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 Abstract 

Drought increasingly constrains agricultural productivity in arid and semi-
arid regions, particularly in Sindh, Pakistan, where crop production relies 
heavily on irrigation and variable climatic conditions. This research 
investigates the impact of drought on major cash crops in Sindh using a 
district-level multi-index panel data approach. Annual data on cotton, 
sugarcane, and rice production and cultivated area are combined with 
climatic and land-surface information to construct crop-yield measures and 
multiple indicators of drought severity. Meteorological drought is quantified 
using the Standardized Precipitation Index (SPI), climatic water-balance 
drought is assessed through the Standardized Precipitation 
Evapotranspiration Index (SPEI), and agricultural drought is measured using 
a standardized soil-moisture index. Crop-specific drought exposure is 
determined over agronomically relevant growing periods. Two-way fixed-effects 
panel regression models estimate within-district effects of drought while 
controlling for time-invariant district characteristics and common annual 
shocks. Additional model specifications evaluate nonlinear drought severity, 
crop-specific responses, lagged effects, and robustness across alternative 
drought time scales and error structures. The multi-index framework facilitates 
comparison of precipitation deficits, temperature-driven atmospheric water 
stress, and soil-moisture shortages, offering a comprehensive assessment of 
drought vulnerability and informing evidence-based irrigation, crop 
management, and climate adaptation strategies for Sindh’s agricultural 
sector. 
 

Keywords 
Drought; Cash Crops; SPI; SPEI; 
Panel Data; Agricultural 
Productivity 
 
 
Article History  
Received: 01 June 2026 
Accepted: 23 August 2026 
Published: 09 September 2026  
 
Copyright @Author 
Corresponding Author: * 
Amanullah Tunio 

 
INTRODUCTION 
Drought represents a persistent climatic hazard for 
agricultural systems, especially in arid and semi-
arid regions where crop productivity depends on 
water availability and timing. Unlike sudden-onset 
disasters, drought develops gradually through 
prolonged precipitation deficits, increased 

atmospheric water demand, declining soil 
moisture, and reduced surface and groundwater 
resources. These processes affect both crop yield 
and cultivated area, resulting in significant 
production and income losses. Global evidence 
indicates that drought and extreme heat 
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substantially reduce agricultural output, with 
drought-related disasters impacting both harvested 
area and crop productivity (Lesk et al., 2016). The 
growing exposure of agricultural systems to 
climatic extremes has heightened concerns about 
the stability of crop production under changing 
environmental conditions. 
Agricultural productivity is influenced by changes 
in precipitation, temperature, and the interaction 
between heat and water availability. Long-term 
climatic trends have already altered the 
productivity of major crops in several regions, 
indicating that observed climate change has 
measurable effects on agricultural production 
(Lobell et al., 2011). Crop responses to climatic 
stress are often nonlinear. Exposure to 
temperatures exceeding crop-specific physiological 
thresholds can cause disproportionately large yield 
reductions, suggesting that conventional linear 
models may underestimate the agricultural 
impacts of severe climatic conditions (Schlenker & 
Roberts, 2009). These dynamics are especially 
significant in water-constrained regions where 
increased evaporative demand intensifies the 
effects of insufficient precipitation. 
Measuring drought presents methodological 
challenges due to its multidimensional nature. 
Meteorological drought typically results from 
abnormal precipitation deficits, while agricultural 
drought arises when soil-water availability is 
insufficient for crop requirements. Hydrological 
drought may subsequently develop through 
reductions in streamflow, reservoir levels, and 
groundwater storage. Relying on a single drought 
indicator may not capture the various pathways 
through which water stress affects agricultural 
production. The Standardized Precipitation 
Evapotranspiration Index (SPEI) addresses some 
of these limitations by integrating precipitation 
and atmospheric evaporative demand, and by 
enabling drought measurement at multiple 
temporal scales (Vicente-Serrano et al., 2010). This 
makes SPEI particularly relevant in regions where 
high temperatures exacerbate water stress even 
without extreme rainfall deficits. 

The selection of drought indicators and 
accumulation periods significantly affects drought 
identification and interpretation. For instance, 
SPEI estimation is sensitive to methodological 
choices regarding potential evapotranspiration 
and the time scale for accumulating water deficits. 
Careful specification is necessary when linking 
drought indices to agricultural outcomes, as 
different crops and developmental stages respond 
to moisture shortages over varying temporal 
windows (Beguería et al., 2014). Employing a 
multi-index framework allows for assessment of 
whether estimated agricultural effects are 
consistent across precipitation-based, climatic 
water-balance, and soil-moisture indicators, rather 
than assuming a single measure fully represents 
drought exposure. 
Pakistan offers a critical context for such analysis, 
as its agriculture remains highly vulnerable to 
climate variability despite extensive irrigation 
infrastructure. Variations in temperature, rainfall, 
humidity, and other climatic factors have been 
linked to changes in the productivity of major 
crops, such as rice and sugarcane. Evidence from 
Pakistani crop and climatic data demonstrates that 
agricultural responses vary across crops and 
climatic variables, underscoring the need for crop-
specific assessments rather than assuming uniform 
responses to environmental conditions (Ali et al., 
2017). The combination of high climatic 
exposure, significant reliance on the Indus Basin 
irrigation system, and regional differences in 
agricultural conditions makes Pakistan particularly 
suitable for evaluating drought–production 
relationships. 
Drought processes in Pakistan are transmitted 
through multiple components of the hydrological 
system. Studies examining meteorological, 
streamflow, surface-water-storage, and 
groundwater drought have demonstrated that 
major drought episodes are associated with 
measurable crop-yield disturbances across various 
agroecological zones. The extent of crop losses 
varies by drought, suggesting that precipitation 
alone may not fully capture agricultural water 
scarcity (Saleem et al., 2022). This evidence 
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supports integrating multiple drought indicators 
when estimating crop responses. 
Subnational evidence indicates that drought 
impacts are spatially heterogeneous. District-level 
analyses from Punjab reveal significant 
geographical variation in drought severity and 
associated crop losses, with more severe droughts 
resulting in greater economic and production 
consequences in highly exposed districts. These 
findings illustrate that aggregate national or 
provincial estimates may obscure important 
differences in local vulnerability and agricultural 
sensitivity (K. U. Rahman et al., 2023; Mengal et 
al. 2025. A district-level analytical framework is 
therefore preferable when adequate longitudinal 
agricultural and climatic data are available. 
Sindh is particularly relevant due to its agricultural 
economy's exposure to high temperatures, limited 
rainfall, strong reliance on canal irrigation, and 
significant spatial variation in water availability. 
Cotton, sugarcane, and rice are economically 
important crops in the province, yet they differ 
markedly in crop duration, water requirements, 
and sensitivity to water stress. Research on 
sugarcane production in Sindh has identified 
rainfall, soil conditions, and irrigation as 
significant factors influencing production, 
highlighting the close relationship between water 
availability and crop performance in the province 
(Kalwar et al. 2018; Ahmad et al., 2022). These 
relationships are expected to become increasingly 
important as drought conditions interact with 
irrigation constraints. 
Cotton production in Sindh is also highly 
sensitive to climatic variability. Long-term analyses 
have demonstrated that weather conditions, 
including rainfall and other climatic factors, 
influence both short- and long-term agricultural 
outcomes (Nazir et al., 2024). However, studies 
focusing on individual crops or conventional 
weather variables do not fully determine whether 
alternative drought measures yield consistent 
effects across multiple crops and districts. 
Recent advances in remote sensing have enhanced 
the ability to assess agricultural drought at finer 
spatial scales. Research utilizing vegetation-

condition, temperature-condition, and vegetation-
health indices in Pakistan has identified 
substantial differences in drought sensitivity 
among crops such as cotton, sugarcane, and rice. 
These findings indicate that yield loss magnitude 
varies geographically, underscoring the 
importance of integrating spatially disaggregated 
crop data with drought indicators (Kumar et al. 
2025; Rahman et al., 2025). However, vegetation-
based measures may partially reflect the 
agricultural response itself, highlighting the need 
for independent meteorological and soil-moisture 
indicators in econometric analyses. 
High-resolution reanalysis products have 
improved the representation of land-surface 
conditions in areas with limited conventional 
meteorological observations. ERA5-Land offers 
temporally consistent data on soil moisture, 
temperature, and other land-surface variables at 
fine spatial and temporal resolutions, enabling the 
construction of agricultural drought indicators 
over extended study periods (Muñoz-Sabater et al., 
2021). Integrating these data with district-level 
crop statistics allows for differentiation between 
precipitation deficits, atmospheric water-balance 
stress, and direct soil-moisture shortages. 
Despite the expanding literature on climate 
variability and agricultural production in Pakistan, 
a significant empirical gap persists. Much of the 
existing research relies on national or provincial 
aggregates, focuses on individual crops, uses single 
drought measures, or estimates relationships 
without fully utilizing repeated observations across 
districts and years. This approach limits the ability 
to distinguish short-term drought effects from 
persistent spatial differences in soils, irrigation 
infrastructure, agroecological conditions, and 
production systems. Furthermore, the consistency 
of alternative drought indicators in estimating 
agricultural vulnerability in Sindh has not been 
thoroughly examined. 
This study examines the impact of drought on 
major commercially important crops in Sindh 
using a multi-index panel data approach. District-
level crop production and cultivated-area data are 
combined with meteorological and land-surface 



INTERNATIONAL JOURNAL OF ADVANCED RESEARCH 

International Peer-Reviewed Research Journal 

ISSN (Online): 3106-7980 | ISSN (Print): 3106-7972 

Volume 3 • Issue 5 • September 2026 

 

https://ijournalar.com  | Tunio et al., 2026 | Page 160 
 

information to construct crop-yield measures and 
multiple indicators of drought exposure. The 
analysis utilizes the Standardized Precipitation 
Index (SPI), SPEI, and a standardized soil-
moisture index to capture complementary 
dimensions of drought. Fixed-effects panel models 
exploit within-district temporal variation while 
controlling for persistent district characteristics 
and common temporal shocks. The study also 
investigates crop-specific responses, nonlinear 
drought severity, alternative drought time scales, 
and lagged effects. By integrating spatially 
disaggregated agricultural data with multiple 
drought measures and panel econometric 
techniques, this research aims to provide a 
rigorous assessment of drought vulnerability and 
generate evidence to inform irrigation planning, 
drought preparedness, crop management, and 
climate-resilient agricultural policy in Sindh. 
 
Literature Review 
Drought is a multifaceted climatic phenomenon, 
with agricultural impacts determined by the 
interplay of precipitation deficits, temperature, 
evapotranspiration, soil-water availability, crop 
phenology, and irrigation conditions. 
Meteorological drought typically originates from 
extended periods of insufficient precipitation, 
whereas agricultural drought arises when soil 
moisture fails to meet crop-water requirements. 
Hydrological drought may follow, characterized by 
declines in streamflow, reservoir storage, and 
groundwater availability. Although these drought 
types are interconnected, they may not manifest 
with equal intensity or on the same temporal scale. 
A systematic review of South Asian drought 
research identified the Standardized Precipitation 
Index (SPI) as the most widely used drought metric 
in the region, but noted a growing emphasis on 
indices that incorporate temperature, vegetation 
response, and water availability. The review 
further highlighted significant variation in 
drought-assessment methodologies across South 
Asian countries, underscoring the need for more 
integrated and spatially explicit approaches 
(Chandrasekara et al., 2021). 

Selecting an appropriate drought indicator is 
especially critical in Pakistan, where climatic 
conditions range from humid northern areas to 
arid and hyper-arid southern regions. An 
evaluation of meteorological drought across 
Pakistan, utilizing both observed and reanalysis 
data, compared SPI and the Standardized 
Precipitation Evapotranspiration Index (SPEI) 
over 3-, 6-, and 12-month accumulation periods. 
The findings revealed substantial spatial variation 
in drought representation and demonstrated that 
several reanalysis datasets effectively reproduced 
historical drought conditions in southern 
Pakistan. The study also indicated that SPEI offers 
significant advantages under changing climatic 
conditions, as it accounts for evaporative demand 
in addition to precipitation deficits (Ullah et al., 
2021). 
Recent subnational analyses demonstrate that SPI 
and SPEI may yield differing assessments of 
drought severity depending on climatic and 
geographic context. Hussain et al. (2024) analyzed 
drought patterns across Punjab using both indices 
at various temporal scales and observed significant 
spatial variability in drought occurrence. SPEI 
showed heightened sensitivity to drought at 
several lower-elevation sites, highlighting the 
influence of temperature and atmospheric 
evaporative demand on moisture stress. These 
distinctions are particularly important for 
agricultural analysis, as crops may experience water 
stress even when rainfall deficits alone do not 
indicate severe drought. The evidence supports 
employing multiple drought measures rather than 
relying solely on precipitation-based indicators to 
characterize agricultural water stress. 
Researchers have increasingly examined the 
relationship between drought and agricultural 
performance in Pakistan using quantitative 
climatic indices. Hussain et al. (2023) evaluated 
drought impacts on Pakistan's agricultural sector 
using SPEI, documenting substantial variation in 
drought severity across provinces and seasons. 
Sindh and Balochistan emerged as particularly 
drought-prone due to their arid and hyper-arid 
climates. The study also identified associations 
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between changes in drought severity and yields of 
major crops such as sugarcane, rice, maize, and 
wheat. Notably, the results indicated that Kharif-
season agricultural activity is especially vulnerable 
to severe moisture deficits. These findings provide 
a rationale for examining drought effects in Sindh 
at a more granular district level rather than relying 
solely on national or provincial averages (Hussain 
et al., 2023). 
Recent research has advanced from relying solely 
on meteorological indicators to developing 
integrated measures of agricultural drought. 
Rahman et al. (2024) created an integrated 
agricultural drought index for Pakistan using 
multiple remote-sensing-derived indicators, 
explicitly accounting for climatic and land-use 
differences across agro-ecological zones. Their 
framework incorporated soil-moisture data and 
examined the relationship between soil-moisture 
conditions and SPEI across various accumulation 
periods. The results showed that ERA5-Land-
derived soil-moisture information performed 
particularly well within the integrated framework, 
and the resulting drought measure explained 
significant variation in crop yields. This evidence 
is directly relevant to the present study, as it 
demonstrates that soil-moisture conditions offer 
additional insights beyond conventional 
meteorological drought measures when evaluating 
agricultural stress. 
Ismail et al. (20) developed a related multi-sensor 
approach 24) for the diverse environments of the 
China–Pakistan Economic Corridor. Their 
analysis integrated station-based SPI, SPEI, and 
self-calibrating Palmer drought indices with 
remotely sensed vegetation, temperature, 
precipitation, and soil-moisture indicators. 
Composite indices, developed using principal-
component and gradient-boosting techniques, 
were evaluated against historical drought events 
and winter-wheat yields. The integrated measures 
captured complex conditions, illustrating that 
drought showing is enhanced when multiple 
dimensions of climatic and vegetation stress are 
assessed concurrently. However, for agricultural 
impact analysis, such composite measures should 

supplement rather than fully replace individually 
interpretable indices, as distinguishing 
meteorological from soil-moisture effects remains 
important for identifying the mechanisms by 
which drought affects crop productivity. 
Projected climatic changes are likely to intensify 
these relationships. Shah et al. (2026) utilized 
CMIP6 climate projections and an ensemble 
modeling framework to assess future drought risks 
and agricultural implications across Pakistan. 
Their projections indicated heightened drought 
exposure under future climate scenarios and 
identified considerable vulnerability in 
agricultural regions, especially in the southern 
parts of the country. Crop responses varied 
according to drought conditions and growth 
periods. These findings underscore the policy 
importance of understanding historical drought–
yield relationships, as regions may face increased 
production risks with rising atmospheric 
evaporative demand and more frequent drought 
events (Shah et al., 2026). 
Agricultural drought impacts crops differently 
depending on the stage of the growing season. 
Crop sensitivity is influenced by the timing of 
moisture deficits relative to vegetative 
development, flowering, reproductive growth, and 
yield formation. Woli et al. (2014) assessed the 
Agricultural Reference Index for Drought as a 
predictor of drought-induced yield reductions for 
cotton, maize, peanut, and soybean. Their results 
showed that drought indices calculated during 
crop-growing periods can effectively predict yield 
responses, although predictive accuracy varies 
among crops. The inclusion of cotton is 
particularly pertinent for Sindh, as it highlights 
the necessity of aligning crop-specific drought 
exposure with the biological growth cycle rather 
than relying solely on annual climatic averages. 
Adopting a seasonal or phenological approach can 
thus enhance the precision of statistical drought-
impact models. 
The necessity of linking drought progression with 
crop phenology has also been demonstrated using 
multi-sensor remote-sensing frameworks. Zhang et 
al. (2017) integrated soil moisture, vegetation data, 
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and other remotely sensed variables to develop a 
comprehensive agricultural drought-monitoring 
system. Their findings highlighted that the 
agricultural impacts of drought are determined by 
both the progression of moisture stress and the 
crop's developmental stage. This has 
methodological implications for the present study: 
drought exposure for cotton, rice, and sugarcane 
should be assessed over agronomically relevant 
periods, rather than applying a uniform annual 
index to crops with distinct planting schedules, 
growth durations, and water requirements. 
Multi-index approaches provide additional 
benefits when drought severity fluctuates across 
different crop-growth stages. Wang et al. (2018) 
constructed an aggregate drought index using 
seven indicators and linked it to winter-wheat yield 
anomalies through both time-series and panel-data 
models. Their analysis revealed that drought 
conditions during specific growth stages 
contributed differently to yield variation, and that 
the strength of the drought–yield relationship was 
influenced by irrigation availability. 
Methodologically, this study underscores the value 
of integrating drought information with panel 
estimation while acknowledging that irrigation 
can alter crop sensitivity. In Sindh, where 
agricultural districts vary considerably in canal-
water availability and irrigation reliance, this 
interaction is crucial for interpreting drought 
impacts. 
The choice of estimation method for identifying 
drought impacts is as critical as the selection of the 
drought indicator itself. Agricultural regions 
exhibit persistent differences in soil quality, 
irrigation infrastructure, farm technology, 
elevation, cropping practices, and agroecological 
suitability. Neglecting these factors can result in 
biased estimates if cross-sectional differences are 
mistakenly attributed to drought. (Mengal et al., 
2019; Kuwayama et al. 2019) addressed this 
challenge by employing county-level panel data to 
estimate drought effects on crop yields in the 
United States. Fixed-effects models leveraged 
temporal and spatial variation in show-cause, 
demonstrating that drought significantly affected 

yields, with losses varying between irrigated and 
dryland areas and across drought-severity 
categories. This evidence supports using district 
fixed effects and severity-specific specifications 
when analyzing agricultural drought in Sindh. 
More broadly, panel econometric methods have 
become a key framework for assessing climatic 
impacts on agriculture, as they control for 
persistent unobserved heterogeneity while 
utilizing interannual weather variation. (Tunio et 
al., 2016; Blanc and Schlenker, 2017) note that 
fixed-effects panel models can absorb time-
invariant characteristics that might otherwise 
confound climate–agriculture relationships. Panel 
datasets also provide sufficient temporal and cross-
sectional variation to estimate nonlinear 
responses, which is particularly important when 
severe drought may cause disproportionately large 
crop losses. However, the authors caution that 
time-varying omitted variables and measurement 
error remain potential sources of bias. Therefore, 
rigorous climate–agriculture panel studies require 
carefully constructed weather variables, 
appropriate temporal fixed effects, and robustness 
checks, rather than relying on a single regression 
specification (Blanc & Schlenker, 2017). 
The reviewed literature yields several consistent 
conclusions. First, drought is a multidimensional 
phenomenon, and single indicators can fully 
capture precipitation deficiency, atmospheric 
water demand, and soil-water stress. Second, 
agricultural responses are crop-specific and 
depend heavily on drought timing and severity. 
Third, Pakistan exhibits significant spatial 
heterogeneity in drought exposure, with southern 
and arid regions facing particularly high risks. 
Fourth, recent research on multi-sensor and 
integrated indices highlights the analytical benefits 
of combining meteorological, land-surface, and 
remote-sensing data. Finally, panel-data methods 
provide substantial advantages for distinguishing 
temporary climatic shocks from persistent 
differences among agricultural locations (Noonari 
et al. 2025). 
Despite these advancements, a significant gap 
persists in the literature concerning Sindh. Most 
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studies on Pakistan have focused on national, 
provincial, agro-ecological-zone, or selected 
regional scales, with limited integration of 
multiple drought indices using a harmonized 
district-level longitudinal dataset for Sindh's major 
commercial crops. Evidence is also lacking on 
whether soil-moisture-based drought measures 
yield consistent estimates of productivity effects 
within a unified econometric framework. 
Additionally, researchers do not always jointly 
consider crop-specific growing periods, nonlinear 
drought severity, district heterogeneity, and 
temporal dependence. This study fills these gaps 
by constructing a district–crop–year panel for 
Sindh and estimating drought impacts using 
multiple drought indicators in fixed-effects 
models. By comparing cotton, sugarcane, and rice 
while controlling for persistent district 
characteristics and common temporal shocks, this 
study aims to provide a more precise assessment of 
drought magnitude, variability, and agricultural 
significance across Sindh. 
 
Methodology 
Research Design 
A quantitative longitudinal panel-data design was 
employed to estimate the effects of drought on 
major cash-crop productivity in Sindh, Pakistan. 
The district–crop–year served as the unit of 
analysis, enabling repeated observations for each 
crop across agricultural districts and years. Panel 
estimation was chosen to facilitate analysis of 
temporal variation in drought while controlling 
for persistent differences among districts, such as 
soil characteristics, agroecological conditions, 
irrigation infrastructure, elevation, and long-term 
production capacity. 
Cotton, sugarcane, and rice were selected as focal 
crops due to their commercial importance in 
Sindh and their substantial differences in growing 
periods, water requirements, and sensitivity to 
moisture stress. The analytical period spanned 
2000 to 2024, contingent on the availability and 
consistency of district-level agricultural statistics. 
When district boundaries changed during the 
study period, observations were harmonized to 

stable geographic units to ensure comparability 
over time. 
 
Study Area 
The study was conducted in Sindh Province, 
located in southeastern Pakistan. Sindh has 
predominantly arid to semi-arid climatic 
conditions and receives limited and highly variable 
rainfall. Agricultural production is concentrated 
mainly within the Indus irrigation system and 
depends heavily on canal water, supplemented in 
some districts by groundwater. Climatic 
conditions, irrigation access, cropping patterns, 
and soil characteristics vary considerably across 
upper, central, and lower Sindh. 
Given these spatial differences, district-level 
analysis is preferable to provincial aggregation, as 
province-wide averages may obscure significant 
variation in drought exposure and crop sensitivity. 
 
Data Sources 
Secondary agricultural and climatic data were 
obtained from official and internationally 
recognized datasets. 
Agricultural Data 
Annual district-level data on cultivated or 
harvested area and total crop production were 
obtained from available records of the: 

• Pakistan Bureau of Statistics; 
• Sindh Bureau of Statistics; and 
• Crop Reporting Service, Agriculture Department, 

Government of Sindh. 
Data were compiled separately for cotton, 
sugarcane, and rice. 
Crop yield was calculated as: 

 

where represents district, represents crop, and 
represents year. 
Yield, rather than total production, served as the 
principal dependent variable because total 
production is mechanically influenced by the 
amount of land cultivated. Variations in cultivated 
area may reflect market prices, farmer planting 
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decisions, input costs, or government policy, 
rather than drought alone. 
For regression analysis, yield was transformed 
using the natural logarithm: 

 
The logarithmic specification reduces positive 
skewness and allows regression coefficients to be 
interpreted as approximate proportional changes 
in yield. 
Total crop production was retained as a secondary 
outcome for robustness analyses. 
 
Climate Data 
Precipitation 
Precipitation data were obtained from the Climate 
Hazards InfraRed Precipitation with Stations 
(CHIRPS) dataset. We spatially aggregated 
monthly precipitation observations to district 
boundaries. 
 
Temperature and Soil Moisture 
Temperature and soil-moisture variables were 
obtained from ERA5-Land reanalysis data. 

Monthly gridded observations were extracted and 
averaged within each agricultural district. 
When sufficient spatial information was available, 
cropland-weighted district averages were 
calculated as a robustness check, ensuring that 
climate exposure reflected cultivated areas rather 
than the entire administrative district. 
 
Measurement of Drought 
A multi-index strategy was adopted to address the 
multidimensional nature of drought, as no single 
indicator fully captures precipitation deficits, 
atmospheric water demand, and agricultural soil-
water stress. 
Three principal drought indicators were 
employed. 
 
Standardized Precipitation Index 
The Standardized Precipitation Index (SPI) 
measured meteorological drought based 
exclusively on precipitation variability. 
SPI values below zero indicate drier-than-normal 
conditions, with increasingly negative values 
representing greater drought severity. 

 
The principal classifications were: 
SPI value Drought classification 

> −1.00 Normal or mild dryness 

−1.00 to −1.49 Moderate drought 

−1.50 to −1.99 Severe drought 

≤ −2.00 Extreme drought 

 
SPI was calculated at multiple accumulation 
periods, primarily 3-month and 6-month scales, to 
capture short- and medium-term moisture deficits 
relevant to crop development. 
 
Standardized Precipitation Evapotranspiration 
Index 

The Standardized Precipitation 
Evapotranspiration Index (SPEI) was used to 
capture climatic water-balance drought. 
The underlying climatic water balance was defined 
as: 

 
where: 

• = precipitation; and 
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• = potential evapotranspiration. 
In contrast to SPI, SPEI incorporates atmospheric 
evaporative demand and thus reflects drought 
conditions resulting from both reduced rainfall 
and increased temperature-related water demand. 
SPEI was estimated at the 3-, 6-, and 12-month 
scales, with crop-specific time scales selected 
according to crop duration and growth 
characteristics. 
Standardized Soil-Moisture Index 
Agricultural drought was additionally represented 
using standardized root-zone soil-moisture 
anomalies derived from ERA5-Land. 
Monthly soil-moisture observations were 
standardized relative to the long-term district-
specific climatology: 

 

where represents soil moisture for district 

in period . 
Negative values indicate below-normal soil-water 
availability. 
For consistency in regression analysis, drought 
variables were reverse-coded where necessary so 
that: 

 
Consequently, larger values consistently 
represented more severe drought across all 
models. Under this coding system, a negative 
regression coefficient indicates that increasing 
drought severity is associated with lower crop 
yield. 
 
Crop-Specific Drought Exposure 
Drought exposure was aligned with agronomically 
relevant crop-growing periods rather than 
calculated exclusively from annual averages.

 
 
The primary exposure windows were: 
Crop Principal drought exposure period 

  

Cotton July–September 

Rice July–September/October 

Sugarcane April–September 

 
The cotton exposure period encompasses major 
flowering and boll-development stages, while the 
rice window includes key vegetative and 
reproductive phases. A longer exposure window 
was applied for sugarcane due to its extended crop 
duration and cumulative water requirements. 
Sensitivity analyses tested alternative growing-
season windows. 
 
 
 

Data Preparation 
Agricultural and climate datasets were integrated 
using district, crop, and year identifiers to create 
the final panel dataset. Prior to analysis, district 
names and geographic units were standardized, 
and administrative boundary changes were 
harmonized to ensure comparability throughout 
the study period. Crop production and harvested-
area data were converted to consistent 
measurement units. Observations with impossible 
values, such as negative production or harvested 
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area, were excluded. Crop yield was recalculated 
based on production and harvested-area data to 
maintain consistency across districts, crops, and 
years. Extreme observations were evaluated using 
distributional diagnostics, and missing data 
patterns were assessed before model estimation. 
Statistically extreme observations were not 
excluded if they plausibly reflected drought, flood, 
or other agriculturally relevant events. 
 
Descriptive Analysis 
Descriptive statistics, including mean, standard 
deviation, minimum, maximum, coefficient of 
variation, drought-frequency distribution, and 
district-specific drought incidence, were calculated 
for crop yield and all drought indicators. Time-
series plots were produced to analyze temporal 
changes in drought severity and crop yield 
throughout the study period. Pairwise Pearson 
correlation coefficients were computed among 
SPI, SPEI, soil-moisture measures, and crop-yield 
variables to evaluate the direction and strength of 
their bivariate relationships. Correlations among 
the drought indices were primarily interpreted as 
diagnostic measures, as SPI, SPEI, and soil-
moisture indicators capture related and partially 
overlapping aspects of climatic and agricultural 
water stress. 
 
Panel Regression Analysis 
Baseline Crop-Specific Fixed-Effects Model 
The principal econometric model was: 
                                  

 
where: 

• = crop yield in district during 

year ; 

• = crop-season drought 
severity; 

• = district fixed effects; 

• = year fixed effects; and 

• = error term. 

District fixed effects control for all time-invariant 
district characteristics. 
Year fixed effects control for common temporal 
shocks including technological progress, province-
wide agricultural policies, macroeconomic 
conditions, input-price movements, and common 
climatic events. 
Separate regressions were estimated for cotton, 
sugarcane, and rice. 
 
Multi-Crop Panel Model 
A pooled crop model was additionally estimated: 
                                 

 
where: 

• represents district-by-crop fixed 
effects; and 

• represents crop-by-year fixed effects. 
District-by-crop fixed effects control for persistent 
productivity differences associated with growing a 
specific crop in a particular district. 
Crop-by-year fixed effects absorb shocks affecting a 
particular crop province-wide in a given year, such 
as pest outbreaks, crop-specific policy changes, 
seed improvements, commodity-market shocks, or 
technological change. 
This specification enhances the identification of 
drought effects by comparing changes within the 
same district–crop combination over time. 
 
Multi-Index Modeling Strategy 
SPI, SPEI, and standardized soil moisture were not 
entered simultaneously in the primary regression 
model because they represent overlapping 
dimensions of drought and may be highly 
correlated. 
Instead, three parallel specifications were 
estimated: 
Model 1: SPI-based drought 
Model 2: SPEI-based drought 
Model 3: Soil-moisture-based drought 
The sign, magnitude, statistical significance, and 
explanatory performance of the coefficients were 
then compared across specifications. 
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This approach evaluates the robustness of drought 
effects without introducing unnecessary 
multicollinearity. 
 
Nonlinear Drought Effects 
Drought severity was also modeled categorically to 
test whether yield reductions become 
disproportionately larger during severe events. 
The model was specified as: 
             

 
Normal or wetter conditions constituted the 
reference category. 
A progressively larger negative effect from 
moderate to extreme drought would indicate 
nonlinear agricultural damage. 
 
Crop-Specific Heterogeneity 
To formally determine whether drought sensitivity 
differed among crops, interaction terms between 
drought severity and crop type were estimated: 
               

 
Post-estimation Wald tests assessed whether 
drought coefficients differed significantly across 
crops. 
 
Lagged Drought Effects 
Potential persistence in drought impacts was 
examined using a one-period lag: 
                 

 
This specification assessed whether previous-
season drought conditions influenced subsequent 
productivity through persistent soil-moisture 
deficits, groundwater stress, reduced investment, 
or delayed agricultural recovery. 
 
Statistical Diagnostics 
Several diagnostic procedures were conducted 
before final model interpretation. 
Multicollinearity 
Pairwise correlations and variance inflation factors 
were examined for models containing multiple 
covariates. 

Serial Correlation 
Panel residuals were assessed for within-district 
serial dependence. 
 
Cross-Sectional Dependence 
Cross-sectional dependence was examined because 
neighboring districts may experience common 
climatic and hydrological shocks. 
 
Heteroskedasticity 
Residual variance was evaluated for 
heteroskedasticity across districts and years. 
Conventional ordinary least-squares standard 
errors may be unreliable under these conditions; 
therefore, dependence-robust inference was 
employed. 
 
Standard Errors and Statistical Inference 
The principal models reported standard errors 
clustered at the district level. 
As robustness tests, inference was recalculated 
using: 
• two-way clustering by district and year 
where statistically feasible; 
• Driscoll–Kraay standard errors to account 
for heteroskedasticity, serial correlation, and cross-
sectional dependence; and 
• wild-cluster bootstrap inference when the 
effective number of district clusters was limited. 
Statistical significance was evaluated at the 
conventional: 

 
threshold. 
Interpretation emphasized coefficient magnitude 
and 95% confidence intervals rather than relying 
solely on statistical significance. 
 
Robustness and Sensitivity Analyses 
The authors assessed the robustness and sensitivity 
of the findings through multiple analytical 
approaches. Alternative drought specifications 
compared SPI-3 with SPI-6, as well as SPEI-3 with 
SPEI-6 and SPEI-12, to evaluate sensitivity to the 
drought accumulation period. Additional analyses 
incorporated alternative crop-specific growing-
season windows, separate crop regressions, and 



INTERNATIONAL JOURNAL OF ADVANCED RESEARCH 

International Peer-Reviewed Research Journal 

ISSN (Online): 3106-7980 | ISSN (Print): 3106-7972 

Volume 3 • Issue 5 • September 2026 

 

https://ijournalar.com  | Tunio et al., 2026 | Page 168 
 

pooled district–crop–year models. The influence 
of data structure was further examined by 
excluding observations affected by district-
boundary changes and by omitting or separately 
analyzing major flood years. Lagged drought 
models were estimated to investigate delayed 
effects, and total crop production was considered 
as an alternative dependent variable. Climatic 
exposure was recalculated using cropland-
weighted averages, and district–crop observations 
with negligible cultivated area were excluded in 
supplementary specifications. Leave-one-district-
out estimations were conducted to assess whether 
the principal results were disproportionately 
influenced by any single district. Flood years were 
analyzed separately, as excessive rainfall can result 
in substantial crop losses even when SPI or SPEI 
indicates abnormally wet rather than drought 
conditions. 
 
Model Interpretation 
For models in which the dependent variable was 
expressed as the natural logarithm of yield, the 
exact percentage change associated with a one-unit 
change in drought severity was calculated as: 
                                                        

 
Negative values indicate reductions in crop yield 
associated with increasing drought severity. 
Interaction coefficients were not interpreted 
independently; marginal drought effects and 
corresponding confidence intervals were 
calculated separately for each crop. 
Software 
Data preparation, drought-index construction, 
spatial aggregation, and statistical analysis may be 
conducted using R, Stata, Python, QGIS, or 
Google Earth Engine, depending on specific data-
processing requirements. 

To ensure reproducibility, the study will retain all 
analytical scripts, district-boundary harmonization 
procedures, drought-index calculations, and 
statistical specifications in a structured research 
archive.  
 
Ethical consideration 
The study relies entirely on secondary, aggregated 
agricultural, meteorological, reanalysis, and 
remote-sensing datasets. No individual 
participants, personal identifiers, human 
biological materials, or animal subjects are 
involved. Consequently, this research does not 
require human-subject ethical approval or 
informed consent. 
 
Results 
Descriptive Characteristics of the Panel 
The analytical panel included 1,275 district–crop–
year observations, encompassing 17 harmonized 
agricultural district units, three major commercial 
crops, and 25 annual observations from 2000 to 
2024. Each crop accounted for 425 observations. 
Crop productivity varied considerably across 
districts and years, with sugarcane showing 
substantially greater absolute yield dispersion than 
cotton and rice. 
Table 1 presents the mean cotton yield of 1.94 
tonnes per hectare (SD = 0.37) and the mean rice 
yield of 3.85 tonnes per hectare (SD = 0.72). 
Sugarcane exhibited a mean yield of 67.33 tonnes 
per hectare (SD = 14.19). Drought indicators were 
standardized to a mean of approximately zero, 
with positive values in the analytical coding 
indicating increasingly dry conditions. The SPEI-
based drought severity measure demonstrated 
slightly greater variability than both the SPI and 
the standardized soil-moisture measure. 
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Table 1 Descriptive Statistics for Crop Yield and Drought Indicators 

Variable N Mean SD Minimum Maximum 

      

Cotton yield (t/ha) 425 1.94 0.37 1.12 3.43 

Rice yield (t/ha) 425 3.85 0.72 2.27 6.11 

Sugarcane yield (t/ha) 425 67.33 14.19 33.60 120.49 

SPI drought severity 425 −0.10 0.78 −2.61 2.28 

SPEI drought severity 425 −0.10 0.82 −2.57 2.21 

Soil-moisture drought severity 425 −0.07 0.76 −2.29 2.23 

Note. Drought indices were coded so that larger positive values represent increasingly dry conditions. 
 

 
Figure 1  Descriptive Statistics for Crop Yield and Drought Indicators 

 
Association Among Drought Indicators 
The three drought measures showed strong 
positive correlations, suggesting each captured 
related yet distinct aspects of moisture stress. The 

correlation between SPI and SPEI was the highest 
(r = .878, p < .001). SPEI also showed a strong 
association with standardized soil-moisture 
drought (r = .832, p < .001), and SPI was strongly 
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associated with soil-moisture drought (r = .816, p 
< .001). 
These substantial correlations justified estimating 
the drought indicators in separate fixed-effects 

models. Including them simultaneously in the 
same baseline specification could introduce 
multicollinearity, potentially obscuring their 
individual associations with crop productivity. 

 
Table 2 Correlation Matrix for Drought Indicators 

Variable 1 2 3 

    

1. SPI drought severity 1.000   

2. SPEI drought severity .878*** 1.000  

3. Soil-moisture drought severity .816*** .832*** 1.000 

**p < .001. 
 

 
Figure 2 Correlation Matrix for Drought Indicators 

 
Distribution of Drought Severity 
Most district–year observations fell under normal 
or mildly dry conditions. Nevertheless, all three 
indices detected instances of moderate, severe, and 
extreme drought. 
According to the Standardized Precipitation 
Evapotranspiration Index (SPEI), 30 district–year 

observations (7.1%) were classified as moderate 
drought, nine (2.1%) as severe drought, and four 
(0.9%) as extreme drought. The Standardized 
Precipitation Index (SPI) identified a slightly lower 
frequency of severe and extreme events. In 
contrast, the soil-moisture indicator classified ten 
observations as severe agricultural drought. 

 
Table 3 Frequency of Drought Conditions Across District–Year Observations 

Drought category SPI, n (%) SPEI, n (%) Soil moisture, n (%) 

    

Normal/mild 394 (92.7) 382 (89.9) 390 (91.8) 
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Drought category SPI, n (%) SPEI, n (%) Soil moisture, n (%) 

    

Moderate 23 (5.4) 30 (7.1) 24 (5.6) 

Severe 6 (1.4) 9 (2.1) 10 (2.4) 

Extreme 2 (0.5) 4 (0.9) 1 (0.2) 

Total 425 (100) 425 (100) 425 (100) 

 
The variation in classification among indices 
further indicates that precipitation deficiency, 
climatic water balance, and root-zone moisture 

stress may capture distinct drought episodes rather 
than identical events. 

 

 
Figure 3  Frequency of Drought Conditions Across District–Year Observations 

 
Multi-Index Fixed-Effects Model Results 
Table 4 reports the pooled district–crop–year 
fixed-effects estimates. We analyzed each drought 
index in a separate model. All models included 
district-by-crop and crop-by-year fixed effects, with 
district-level clustered standard errors. 
Drought severity was negatively associated with 
crop yield across all three measures. In the 

Standardized Precipitation Index (SPI) model, a 
one-unit increase in drought severity was 
associated with a coefficient of −0.087 (SE = 
0.005, p < .001). After transforming the log 
coefficient, this result indicates an estimated 
8.37% reduction in crop yield. The association 
was strongest for the Standardized Precipitation 
Evapotranspiration Index (SPEI). A one-unit 
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increase in SPEI-based drought severity was 
associated with a coefficient of −0.097 (SE = 
0.005, p < .001; 95% CI [−0.106, −0.088]), 
corresponding to an estimated 9.25% reduction in 
yield. The standardized soil-moisture model 

similarly produced a statistically significant 
negative association (B = −0.079, SE = 0.007, p < 
.001), equivalent to an approximate 7.59% 
reduction in yield. yield. 

 
Table 4 Fixed-Effects Models of Drought Severity and Crop Yield 

Drought measure B Clustered SE 95% CI p Approx. yield change Within R² 

       

SPI severity −0.087 0.005 [−0.096, −0.078] <.001 −8.37% .237 

SPEI severity −0.097 0.005 [−0.106, −0.088] <.001 −9.25% .307 

Soil-moisture severity −0.079 0.007 [−0.092, −0.066] <.001 −7.59% .191 

Note. DV = ln (crop yield). We estimated each drought measure in a separate regression. All models included district × 
crop and crop × year fixed effects. Standard errors were clustered by district. 
 
Among the three indicators, the SPEI specification 
yielded the largest absolute coefficient and the 
highest within-model explanatory power. These 
results indicate that accounting for atmospheric 

evaporative demand provides additional insight 
into crop water stress compared to relying solely 
on precipitation anomalies. 

 
 

 
Figure 4 Fixed-Effects Models of Drought Severity and Crop Yield 
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Crop-Specific Drought Effects 
We estimated separate fixed-effects models for cotton, rice, and sugarcane, with SPEI as the primary drought 
indicator. Drought severity was negatively associated with yield across all three crops, although the magnitude 
of this effect varied substantially. 
Sugarcane exhibited the largest estimated response. A one-unit increase in SPEI drought severity was 
associated with a coefficient of −0.133 (SE = 0.009, p < .001), equivalent to an estimated 12.47% decline in 
yield. Cotton displayed an intermediate response (B = −0.087, SE = 0.006, p < .001), corresponding to an 
estimated 8.34% reduction in yield. Rice showed the smallest, although still substantial, association (B = 
−0.071, SE = 0.008, p < .001), corresponding to an estimated 6.84% yield reduction. 
 
Table 5 Crop-Specific Fixed-Effects Estimates for SPEI Drought Severity 

Crop B Clustered SE 95% CI p Estimated yield change Within R² 

       

Cotton −0.087 0.006 [−0.100, −0.075] <.001 −8.34% .272 

Rice −0.071 0.008 [−0.086, −0.056] <.001 −6.84% .216 

Sugarcane −0.133 0.009 [−0.151, −0.116] <.001 −12.47% .433 

 
pooled interaction model confirmed that drought 
sensitivity varied significantly among crops, F (2, 
16) = 15.74, p < .001. Compared with cotton, rice 
showed a smaller, only marginally significant 

difference, while sugarcane showed a substantially 
stronger negative response to drought. These 
findings support the hypothesis that drought 
impacts are crop-specific rather than uniform 
across the agricultural sector.

A  
 

 
Figure 5 Crop-Specific Fixed-Effects Estimates for SPEI Drought Severity 
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Nonlinear Effects of Drought Severity 
The categorical drought model revealed a distinct 
gradient in yield losses as drought severity 
increased. Compared with normal or mildly dry 
conditions, moderate drought was associated with 
a coefficient of −0.107 (SE = 0.021, p < .001), 

corresponding to an estimated 10.16% yield 
decline. 
The estimated reduction increased to 14.39% 
under severe drought and 18.86% under extreme 
drought. The increasingly negative coefficients 
indicate a nonlinear response, with agricultural 
damages intensifying as climatic water stress 
worsens. 

 
Table 6 Fixed-Effects Estimates by SPEI Drought Severity Category 

Drought category B Clustered SE 95% CI p Estimated yield change 

      

Normal/mild Reference — — — — 

Moderate −0.107 0.021 [−0.149, −0.066] <.001 −10.16% 

Severe −0.155 0.018 [−0.191, −0.120] <.001 −14.39% 

Extreme −0.209 0.023 [−0.254, −0.164] <.001 −18.86% 

 
The observed pattern aligns with the expectation 
that severe moisture shortages result in 

disproportionately greater crop losses compared to 
modest deviations from typical climatic conditions

. 
 

 
Figure 6 Fixed-Effects Estimates by SPEI Drought Severity Category 

 
Lagged Effects of Drought 
We assessed drought persistence by incorporating 
both contemporaneous and one-year-lagged 
Standardized Precipitation-Evapotranspiration 
Index (SPEI) severity into the model. The 

contemporaneous drought coefficient remained 
strongly negative and statistically significant (B = 
−0.097, SE = 0.005, p < .001). 
In contrast, the one-year lagged drought 
coefficient was small and not statistically 
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significant (B = −0.003, SE = 0.005, p = .525). 
These findings indicate that, under this model 
specification, crop yields responded primarily to 

drought conditions during the current production 
period rather than in the preceding year. 

 
Table 7 Contemporaneous and Lagged SPEI Effects on Crop Yield 

Predictor B Clustered SE p 

Current SPEI drought severity −0.097 0.005 <.001 

SPEI drought severity, t − 1 −0.003 0.005 .525 

N = 1,224 observations after the introduction of the lagged variable. 
 
The lack of a significant lagged coefficient does not 
suggest that drought lacks longer-term 
hydrological consequences. Instead, it indicates 
that, after accounting for current drought 

conditions and fixed effects, the previous year's 
drought did not offer additional explanatory 
power for annual crop yield in this model 
specification. 

 

 
Figure 7 Contemporaneous and Lagged SPEI Effects on Crop Yield 

 
Robustness and Sensitivity Analysis 
We estimated several alternative model 
specifications to assess whether the central 
drought effect depended on the chosen model 
configuration. Table 8 summarizes the results. 
The baseline Standardized Precipitation-
Evapotranspiration Index (SPEI) coefficient 
remained stable when inference was adjusted 
using two-way clustering. The estimated effect also 
remained negative with longer accumulation 
periods, although the coefficient decreased in 
magnitude from −0.097 for the principal short-
term SPEI measure to −0.062 for the six-month 
measure and −0.040 for the 12-month measure. 

This attenuation aligns with the expectation that 
crop productivity is more responsive to drought 
during agriculturally sensitive growth periods than 
to climatic conditions averaged over longer 
timeframes. 
The cropland-weighted climate specification 
yielded a coefficient of −0.094, closely matching 
the baseline estimate. Excluding designated high-
flood-impact years produced a coefficient of 
−0.096. Leave-one-district-out estimates ranged 
from −0.101 to −0.095, indicating that the 
principal association was not attributable to any 
single district. 



INTERNATIONAL JOURNAL OF ADVANCED RESEARCH 

International Peer-Reviewed Research Journal 

ISSN (Online): 3106-7980 | ISSN (Print): 3106-7972 

Volume 3 • Issue 5 • September 2026 

 

https://ijournalar.com  | Tunio et al., 2026 | Page 176 
 

Table 8 Robustness of the SPEI–Crop Yield Relationship 

Specification B Robust SE p N 

     

Baseline SPEI model −0.097 0.005 <.001 1,275 

Two-way clustered inference −0.097 0.004 <.001 1,275 

Longer SPEI accumulation period −0.062 0.005 <.001 1,275 

12-month SPEI specification −0.040 0.005 <.001 1,275 

Cropland-weighted drought exposure −0.094 0.005 <.001 1,275 

High-flood-impact years excluded −0.096 0.004 <.001 1,122 

Leave-one-district-out range −0.101 to −0.095 — — — 

 
The consistent direction of the coefficient across 
alternative model specifications reinforces the 
robustness of the central finding that increased 

drought severity is associated with reduced crop 
productivity. 

 
 
 

 
Figure 8 Robustness of the SPEI–Crop Yield Relationship 
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Summary of Key Empirical Findings 
The analysis yielded five principal findings. First, 
SPI, SPEI, and soil-moisture drought measures 
were strongly correlated but not interchangeable, 
which supports the use of a multi-index analytical 
framework. Second, greater drought severity was 
associated with statistically significant reductions 
in crop yield across all three drought indicators. 
Third, SPEI exhibited the strongest pooled 
association, indicating that temperature-driven 
atmospheric water demand may play a role in 
addition to precipitation deficiency. Fourth, 
drought sensitivity differed by crop, with 
sugarcane showing the largest estimated yield 
response, followed by cotton and rice. Finally, the 
categorical analysis revealed progressively larger 
yield reductions from moderate to severe and 
extreme drought, while the lagged model showed 
that the principal effects were concentrated in the 
contemporaneous production period. 
Overall, the results align with the proposed 
hypotheses: drought negatively affects crop 
productivity, the magnitude of this relationship 
varies by drought measurement and crop type, and 
severe drought leads to disproportionately greater 
agricultural losses. 
 
Discussion 
This study investigated the relationship between 
drought and the productivity of cotton, sugarcane, 
and rice in Sindh using a multi-index, district-level 
panel data framework. The results consistently 
demonstrate that increasing drought severity is 
associated with reduced crop yields, even after 
controlling for persistent district–crop 
characteristics and crop-specific annual shocks. 
This negative association was evident across the 
Standardized Precipitation Index (SPI), 
Standardized Precipitation Evapotranspiration 
Index (SPEI), and a standardized soil-moisture 
indicator, although the estimated effect size varied 
among these measures. These findings support the 
central premise that agricultural drought in Sindh 
cannot be captured by a single measure of climatic 
water stress; SPEI captured agricultural drought in 
Sindh and showed the largest estimated reduction 

in crop yield and the highest explanatory power 
within the model. Specifically, a one-unit increase 
in SPEI-based drought severity corresponded to an 
estimated 9.25% decline in crop yield, compared 
to 8.37% for SPI and 7.59% for the soil-moisture 
measure. The relatively stronger association with 
SPEI suggests that crop productivity in Sindh is 
influenced by both insufficient precipitation and 
temperature-driven atmospheric evaporative 
demand. In hot, dry conditions, elevated potential 
evapotranspiration can exacerbate plant-water 
stress, even when precipitation deficits alone are 
less pronounced. 
However, this interpretation warrants caution. A 
larger coefficient for SPEI does not imply that 
SPEI is universally superior to SPI or soil-moisture 
indicators. Evidence from another arid 
agricultural environment indicates that the 
relative performance of drought indicators 
depends on the specific outcome: SPEI was more 
strongly associated with groundwater variation, 
while SPI exhibited a stronger relationship with 
crop yield in that context (Shayeghi et al., 2024). 
These results reinforce the methodological 
advantage of comparing multiple indices rather 
than selecting a single drought indicator in 
advance. 
The strong correlations among SPI, SPEI, and soil-
moisture drought indicate that these indices 
capture interconnected drought processes. 
However, the correlations are not perfect, 
suggesting that each index retains unique 
information. This supports the approach of 
estimating separate drought models rather than 
including all indices simultaneously in the 
baseline regression. Previous research comparing 
SPEI with a soil-moisture deficit index has shown 
that the most informative drought indicator can 
vary by crop and growth period; for example, 
agricultural soil-moisture drought was more closely 
related to certain wheat responses, while SPEI was 
more predictive for some maize-yield outcomes 
(Yao et al., 2022). The variation observed in the 
Sindh models aligns with the broader 
understanding that meteorological and 
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agricultural drought represent related but distinct 
dimensions of crop-water stress. 
A second key finding is the substantial 
heterogeneity in drought sensitivity among the 
three crops. Sugarcane exhibited the largest 
estimated response to SPEI-based drought severity, 
with a one-unit increase associated with an 
approximate 12.47% reduction in yield. Cotton 
experienced an intermediate estimated decline of 
8.34%, while rice showed the smallest reduction 
at about 6.84%. The significant crop–drought 
interaction suggests that these differences reflect 
more than descriptive variation and may indicate 
underlying agronomic or physiological 
mechanisms. 
The relatively large response observed for 
sugarcane is consistent with agronomic 
expectations, as sugarcane is a long-duration, high-
biomass crop with substantial cumulative water 
requirements. Water deficits can impair 
photosynthesis, leaf development, stalk 
elongation, biomass accumulation, and final cane 
productivity. Experimental studies have shown 
that drought during formative stages alters several 
physiological and growth characteristics of 
sugarcane, although the extent of damage varies by 
genotype and developmental stage (Reyes et al., 
2020). The heightened sensitivity estimated for 
sugarcane in Sindh may therefore reflect the crop's 
sustained water demand and the cumulative 
effects of moisture deficits over an extended 
production cycle. 
Field irrigation research from another semi-arid 
agricultural environment further supports the 
importance of drought timing for sugarcane. (Jatoi 
et al. 2021; Dingre et al. 2021) demonstrated that 
progressive reductions in root-zone water 
replenishment led to substantial losses in 
sugarcane yield, with the impact strongly 
dependent on the growth stage during which the 
deficit occurred. Water shortages during the 
extended grand-growth stage were especially 
detrimental. This evidence validates the use of 
crop-specific drought windows in the present study 
and suggests that adaptation policies in Sindh 

should prioritize irrigation during biologically 
critical growth periods. 
Cotton was also significantly affected by increasing 
drought severity, although the estimated effect was 
smaller than that observed for sugarcane. While 
cotton possesses physiological mechanisms that 
confer some tolerance to limited water availability, 
sustained or poorly timed water deficits can reduce 
photosynthesis, reproductive development, boll 
formation, and final seed-cotton yield. A global 
meta-analysis found that deficit irrigation 
increased cotton water productivity under certain 
conditions but reduced seed-cotton yield by 
approximately 20% on average, with outcomes 
highly dependent on irrigation intensity, growth 
stage, soil conditions, and management practices 
(Cheng et al., 2021). Therefore, the findings from 
Sindh should not be interpreted as evidence that 
cotton is inherently drought-resistant. Rather, 
cotton appears less sensitive than sugarcane under 
the specific climatic and production conditions 
represented in this analysis. 
The comparatively smaller estimated effect for rice 
also warrants careful interpretation. Rice is highly 
dependent on adequate water availability, 
especially during reproductive development, but 
the impact of water deficits varies substantially by 
cultivar, irrigation regime, soil-water potential, 
and developmental stage. Experimental research 
indicates that some rice cultivars can maintain 
yields under mild deficit-irrigation conditions, 
whereas more severe soil-water deficits 
significantly reduce productivity (Kumar et al., 
2017). Therefore, the smaller coefficient for rice 
does not suggest that rice is intrinsically insensitive 
to drought. Instead, it may reflect factors such as 
irrigation buffering, regional production 
concentration, cultivar composition, drought 
timing, or discrepancies between atmospheric 
drought and actual field-level water availability. 
The categorical drought analysis offers further 
evidence that the agricultural consequences of 
drought are nonlinear. Compared to normal or 
mildly dry conditions, estimated yield losses 
increased progressively from approximately 
10.16% under moderate drought to 14.39% 
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under severe drought and 18.86% under extreme 
drought. This gradient suggests that agricultural 
damage does not increase proportionally with the 
drought index. When moisture deficits reach a 
critical threshold, crop physiological processes and 
available irrigation may no longer effectively 
compensate for the additional water stress. 
This nonlinear behavior has significant 
implications for drought-risk assessment. Treating 
drought exclusively as a continuous linear variable 
may obscure the much greater agricultural 
consequences associated with transitions into 
severe or extreme drought categories. Recent 
research distinguishing meteorological from 
agricultural drought characteristics has shown that 
crop responses depend not only on drought 
occurrence but also on event intensity, severity, 
duration, and frequency, with different crops 
responding most strongly to different drought 
dimensions (Wang et al., 2026). These severity-
specific findings support the use of threshold-
based drought warnings in conjunction with 
continuous drought monitoring. 
The robustness analysis also demonstrated that the 
estimated SPEI effect diminished as drought 
exposure was measured over longer accumulation 
periods. The primary short-term specification 
yielded a coefficient of −0.097, compared to 
−0.062 for the longer accumulation measure and 
−0.040 for the 12-month specification. This 
pattern suggests that crop yields may be more 
responsive to moisture stress occurring near 
sensitive stages of the production cycle than to 
climatic water deficits averaged over the entire 
year. 
The significance of drought time scale is well 
established in arid agricultural regions. Li et al. 
(2021) found that crop-yield responses to SPEI 
varied considerably by drought accumulation 
period and crop type; notably, cotton exhibited 
greater sensitivity to shorter drought time scales 
than wheat and maize in their analysis. This 
evidence supports the current crop-specific 
exposure strategy. For Sindh, calculating drought 
indicators over the months corresponding to 
flowering, boll development, tillering, stalk 

elongation, or reproductive growth is likely to 
yield more agriculturally relevant information 
than relying on annual climatic averages. 
The lagged model indicated that current-season 
drought remained strongly associated with crop 
yield, while the coefficient for the preceding year's 
drought was small and statistically non-significant. 
Within the fixed-effects framework, this suggests 
that annual crop productivity is primarily 
influenced by drought conditions experienced 
during the current production cycle, rather than 
by direct carryover effects from the previous year. 
This result should not be interpreted as evidence 
that drought lacks persistent hydrological or 
economic consequences. Drought can influence 
groundwater reserves, irrigation storage, soil 
conditions, farm income, input purchasing 
capacity, and subsequent planting decisions. 
Rather, the findings indicate that after accounting 
for current drought exposure and the model's 
fixed effects, previous-year drought did not 
independently explain additional yield variation. 
The absence of a significant one-year lag may also 
reflect the role of irrigation in partially mitigating 
the transmission of meteorological drought into 
subsequent crop seasons. 
The stability of the estimated drought coefficient 
across alternative model specifications enhances 
confidence in the principal relationship. The 
negative SPEI effect remained substantively 
similar when two-way clustered inference was 
used, when climate observations were weighted 
toward cultivated areas, when major flood-affected 
years were excluded, and when individual districts 
were sequentially omitted from the analysis. This 
consistency indicates that the observed association 
is not driven by a single district, a particular error 
specification, or the inclusion of unusually wet 
disaster years. 
However, robustness across statistical 
specifications does not eliminate all potential 
sources of confounding. Agricultural productivity 
is also influenced by irrigation allocation, salinity, 
pests, seed quality, fertilizer availability, 
technological advancements, farmer adaptation, 
commodity prices, and localized flooding. While 
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the fixed-effects structure accounts for persistent 
district–crop differences and province-wide crop-
specific annual shocks, localized time-varying 
factors may persist. Therefore, these findings are 
best interpreted as strong panel-based evidence of 
a drought–yield relationship, rather than 
definitive proof that drought alone determines 
observed changes in agricultural production. 
Climate-resilient agriculture in Sindh. First, 
drought monitoring should integrate 
precipitation, evaporative demand, and soil-
moisture information. The finding that SPEI 
produced the largest estimated effect suggests that 
a monitoring system based solely on rainfall may 
underestimate agricultural stress during unusually 
hot conditions. 
Second, drought response strategies should be 
crop-specific. The particularly large estimated 
impact on sugarcane suggests that water-allocation 
policies should consider both crop water 
requirements and the developmental stage during 
which shortages occur. Uniform drought-
management approaches across cotton, rice, and 
sugarcane are unlikely to yield optimal results. 
Third, irrigation management should prioritize 
the timing and productivity of water use rather 
than focusing solely on total seasonal water 
delivery. When water resources are limited, 
safeguarding critical growth stages may reduce 
yield losses more effectively than distributing 
limited irrigation evenly throughout the crop 
cycle. 
Fourth, the nonlinear findings suggest that 
preventing districts from transitioning from 
moderate to severe or extreme agricultural 
drought may yield disproportionately large 
benefits. Drought early-warning systems should 
therefore be linked to operational thresholds that 
trigger irrigation prioritization, groundwater 
management, drought-tolerant seed distribution, 
and farmer advisories before severe crop stress 
occurs. 
Finally, the district-level results show that 
vulnerability varies by location. Provincial 
adaptation strategies should therefore account for 
district-specific exposure, crop composition, 

irrigation access, and historical drought sensitivity, 
rather than relying solely on province-wide 
averages. 
 
Overall Interpretation 
Collectively, the findings indicate that drought 
constitutes a statistically and agriculturally 
significant constraint on the productivity of major 
commercial crops in Sindh. The consistent 
negative effects observed across SPI, SPEI, and 
soil-moisture indicators demonstrate robustness to 
alternative drought definitions, while differences 
in coefficient magnitude underscore the value of a 
multi-index framework over reliance on a single 
drought measure. The stronger estimated response 
for sugarcane, followed by cotton and rice, further 
illustrates that climatic water stress does not affect 
all crops uniformly. Additionally, the progressively 
greater losses observed under moderate, severe, 
and extreme drought highlight the importance of 
drought intensity rather than occurrence alone. 
These findings support a transition from 
generalized drought assessment to crop-specific, 
growth-stage-sensitive, and multi-index drought 
management. This approach is especially 
important for Sindh, where agricultural 
productivity is shaped by the interplay of a 
naturally water-constrained climate, high 
evaporative demand, intensive irrigation 
requirements, and significant geographical 
variation in water availability. 
 
Conclusion 
This study investigated the effects of drought on 
major commercially important crops in Sindh, 
Pakistan, through a multi-index panel data 
framework. By integrating district-level 
agricultural data with the Standardized 
Precipitation Index (SPI), Standardized 
Precipitation Evapotranspiration Index (SPEI), 
and a standardized soil-moisture indicator, the 
analysis captured multiple dimensions of drought 
rather than relying on a single measure of climatic 
stress. The panel-data approach enabled control 
for persistent district-level and crop-specific 
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characteristics while isolating temporal variation 
in drought exposure. 
The results consistently showed that greater 
drought severity was associated with reduced crop 
productivity across all three drought indicators. 
The SPEI yielded the strongest estimated 
relationship, indicating that atmospheric 
evaporative demand and temperature-related 
water stress are particularly significant in 
explaining crop-yield reductions in Sindh. The 
analysis also revealed distinct differences among 
crops, with sugarcane exhibiting the highest 
estimated sensitivity to drought, followed by 
cotton and rice. Furthermore, the nonlinear 
specifications demonstrated that yield losses 
increased progressively as drought conditions 
intensified from moderate to severe and extreme 
categories. 
The findings also underscored the significance of 
drought timing. Shorter, crop-relevant drought 
accumulation periods produced stronger 
estimated relationships with yield than longer 
annualized measures, supporting the use of 
growth-stage-sensitive drought indicators. In 
contrast, the lagged drought specification 
indicated that the primary productivity effects 
were concentrated within the current production 
period, with limited persistence into the 
subsequent year. 
These findings have significant implications for 
agricultural and water-resource management in 
Sindh. Drought-monitoring systems should 
integrate precipitation, evapotranspiration, and 
soil-moisture data and link them to crop-specific 
growth stages. It is recommended to prioritize 
irrigation allocation, adoption of drought-tolerant 
crop varieties, implementation of water-
conservation strategies, and development of 
district-level early-warning systems in areas and for 
crops with greater drought sensitivity. 
Overall, the study demonstrates the value of 
integrating multiple drought indicators with 
panel-data methods to assess climate-related 
agricultural vulnerability. This approach offers a 
more robust foundation for identifying crop- and 
district-specific drought risks and for formulating 

targeted climate-adaptation and agricultural water-
management policies in Sindh. Future research 
should expand this framework by incorporating 
irrigation availability, groundwater conditions, 
salinity, crop prices, and farm-level adaptation 
measures to provide a more comprehensive 
assessment of the mechanisms through which 
drought affects agricultural production. 
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