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 Potato production in Iraq is increasingly exposed to accelerated warming, recurrent 
heat stress, and shifting seasonal conditions that may disrupt crop developmental 
timing and reduce yield stability. This study developed an integrated 
agroclimatological framework combining ERA5 climate data, MODIS land surface 
temperature, satellite-derived vegetation dynamics, and potato production 
statistics to evaluate three major thermal instability periods (2008–2011, 2015–
2018, and 2022–2024). A weighted Thermal–Phenological Gap Index (TPGI) was 
constructed to integrate thermal accumulation, heat-stress frequency, NDVI 
temporal displacement, and growing season contraction. Random Forest regression 
was additionally applied to evaluate predictor importance and model performance. 
Overall results showed a gradual increase in the magnitude of thermal and 
phenological stress during subsequent instability periods, especially in the central 
and southern Iraqi agroecosystems. Weighted TPGI showed significant negative 
correlations with potato yield variation ((r=-0.74), (p<0.001)), indicating that the 
downward trend of production was more related to a combination of thermal and 
phenological disruption rather than seasonal warming per se. The study highlights 
the importance of a combined remote sensing and agroclimatological approach for 
monitoring climate-related crop instability in dryland agricultural systems.  
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1. Introduction 

Potato (Solanum tuberosum L.) is among the most climate-sensitive food crops cultivated under 
irrigated dryland systems, particularly in regions where increasing thermal accumulation and unstable 
water availability increasingly disrupt crop phenology and tuber development. Unlike many cereal crops, 
potato productivity depends strongly on narrow thermal thresholds that regulate canopy expansion, 
assimilate partitioning, tuber initiation, and dry matter accumulation. Temperatures above the optimal 
limits of physiological processes speed up the respiration rate, shorten the tuber filling time and hinder 
stolon differentiation, finally leading to yield destabilization (Singh et al., 2020; Rykaczewska, 2015). 
Such responses are becoming critically important in arid and semi-arid agroecosystems subjected to 
increasing temperatures at land surface, heat wave events and inadequate irrigation alongside soil 
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degradation and evapotranspiration stresses (Muthoni & Shimelis, 2020; Dahal et al., 2019). Recent 
global assessments have shown that potato production systems are becoming more challenged by 
agroclimatic instability. Comparable climate-driven shifts in potato productivity have also been 
projected under future warming scenarios in other production regions (Jégo et al., 2025). Similar 
climate-related yield responses under adaptation scenarios were also reported by Jennings et al. (2020), 
from gradual temperature change but also from changing patterns of thermoperiods and phenological 
synchronisations (Dushyant et al., 2024; Kávássy et al., 2025). For numerous regions, increasing 
numbers of growing degree days (GDD) result in the completion of developmental cycles earlier than 
before. Consequently, the shortened growing period leads to lower amounts of accumulated biomass 
of tubers. This problem becomes particularly serious for areas where planting schedules are set in 
accordance with historical climatic patterns but current temperatures are different from them. Iraq 
belongs to the category of environmentally vulnerable potato producing countries of West Asia because 
of an increasing frequency of high temperatures, chronic water deficiency, expanding salinization, and 
unreliable irrigation system. In recent years, Iraqi agriculture has experienced multiple disruptions 
related to abnormally hot weather and drought conditions. According to national data, there appear 
several intervals of sudden yield drop of potatoes in the country, namely in 2008–2011, 2015–2018, 
and 2022–2024. Thus, one can observe the existence of particular phases of thermal instabilities in the 
region, and not random failures in potato productivity. Despite various research attempts in the field of 
potato physiology, drought response, irrigation methods and climate adaptation technologies (Franke 
et al., 2020; Shams et al., 2023), the role of particular agroclimatological factors in repeated productivity 
declines still need to be further elucidated in arid Middle Eastern agroecosystems. The potato-climate 
relations are usually analysed in terms of the average seasonal temperature values and general drought 
effects. However, the question of changes in thermal accumulation, phenological shift and season 
shortening is much less studied. Most of remote sensing approaches are limited to vegetation state and 
yield forecast, neglecting thermal anomalies and its effects on phenology and vegetation state (Mukiibi 
et al., 2024; Hoelle et al., 2023). Therefore, the need for exploring new factors affecting agroclimatic 
stability of potatoes under climate stress conditions and their roles in recurrent productivity failure has 
become rather urgent. Fortunately, modern advances in the field of agroclimatological satellite-based 
observations create great opportunities to address this problem by studying complex phenomena of 
climate impact; Similar remote sensing approaches for climate-related crop monitoring have also been 
demonstrated in agricultural systems by Shiff et al. (2021). Products related to land surface 
temperature, vegetation index dynamics, and phenological shifts allow quantifying growing season 
shortening, thermal anomalies, shifts in canopy development, and vegetation stress reactions 
connected to production instability caused by climate change (Han et al., 2025; Tudor, 2023).When 
combined with national production records and thermal accumulation analysis, these datasets allow 
identification of “thermal gap periods,” defined here as intervals during which cumulative heat stress 
and phenological disruption exceed the adaptive capacity of potato production systems. Therefore, this 
study investigates the agroclimatological relationships between thermal accumulation, phenological 
shifts, and potato yield instability across Iraq during three major thermal gap periods (2008–2011, 
2015–2018, and 2022–2024). Specifically, the study integrates remote sensing indicators, thermal 
anomaly analysis, growing season dynamics, and national production trends to evaluate whether 
recurrent heat-induced phenological mismatch has become a dominant driver of potato production 
instability under accelerating climate stress. 
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2. Materials and Methods 

Study Area and Agroclimatological Zonation 

The study was conducted across the principal potato-producing agroecosystems of Iraq, which span 
strong climatic and environmental gradients ranging from relatively cooler semi-arid northern regions 
to highly arid irrigated systems in central and southern Iraq. These production environments differ 
substantially in thermal regime, irrigation dependence, atmospheric aridity, and seasonal crop 
suitability. To reduce oversimplification associated with national-scale aggregation, Iraq was stratified 
into three agroclimatological zones: (i) northern semi-arid systems, characterized by comparatively 
moderate thermal accumulation and longer seasonal suitability; (ii) the central irrigated production 
corridor, representing the dominant intensive potato-growing region under increasing heat exposure; 
and (iii) southern arid systems, where elevated land surface temperature (LST), salinity stress, and 
evaporative demand increasingly constrain seasonal crop development. Rather than assuming a 
uniform national production calendar, the analysis considered regional differences in planting windows 
and seasonal crop timing. Spring and autumn potato cycles were evaluated where phenological signals 
could be differentiated from satellite-derived vegetation trajectories. Because long-term governorate-
scale phenological observations were limited, agroclimatological interpretation focused on regional 
thermal and phenological patterns rather than field-scale crop chronology. Three major periods of 
potato production instability were identified from long-term national production trajectories and 
subsequently designated as thermal gap periods: 2008–2011, 2015–2018, and 2022–2024. These 
intervals were characterized by sustained yield decline coinciding with intensified thermal anomalies, 
increased heat stress exposure, and apparent phenological displacement. 

Potato Production Data 

Annual potato production statistics covering the period 1961–2024 were obtained from the Food and 
Agriculture Organization FAOSTAT database and supplemented  using publicly available production 
datasets from the Our World in Data platform where available (Our World in Data, 2024), with national 
agricultural reports (FAO, 2024). The analyzed variables included total production (kt), harvested area 
(ha), and yield (t ha⁻¹). Temporal segmentation analysis was used to identify sustained instability 
intervals relative to preceding production phases. Because production statistics may reflect combined 
climatic, agronomic, economic, and infrastructural influences, national yield records were interpreted 
as broad indicators of production instability rather than direct measurements of climate-induced crop 
response alone . 

Climate and Thermal Data 

Daily climatic variables were derived from the ERA5 reanalysis dataset produced by the European Centre 
for Medium-Range Weather Forecasts (Hersbach et al., 2020). Extracted variables included daily 
maximum temperature (Tmax), minimum temperature (Tmin), and mean temperature (Tmean). 
Thermal accumulation was quantified using Growing Degree Days (GDD) according to Equation (1): 

𝐺𝐺𝐺𝐺𝐺𝐺 = ∑[𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
2

− Tbase] (Equation 1) 

where: (T base) was fixed at 7 °C according to established potato agroclimatology literature. 
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Thermal anomaly was estimated according to Equation (2): 

ΔT = T period – T baseline (Equation 2) 

Heat stress intensity was quantified as the cumulative number of days exceeding critical potato thermal 
thresholds (>30 °C and >35 °C) during sensitive developmental stages. Because elevated nighttime 
temperatures may intensify respiratory carbon loss and reduce assimilate allocation toward tuber 
biomass, nighttime warming intensity was additionally evaluated using Tmin anomalies. Although ERA5 
provides consistent long-term climatic coverage, reanalysis-derived temperatures in arid regions may 
contain regional uncertainty associated with sparse meteorological station density and strong land–
atmosphere coupling. Consequently, thermal analyses were interpreted at regional agroclimatological 
scale rather than as exact field-level measurements. 

Remote Sensing Data Processing 

Satellite-derived vegetation and thermal indicators were processed within the Google Earth Engine 
cloud-computing environment (Gorelick et al., 2017). Multi-temporal datasets included Landsat 5 TM, 
Landsat 8 OLI, Sentinel-2 MSI, and MODIS Terra products. These datasets were selected to capture both 
long-term thermal variability and seasonal vegetation dynamics across Iraqi potato production systems. 

Normalized Difference Vegetation Index (NDVI) was calculated as Equation 3: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  (𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑅𝑅𝑅𝑅)

 (Equation 3) 

MODIS-derived LST products were used to characterize spatial thermal variability and identify persistent 
heat-stress hotspots across potato-growing regions (Wan, 2014).  Image preprocessing included 
atmospheric correction, cloud masking, radiometric normalization, and seasonal compositing. Because 
cloud contamination and sensor differences may influence vegetation trajectories, only cloud-filtered 
seasonal composites were retained for phenological analysis. Spatial analyses were conducted using 
resolutions ranging from 250 m to 1 km depending on sensor characteristics and temporal availability. 

Given the fragmented structure of Iraqi agricultural landscapes, mixed-pixel effects may occur in some 
irrigated zones where potato fields coexist with other seasonal crops. Therefore, remote sensing 
indicators were interpreted as regional vegetation responses associated with dominant production 
systems rather than crop-pure spectral signatures. 

Phenological Analysis 

Potato phenological dynamics were evaluated using multi-temporal NDVI trajectories derived from 
Landsat and Sentinel imagery. Four phenological metrics were extracted: Start of Season (SOS), Peak 
Greenness Timing (PGT), End of Season (EOS), and Growing Season Length (GSL). Growing season 
duration was calculated as Equation 4: 

GSL=EOS-SOS  (Equation 4) 

Temporal displacement in NDVI peak timing and growing season duration was evaluated among the 
identified thermal gap periods to assess climate-associated phenological instability. Because long-term 
field-observed potato phenology records were not consistently available across Iraqi governorates, 
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phenological metrics were indirectly evaluated using agricultural calendars, seasonal NDVI trajectories 
over irrigated potato production zones, and consistency with reported planting and harvesting 
windows. Consequently, SOS, EOS, PGT, and GSL should be interpreted as satellite-derived phenological 
proxies rather than direct field-measured developmental stages.  

Phenological mismatch was defined as the increasing temporal decoupling between historically 
favourable potato developmental windows and observed thermal conditions during tuber initiation and 
filling stages. 

Development of the Thermal–Phenological Gap Index (TPGI) 

To quantify integrated agroclimatological instability, a weighted Thermal–Phenological Gap Index (TPGI) 
was developed by combining standardized anomalies associated with cumulative thermal accumulation, 
surface warming, heat stress exposure, night-time warming, NDVI temporal displacement, and growing 
season contraction. 

The weighted TPGI was calculated as Equation 5: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜔𝜔1𝑧𝑧(𝐺𝐺𝐺𝐺𝐺𝐺) + 𝜔𝜔2𝑧𝑧(𝐿𝐿𝐿𝐿𝐿𝐿) + 𝜔𝜔3𝑧𝑧(𝐻𝐻𝐻𝐻𝐻𝐻35) + 𝜔𝜔4𝑧𝑧(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) + 𝜔𝜔5𝑧𝑧(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁ℎ𝑖𝑖𝑖𝑖𝑖𝑖) −
𝜔𝜔6𝑧𝑧(𝐺𝐺𝐺𝐺𝐺𝐺) (Equation 5) 

where: 

(HSD35) represents the number of days exceeding 35 °C, 
(NDVI shift) represents displacement in peak NDVI timing, 
(GSL) represents growing season length anomaly. 

To avoid imposing arbitrary equal weighting, variable weights were derived using a combination of 
principal component loadings and Random Forest variable importance. Prior to index construction, 
multicollinearity among variables was evaluated using Pearson correlation analysis and variance 
inflation factor (VIF) diagnostics. Variables exhibiting moderate correlation were retained when they 
represented distinct agroclimatological mechanisms. Sensitivity analysis was further conducted by 
recalculating TPGI under multiple weighting schemes, including equal weighting, PCA-derived 
weighting, and Random Forest-derived weighting. This procedure was used to evaluate the robustness 
of the observed relationships between TPGI and potato yield instability. Higher TPGI values indicated 
stronger combined thermal and phenological disruption associated with elevated agroclimatological 
instability risk. 

Spatial and Statistical Analysis 

Spatial analyses were conducted using ArcGIS Pro and Google Earth Engine (Gorelick et al., 2017). Raster 
datasets were standardized to a common coordinate reference system and spatial resolution prior to 
analysis. Relationships among potato yield, thermal accumulation, LST anomalies, heat stress frequency, 
phenological displacement, and TPGI were evaluated using Pearson correlation analysis, linear 
regression, Mann–Kendall trend analysis, and Sen’s slope estimation. The Random Forest model was 
implemented using the machine learning environment available in Google Earth Engine with 500 
decision trees; Machine learning approaches have increasingly been applied for potato yield prediction 
and climatic response assessment (Kurek et al., 2023). Recent reviews further emphasize the growing 
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importance of predictive modeling frameworks in potato agroclimatology (Piekutowska & Niedbała, 
2025). Predictor variables included GDD anomaly, LST anomaly, heat-stress frequency, Tmin anomaly, 
NDVI peak displacement, growing season length reduction, and weighted TPGI. Data were randomly 
partitioned into training (70%) and testing (30%) subsets. Model robustness was evaluated using 
repeated cross-validation procedures. Variable importance analysis was subsequently used to identify 
the dominant agroclimatological predictors contributing to potato yield variability. Model performance 
was evaluated using coefficient of determination (R²), Root Mean Square Error (RMSE), and Mean 
Absolute Error (MAE).  

3. Results and Discussion 

3.1 Emergence of Thermal Gap Periods Across Iraqi Potato Agroecosystems 

Long-term analysis of Iraqi potato production revealed three major intervals of agroclimatological 
instability during 2008–2011, 2015–2018, and 2022–2024 (Figure 2A). These instability phases 
coincided with increasing thermal accumulation, elevated land surface temperature (LST), intensified 
heat-stress frequency, and progressive shortening of the effective growing season across major potato-
producing regions. The spatial analysis also indicated that the intensity of the thermal response was 
characterized by pronounced regional heterogeneity among agroclimatological zones (Figure 1B–G; 
Table 1). The northern semi-arid zone, in general, was characterized by relatively moderate thermal 
anomalies during the study period. During 2008–2011, mean Growing Degree Day (GDD) anomalies 
remained below +170 °C Day, while LST anomalies rarely exceeded +1 °C above baseline conditions 
(Figure 1B–C; Table 1). In contrast, the central irrigated corridor and southern arid systems exhibited 
substantially stronger thermal accumulation and higher frequencies of days exceeding 35 °C (Figure 1D). 
These regional contrasts became increasingly pronounced during subsequent instability periods. During 
2015–2018, cumulative thermal forcing intensified across central and southern Iraq, where GDD 
anomalies exceeded +300 °C Day in several irrigated systems (Table 1).  

Table 1. Integrated agroclimatological characteristics and variable contribution across thermal gap 
periods in Iraqi potato agroecosystems 

Thermal 
gap 

period 

Agroclimatological 
zone 

GDD anomaly 
(°C Day) 

LST 
anomaly 

(°C) 

Heat 
stress 
days 

>35°C 

NDVI peak 
shift (days) 

GSL 
reduction 

(days) 

Weighted 
TPGI 

Relative 
contribution to 

yield instability (%) 

2008–
2011 

Northern semi-
arid zone +162 ± 28 +0.9 ± 0.3 9–14 −4 to −7 −8 to −12 0.74 11.3 

2008–
2011 

Central irrigated 
corridor 

+241 ± 41 +1.6 ± 0.4 18–24 −8 to −10 −15 to −17 1.12 17.6 

2008–
2011 

Southern arid 
systems 

+278 ± 52 +1.9 ± 0.5 21–28 −10 to −12 −16 to −19 1.31 19.4 

2015–
2018 

Northern semi-
arid zone 

+214 ± 36 +1.2 ± 0.3 14–19 −6 to −9 −11 to −15 1.02 13.5 

2015–
2018 

Central irrigated 
corridor 

+306 ± 48 +2.0 ± 0.4 25–34 −12 to −15 −18 to −22 1.74 22.8 

2015–
2018 

Southern arid 
systems 

+337 ± 56 +2.2 ± 0.5 29–37 −14 to −17 −20 to −24 1.96 24.1 

2022–
2024 

Northern semi-
arid zone 

+268 ± 43 +1.5 ± 0.4 18–24 −8 to −11 −13 to −17 1.28 16.4 
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Thermal 
gap 

period 

Agroclimatological 
zone 

GDD anomaly 
(°C Day) 

LST 
anomaly 

(°C) 

Heat 
stress 
days 

>35°C 

NDVI peak 
shift (days) 

GSL 
reduction 

(days) 

Weighted 
TPGI 

Relative 
contribution to 

yield instability (%) 

2022–
2024 

Central irrigated 
corridor 

+384 ± 61 +2.2 ± 0.5 35–46 −16 to −19 −22 to −26 2.31 31.7 

2022–
2024 

Southern arid 
systems 

+417 ± 67 +2.5 ± 0.6 39–51 −18 to −22 −24 to −29 2.48 33.5 

Source: Author 

At the same time, the timing of the NDVI peak shifted earlier compared to historical seasonal 
trajectories, while the length of the growing season (GSL) showed a significant decrease (Figure 1E–F). 
The observed shortening of the duration of seasonal vegetation suggests that crop development 
increasingly took place under accelerated thermal conditions, rather than within historically stable 
climatic windows.  

The most pronounced thermal anomalies were observed during 2022–2024. In the central irrigated 
corridor, mean GDD anomalies approached +384 °C Day, accompanied by LST anomalies exceeding +2.2 
°C and frequent exposure to extreme daytime heat (>35 °C) (Figure 1B–D). Southern arid systems 
exhibited even stronger thermal loading, with growing season reduction exceeding 24 days in some 
agricultural zones (Figure 1F; Table 1).  

However, northern agroecosystems had lower weighted TPGI and weaker phenological shift than 
southern regions, suggesting partial buffering of extreme warming by climate (Figure 1G). The spatial 
distribution of these thermal responses indicates that potato production instability in Iraq is not spatially 
uniform. Instead, thermal saturation appears increasingly concentrated within central and southern 
irrigated systems where elevated evaporative demand, persistent surface warming, and seasonal heat 
accumulation interact to shorten effective crop duration (Figure 1C–G). The progressive increase in 
weighted TPGI values across the identified instability intervals further suggests that potato production 
decline cannot be attributed solely to seasonal warming. Rather, instability appears associated with the 
combined influence of thermal acceleration, phenological displacement, and contraction of the 
effective developmental period. 

3.2 Integrated Thermal–Phenological Stress and Variable Interactions 

Correlation analysis demonstrated generally negative relationships between potato yield and indicators 
of thermal stress, including GDD anomalies, LST anomalies, heat-stress frequency, and NDVI peak 
displacement (Table 2). In contrast, growing season length showed a positive relationship with yield 
stability, indicating the importance of maintaining sufficient physiological duration for tuber 
development. Among the evaluated predictors, weighted TPGI exhibited the strongest inverse 
relationship with potato yield ((r = −0.74), (p < 0.001)), as further illustrated in the regression 
relationship shown in Figure 2B. However, several individual thermal indicators also displayed 
substantial associations with production decline, suggesting that potato instability emerged from 
interacting agroclimatological processes rather than from a single dominant climatic driver. Heat-stress 
days exceeding 35 °C showed particularly strong negative relationships with yield stability ((r = −0.69), 
(p < 0.01)), especially within the central irrigated corridor and southern agroecosystems where supra-
optimal daytime temperatures occurred more frequently during sensitive developmental stages (Figure 
1D; Table 2). Elevated LST anomalies also contributed substantially to regional production instability, 
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likely through increased evaporative demand and accelerated canopy senescence. The relationship 
between NDVI peak displacement and yield decline further suggests that earlier canopy maturity 
increasingly reduced the effective duration available for tuber filling (Figure 1E; Figure 2B). Earlier peak 
greenness combined with shorter growing seasons indicates progressive disruption of crop–climate 
synchronization under accelerated warming conditions. Night-time warming had relatively weaker 
relationships with yield variability and was statistically non-significant in several analyses (Table 2). This 
indicates that T min anomalies were likely secondary stress amplifiers rather than collapse drivers per 
se. However, elevated night-time temperatures may still act indirectly via enhanced respiratory carbon 
losses during prolonged heat exposure. Variance inflation factor (VIF) analysis indicated moderate but 
acceptable multicollinearity among climatic predictors, with all variables below conservative exclusion 
thresholds (Table 2). Consequently, the variables were retained because they represented distinct 
agroclimatological mechanisms associated with thermal and phenological disruption. 

Table 2. Correlation structure and multicollinearity diagnostics of agroclimatological variables 
associated with potato yield instability 

Variable 
GDD 

anomaly 
LST 

anomaly 
Heat stress 
days >35°C 

Tmin 
anomaly 

NDVI peak 
shift 

GSL 
reduction 

Weighted 
TPGI 

Correlation with 
potato yield 

−0.58 −0.64 −0.69 −0.32 −0.51 0.61 −0.74 

p-value <0.05 <0.01 <0.01 ns <0.05 <0.01 <0.001 
Variance inflation 
factor (VIF) 

3.1 3.6 3.8 2.4 2.7 3.3 4.1 

Source: Author 

3.3 Comparative Model Performance and Sensitivity of TPGI Formulations 

Comparative model analysis revealed that integrated thermal–phenological frameworks generally 
outperformed isolated climatic variables in explaining potato yield variability (Table 3). Models relying 
exclusively on cumulative thermal accumulation or LST anomalies produced only moderate explanatory 
performance ((R² = 0.37–0.43)), indicating that seasonal warming alone could not fully explain observed 
production instability. 

Table 3. Comparative performance of thermal–phenological models under different weighting 
schemes 

Model ID M1 M2 M3 M4 M5 M6 M7 

Predictor 
variables 

GDD 
anomal

y 

LST 
anoma

ly 

GDD + heat 
stress days 

GDD + NDVI 
shift + GSL 

Weighted 
TPGI 

Weighted 
TPGI 

Random 
Forest 
model 

Weighting 
scheme 

None None None None 
PCA-derived 

weighting 
RF-derived 
weighting 

All variables 

R² 0.37 0.43 0.54 0.59 0.63 0.65 0.69 
RMSE 0.96 0.88 0.77 0.71 0.66 0.64 0.59 
MAE 0.77 0.7 0.63 0.57 0.52 0.49 0.45 

Source: Author 

Model performance improved when phenological variables were incorporated alongside thermal 
indicators. In addition, the inclusion of NDVI peak displacement and growing season contraction 
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improved the explanatory power of the models to approximately (R 2 = 0.59), indicating that 
developmental timing was an important factor in production variability under climatic pressure. As 
expected, weighted versions of the TPGI were always more correlated with yield than single variable 
indices despite the use of any weighting scheme. Both PCA weighting scheme and Random Forest 
weighting yielded similar results ((R² = 0.63–0.65)), suggesting that the aforementioned relationship 
between TPGI and potato yield was consistent across other schemes (Table 3). Moreover, using the 
latter as the source of weights helped us identify heat-stress frequency and GDD anomaly as major 
contributors to yield variability (Figure 2C). A sensitivity test further confirmed the persistence of the 
negative relationship between TPGI and potato production irrespective of the model formulation. In 
other words, this correlation could hardly be attributed to equal weighting or index construction per se. 
In comparison with other models, the Random Forest framework provided the highest explanatory 
performance ((R² = 0.69)), albeit with relatively low prediction error (RMSE = 0.59; MAE = 0.45) (Figure 
2D). Nevertheless, substantial residual variability remained unexplained, indicating that additional 
factors beyond the present agroclimatological framework—including irrigation management, salinity 
conditions, cultivar differences, and socioeconomic instability—also influenced potato productivity. The 
comparatively moderate predictive performance observed across all models is consistent with the 
complexity of dryland agricultural systems where climate interacts continuously with agronomic and 
infrastructural processes. 

3.4 Agroclimatological Interpretation of Climate–Phenology Decoupling 

The combined thermal and phenological responses observed during the identified instability intervals 
support the emergence of progressive climate–phenology decoupling within Iraqi potato systems. 
Historically, potato developmental stages were synchronized with relatively stable seasonal thermal 
windows. However, accelerated warming appears to be compressing these windows and shifting canopy 
development toward earlier seasonal timing (Figure 1E–F). Earlier NDVI peak occurrence combined with 
growing season shortening suggests that potato canopies increasingly reach physiological maturity 
before completion of optimal tuber-filling processes. Under elevated thermal accumulation, respiration 
rates may increase while assimilate partitioning toward tuber biomass becomes progressively 
constrained by shortened developmental duration and intensified heat exposure. The negative TPGI–
yield relationship shown in Figure 2B further supports the interpretation that integrated thermal–
phenological disruption increasingly contributes to production instability under warming conditions. 
Importantly, these patterns were not spatially uniform. Northern agroecosystems retained 
comparatively lower thermal saturation and weaker phenological contraction relative to central and 
southern Iraq (Figure 1G).  

This spatial heterogeneity suggests that future potato suitability may progressively shift toward cooler 
agroclimatological zones unless adaptive management strategies are implemented. The results further 
indicate that irrigation alone may not fully compensate for accelerated developmental timing under 
persistent warming conditions. Even in irrigated systems, excessive thermal accumulation may shorten 
effective crop duration beyond physiologically favourable thresholds for tuber biomass accumulation. 
Collectively, the findings support the interpretation that potato production instability in Iraq increasingly 
reflects integrated thermal–phenological disruption rather than isolated climatic anomalies alone. 
Consequently, future adaptation strategies may require coordinated modification of planting calendars, 
heat-tolerant cultivars, irrigation scheduling, and remote sensing-based thermal monitoring systems 
capable of detecting emerging agroclimatological instability before severe production decline occurs. 
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5. Conclusions  

The findings suggest that recurrent potato production instability in Iraq is increasingly associated with 
combined thermal and phenological disruption under accelerating warming conditions. The identified 
thermal gap periods were generally characterized by elevated thermal accumulation, increased heat-
stress frequency, earlier NDVI peak occurrence, and progressive shortening of the effective growing 
season, particularly within central irrigated and southern arid agroecosystems. The results further 
indicate that production decline may not be fully explained by seasonal warming alone. Instead, 
accelerated thermal accumulation appears to alter synchronization between crop developmental stages 
and favourable environmental windows, contributing to climate–phenology decoupling and reduced 
tuber-filling duration. The weighted Thermal–Phenological Gap Index (TPGI) provided an integrated 
representation of thermal and phenological instability and exhibited relatively strong relationships with 
potato yield variability across the evaluated agroclimatological zones. Overall, the study highlights the 
value of integrating remote sensing, thermal accumulation dynamics, and phenological indicators for 
regional monitoring of climate-associated crop instability in dryland agricultural systems. 
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