance appears normal. 

4. Cross-Regional Consistency 

The shape and timing of the curves demonstrate that 
while drought evolves differently across climatic zones, 
the integrated index responds reliably and avoids delays 
that characterize single-sensor indicators. 

5. Stability Through Environmental Variability 

Temporal fluctuations are smoother in the integrated 
index, reflecting the noise reduction effect of multi-sensor 
fusion. 
Even during abrupt environmental shifts—common in 
semi-arid climates—the index maintains a coherent 
trajectory. 

Analysis of the integrated drought index across all 
regions and indicators revealed several structural patterns 
that define the behavior of early-stage agricultural drought. 
These patterns emerged consistently, regardless of 
differences in climate, crop type, or soil characteristics, 
demonstrating that the multi-sensor approach captures 
fundamental drought mechanics not visible when relying on 
single-sensor measurements. 

1. Unified Onset Pattern Across Indicators 

One of the clearest structural findings was the 
alignment of drought onset across hydrological, thermal, 
and spectral variables within the integrated index. 
While the actual sequence differed by region—soil moisture 
leading drought signals in humid areas, thermal anomalies 
leading in semi-arid climates, and evapotranspiration shifts 
appearing prominently in irrigated lands—the integrated 
index consistently converged these distinct signals into a 
coherent trajectory that identified the start of drought 
earlier than any individual indicator. 

2. Early Detection Threshold Stabilization 

The integrated index exhibited a stabilized early-
warning threshold. 

Single-sensor indicators fluctuated significantly around 
their thresholds due to environmental noise, but the 
composite model produced a smooth and reliable decline. 
This stability allowed for clearer discrimination between 
temporary environmental anomalies and genuine moisture 
stress. 

3. Strengthened Spatial–Temporal Coherence 

Both spatial mapping and time-series evaluation 
demonstrated a higher degree of coherence in the 
integrated index. 

Spatially, moisture-stress clusters appeared more 
organized, following expected topographic and land-use 
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gradients. 
Temporally, the index maintained a consistent downward 
slope across all regions once drought began, avoiding the 
erratic oscillations that characterized individual indicators. 

4. Consistent Pre-Visual Detection 

In every regional case, the integrated index provided 
detection prior to visible vegetation changes. 
Vegetation indices alone consistently lagged behind soil 
moisture decline and thermal stress. 

However, the integrated model registered anomalies 
early enough to enable proactive agricultural management 
decisions. 

5. Clear Separation Between Early and Mid-Stage 
Drought 

Another structural pattern involved differentiation 
between early onset and mid-stage drought. 

The integrated index exhibited two distinct phases: 

 an initial rapid deviation driven by hydrological or 
thermal anomalies, 

 followed by a more gradual decline associated 
with vegetation deterioration. 

This two-phase pattern was observed consistently 
across all study areas. 

6. Robustness Under Atmospheric Variability 

Atmospheric conditions—such as short-term 
precipitation events, temperature fluctuations, or 
temporary increases in humidity—affected individual 
indicators variably. 

Yet the integrated index remained resilient, quickly 
returning to its drought trajectory even when single-sensor 
indicators temporarily shifted toward normal conditions. 
This resilience reduced the likelihood of false recovery 
signals. 

7. Cross-Regional Transferability 

Across humid, semi-arid, and irrigated systems, the 
integrated index maintained comparable detection timing 
and structural behavior. 

Although the magnitude of anomalies varied, the 
underlying pattern of early deviation followed by sustained 
decline was geographically consistent. 

This demonstrates that the multi-sensor framework is 
adaptable and transferable across diverse agricultural 
landscapes. 

 

Conclusion 

This study demonstrates that the integration of multi-
sensor satellite indicators provides a reliable and 
transferable framework for detecting agricultural drought 
during its earliest developmental stages. By combining 
spectral, thermal, hydrological, and biophysical variables, 
the approach overcomes the limitations inherent in single-
sensor methods, which often fail to capture the subtle and 
asynchronous signals that characterize emerging moisture 
stress. The integrated index consistently responded earlier 

than vegetation-based, thermal-only, or soil-moisture-only 
indicators, revealing moisture deficits long before visible 
signs of crop deterioration became apparent. This early 
responsiveness is critical for agricultural decision-making, 
where timely interventions can significantly reduce yield 
losses and stabilize resource management strategies. 

Spatial analyses confirmed that the integrated index 
produces more coherent drought patterns than any 
individual indicator. Single-sensor maps frequently 
displayed fragmented or misleading stress patches due to 
sensor-specific noise or environmental confounders. In 
contrast, the integrated index produced cohesive spatial 
structures that corresponded closely with topographic 
gradients, irrigation patterns, and soil characteristics. These 
coherent patterns enabled more accurate interpretation of 
drought dynamics at both local and regional scales. The 
enhanced spatial stability also supports broader regional 
assessments, where consistent mapping is essential for 
identifying emerging stress zones across extensive 
agricultural areas. 

Temporal analyses further emphasized the robustness 
of the integrated approach. Across humid, semi-arid, and 
irrigated regions, the index consistently captured early 
deviations from baseline conditions, maintaining stability 
even under fluctuating atmospheric conditions. The ability 
of the model to absorb environmental noise and converge 
separate signals into a unified trajectory underscores its 
operational utility. The consistent two-phase drought 
structure—early hydrological or thermal deviation followed 
by vegetation decline—emerged across all study areas, 
highlighting the index’s capacity to reflect both rapid and 
slow drought processes. 

The sensitivity analysis revealed that although soil 
moisture and evapotranspiration exert the strongest 
influence on early-phase detection, the inclusion of thermal 
and spectral data is essential for maintaining stability, 
reducing false signals, and ensuring cross-regional 
applicability. This confirms that drought is a multi-
dimensional process requiring a multi-dimensional 
diagnostic approach. The integrated index’s performance 
across contrasting agro-ecological environments indicates 
that the proposed framework can be adapted for large-scale 
monitoring programs and may serve as a foundation for 
operational early-warning systems. 

Overall, the findings demonstrate that multi-sensor 
satellite integration represents a significant advancement in 
agricultural drought monitoring. By offering early, stable, 
and spatially coherent detection across diverse 
environments, the approach provides a scientific basis for 
improving risk management, resource allocation, and 
agricultural resilience in the face of increasing climatic 
variability. 
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