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Spatiotemporal characterization 
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Heatwaves pose a serious threat and are projected to amplify with changing climate and social 
demographics. A comprehensive understanding of heatwave exposure to the communities is 
imperative for the development of effective strategies and mitigation plans. This study explores 
spatiotemporal characterization of heatwaves across the historically vulnerable communities in 
Mississippi, United States. We derive multiple heatwave metrics including frequency, duration, 
and magnitude based on temperature data for urban-specific daytime, nighttime, and day–night 
combined conditions. Our analysis depicts a rising heatwave trend across all counties, with the 
most extreme shifts observed in prolonged day–night events lacking overnight relief. We integrate 
physical heatwave hazards with a socioeconomic vulnerability index to develop an integrated urban 
heatwave risk index. Integrated metric identifies the counties in northwest Mississippi as heat-
prone areas, exhibiting an urgent need to prioritize heat resilience and adaptive strategies in these 
regions. The compounding urban heatwave and vulnerability risks in these communities highlights 
an environmental justice imperative to implement equitable policies that protect disadvantaged 
populations. Although this study is focused on Mississippi, our framework is scalable and can be 
employed to urban regions globally. This study provides a solid foundation for developing timely 
heatwave preparedness and mitigation to avert preventable heat-related tragedies as extremes 
intensify with climate change.
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Heatwaves, defined as extended periods of excessive heat, have become more frequent and damaging across the 
 world1. From 1998 to 2017, climate disasters caused over $2 trillion in cumulative global economic losses, with 
extreme heat being among the deadliest and costliest natural  hazards2,3. This intensification has led to severe 
environmental and societal impacts, including increased cardiovascular  mortality4,5, hospital admissions for 
heat-related or heat-adjacent  illness5–10, urban heat island  effects11,12, intense  droughts13,14. Over the past four 
decades, temperatures have risen 1–2 °C globally as the frequency of heatwaves has tripled across several parts of 
the  world15–18. Future projections indicate that the global average temperature in 2100 could rise by 5.4 °C than it 
is in  20224. Between 1998 and 2017, over 150,000 deaths resulted from heat  waves19. Currently 30% of the global 
population is exposed to such extreme heat which is expected to intensify further by  210020,21. Urgent action is 
needed to protect vulnerable communities from the rising threat of extreme heat events, which are becoming 
more frequent, intense, and prolonged across the  globe1,22,23.

Excessive heat is one of the leading causes of climate-related death and economic losses in the  USA5,24–28. 
Heatwaves have risen approximately 0.75 and 0.4 events per decade based on minimum and maximum tem-
peratures, respectively, while contributing 8.6 and 5.2 more days per  decade29. Over 11,000 Americans died from 
heatwaves between 1979 and  201830. In 2020, heatwave-related infrastructure repair costs exceeded $1 billion 
in several states. Nationwide road maintenance may exceed $25 billion by  204031,32. Annual heat-induced labor 
productivity losses amount to around $100 billion, which is equivalent to the combined budgets of Homeland 
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Security, and Housing and Urban  Development22,33. This aligns with calculations showing that in the USA, the 
loss of work capacity in moderate level work in the shade will increase from 0.17% now to more than 1.3% at the 
end of the century based on projected temperature  increases34. Other research estimates that rising temperatures 
could lead to 1.5–4.4 billion lost workforce hours and $51–119 billion in economic losses in the USA by  210035.

High temperatures and prolonged heatwaves during crop growing seasons have stressed crops and reduced 
 yield22. These losses have had a profound impact on the agricultural industry and have far-reaching effects on 
food prices, availability, and the overall country’s  economy22,29,33. Heatwave impacts can increase in the future 
with changing climatic conditions and global  warming36. By 2050, annual labor losses are projected to reach $500 
billion, crop yields to decline 10–13%, and deaths rise over six-fold22. Heatwaves have disproportionately affected 
regions and demographics across the  USA22,37. Minorities and low-income populations tend to suffer more 
heat-related health  impacts37,38. Black and African American individuals are 34–41% more likely to be affected 
with the highest increases in childhood asthma diagnoses than other groups under 2–4 °C of global  warming39. 
Hispanics and Latinos face greater risks because many work in vulnerable outdoor occupations like agriculture 
and  construction39. They are 43% more likely to live where rising temperatures may greatly reduce work  hours39. 
Non-Hispanic American Indians/Alaska Natives have the highest heat mortality rate at 0.6 per 100,000  people40. 
Multiple factors contribute to the higher mortality rates from heatwaves among minorities and those with lower 
socioeconomic  status41,42, depicting noticeable regional  variations43. These include, for example, lack of access 
to air conditioning, pre-existing health conditions like cardiovascular disease, use of medications that inhibit 
thermoregulation, and residence in urban heat islands with higher  temperatures40,42. For instance, the impacts 
are especially widespread and dangerous in the Southern states, where global warming is expected to bring 
up to 70 consecutive days annually with heat indices above 38 °C in states like Texas and  Florida43. Designing 
sustainable strategies to manage the risk of rising temperature requires sound understanding of spatiotemporal 
characteristics of heatwaves at decision relevant  scales16,24,44.

Several previous studies provide important insights on spatio-temporal characterizations of heatwaves and 
their socioeconomic impacts on a larger scale. For example,  studies5,10,36 highlighted the substantial heatwave 
burden on health and social systems, threatening ecological diversity worldwide. The Intergovernmental Panel on 
Climate  Change18,45 analyzed heatwave trends across the USA and discussed how deadly heatwaves are overheat 
tolerance limits. However, some key limitations remain in terms of location-specific (such as, at county level) 
multivariate heatwave characterization and integrated analysis with social vulnerability. Many  studies5,29,46–49 have 
focused on understanding impacts of heatwaves across regional to global scales by analyzing their characteris-
tics, particularly focusing on daytime extremes with limited characterization of physical and sociodemographic 
attributes. We expand on previous studies by (i) focusing on a historically vulnerable communities, (ii) charac-
terizing spatiotemporal variation of heatwave at county level, (iii) leveraging high-resolution reanalysis dataset, 
(iv) analyzing multiple heatwave characteristics, (v) providing comprehensive analysis of nighttime, day–night, 
and combined temperatures, and (vi) developing decision-relevant metrics to account for diverse physical and 
sociodemographic attributes.

The key objective of this study is to assess spatiotemporal characterization of heatwave exposure across histori-
cally vulnerable communities. We provide a comprehensive characterization of heatwave implications, trends, 
effects, and develop an integrated risk index. We integrate multiple heatwave indicators (including frequency, 
duration, and magnitude) and datasets (daytime, nighttime, average, and throughout the day to night), and 
overlay the quantified heatwave hazards with a social vulnerability index to identify regions facing compounded 
risks from physical heat exposure and socioeconomic sensitivity. This can enhance community resilience to 
extreme heat events.

Study area
Mississippi is chosen as our research focal point due to its unique characteristics that make it an ideal loca-
tion for investigating heat wave effects, particularly in relation to social vulnerability. Climate change has the 
disproportionate impact of heat stress on regions like  Mississippi50. Extreme heat is projected to cost the USA 
half a trillion dollars annually by 2050, with Mississippi, Texas, and Alabama experiencing some of the highest 
economic losses and potential future  increases22. Mississippi’s susceptibility to heatwaves is influenced by its 
climatic  characteristics51,52, making it an essential region for understanding the multifaceted consequences of 
extreme heat events. Additionally, the state possesses a diverse socio-economic landscape, which offers an excel-
lent opportunity to explore how heatwave hazard can affect various demographic groups and economic condi-
tions, as depicted in Fig. 1B. We can see that Mississippi has the lowest per capita personal income compared to 
other states in the United  States53 (Fig. 1A). The region has around 25% of its total population under 5 years old 
or over 65, the age groups most vulnerable to heatwaves, the age groups most vulnerable to heatwaves, as shown 
in Fig. 1C54. Furthermore, there is a significant relevance in addressing urgent climate change and public health 
issues, given its vulnerability to extreme heat and its socioeconomic diversities.

Data and methodology
Data collection
This study utilizes two separate datasets to compute heatwave indices, and a third dataset for generating the 
social vulnerability index and humidity dataset to calculate heat index. The first dataset comprises ground-based 
weather station data (hereinafter reference observations). The Meteostat Python  library56 is used for this purpose. 
A total of 39 weather stations is identified across the Mississippi with long-term hourly temperature data spanning 
from 1980 to 2022. However, after careful evaluation, only six stations have data available for the entire specific 
period (1982–2022). Among these six stations, two have data gaps from December 1999 to January 2005, mak-
ing them unsuitable for our analysis. We ultimately utilize data from the remaining four weather stations that 
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consistently recorded temperature data between 1980 and 2022. The four weather stations details are presented 
in Table 1 and shown in Fig. 1B. These stations are gone through detailed analysis. Additionally, data from the 
other stations (those with shorter time frames or partial data availability, other than the four long-term stations) 
were considered for a more generic, simpler analysis. These other datasets were used to calculate R2 and RMSE 
with second dataset (explained next paragraph) to evaluate its suitability for further research. These additional 
datasets still serve as reference points. The details of those stations are provided in Table S2.

The second dataset used in this study is the ERA5 at hourly scale and 11 km spatial  resolution55. It is derived 
from the European Centre for Medium-Range Weather Forecasts, incorporating both model and global observa-
tions. The rationale for using ERA5 data lies in its comprehensive coverage, high spatial and temporal resolution, 
and its proven accuracy in temperature predictions. Studies have shown that ERA5 data is highly accurate for 
temperature predictions and provides valuable insights into climate  research57–60. We extracted the temperature 
at 2 m above the ground from ERA5. We acquire ERA5 data for the same reference observation stations (N = 39), 

Fig. 1.  Spatial distribution of county-level (A) per capita income by state for 2022, showing Mississippi in red, 
and (B) distribution of African American population percentage in Mississippi, with color gradient from black 
indicating higher percentages to white indicating lower. Red spots signify population density per 1 km × 1 km 
grid. The four points represent reference ground stations to check accuracy of ERA5 reanalysis data (a global 
atmospheric reanalysis dataset produced by the European Center for Medium-Range Weather Forecasts)55. (C) 
Pie Chart showing distribution by age groups for Mississippi.

Table 1.  List of stations and their locations that are used to test the accuracy and consistency of ERA5 data.

S. N Weather station Station ID Latitude Longitude

1 Meridian key field 72234 32.34N 88.75W

2 Kemper springs KNMM0 32.55N 88.56W

3 Jackson airport 72235 32.32N 90.08W

4 Sandalwood, Madison KMCBO 32.44N 90.12W
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to assess the accuracy of ERA5 data. To evaluate the performance of the ERA5 data, we compute the root mean 
square error (RMSE) and coefficient of determination  (R2). We aggregate grid data into county-averaged time 
series data to perform spatial analyses at the county level.

The third dataset that this study employed is the Centers for Disease Control and Prevention/Agency for Toxic 
Substances and Disease Registry (CDC/ATSDR) Social Vulnerability Index (SVI)56 to integrate heatwave expo-
sure with socioeconomic vulnerability. SVI is an advanced geospatial tool developed by the ATSDR to quantify 
social vulnerability across the Census tracts – statistical subdivisions of counties. This multidimensional index 
captures vulnerability across four key themes: socioeconomic status, household characteristics, racial and ethnic 
minority status, and housing type and transportation. Using multidimensional index ensures we do not overlook 
indirect but important factors that could elevate heat-related hazards and contribute to a community’s overall 
resilience. While the SVI provides a comprehensive approach, other metrics have been developed specifically 
for assessing heat vulnerability. The Heat Vulnerability Index (HVI)61,62, combines factors such as exposure to 
extreme heat, sensitivity (e.g., age, health conditions), and adaptive capacity (e.g., access to air conditioning, 
socioeconomic status). Additionally, studies have highlighted factors like elderly age, childhood, gender, car-
diorespiratory diseases, diabetes, and low socioeconomic status as significant contributors to heatwave-related 
morbidity and  hospitalizations63. The SVI offers an advantage by integrating these sensitivity parameters, along 
with socioeconomic factors, into a single index at the county scale, aligning with our research objectives. This 
index is formulated using 16 demographic and socioeconomic variables. The detailed description of variables 
can be found in CDC/ATSDR  portal64. It allows us to account for the intersectionality of various socioeconomic 
factors known to influence a community’s ability to prepare for, respond to, and recover from environmental 
hazards like heatwaves.

The fourth dataset used is the University of Idaho Gridded Surface Meteorological Dataset (GRIDMET)65, 
acquired from Google Earth Engine. We extracted the daily maximum relative humidity (rmax) data from 
GRIDMET at 4.6 km spatial resolution, spanning 1980 to present. GRIDMET integrates surface meteorologi-
cal observations with topographic data using sophisticated interpolation methods to produce high-resolution 
gridded estimates of meteorological variables across the conterminous United States. Figure 2 describes the 
overall methodological framework implemented in this study, and detailed methodology is described in the 
subsequent sections.

Evaluation of ERA5 data
While ERA5 is generally reliable due to its incorporation of observational data, it also relies on satellite and 
remote sensing data alongside model outputs. Therefore, assessing the accuracy of ERA5 in our specific context 
is essential. To assess the reliability/accuracy of ERA5 hourly data, we evaluate its performance with all the 
reference observations in terms of RMSE and  R2. We generate violin plots to visually compare the distribution 
and summary statistics of ERA5 and reference observations. These plots show data distribution, with inner 
box plots indicating the interquartile range and median. This dual representation facilitates the assessment of 
distribution similarities and differences between the two datasets. Wider violins and greater median separation 
indicate larger discrepancies between ERA5 and reference observations. Subsequently, we create hexbin plots 
to provide a bivariate visualization of ERA5 versus reference observations. These plots divide data points into 
hexagonal bins, with color intensity reflecting the number of data points in each hexagon. Lower RMSE and 
higher  R2 values indicate stronger agreement between ERA5 and reference observations. Both these statistical 
metrics and intuitive visualizations aid to a comprehensive evaluation of the quality and biases in the ERA5 
reanalysis and reference observations.

Heatwave indices and their trend
We utilize hourly ERA5 data at the county level to extract daily maximum temperature (Tmax, representing 
day) and daily minimum temperature (Tmin, representing night). Furthermore, we compute the daily average 
temperature (Tavg, representing average) by averaging the hourly data for each day. We also incorporate both 
daily minimum (Night) and daily maximum (Day) temperatures to gain insights into heatwaves throughout the 
entire day (i.e., from day to night). In our study, we define a heatwave as a continuous period of three or more days 
during which the temperature exceeded 95% of the overall temperature data for the respective county (Table 2).

We examine five major characteristics of heat waves for each dataset (Day; Night; Day and Night; Average). In 
total, 20 heatwave indices (4 * 5) are used in this study. Heatwave Number (HWN) informs the count of heatwave 
events that met the criteria of lasting three or more consecutive days. Heatwave Total Days (HWTD) represents 
the total count of days that contributed to heatwaves. These are the days during which elevated temperatures 
met the heatwave criteria. Heatwave Longest Duration (HWLD) measures the length of the longest continuous 
heatwave event identified by HWN. It identifies the most extended period during which temperatures remain 
consistently elevated. Heatwave Mean Temperature (HWMT) is simply the average temperature of the heatwaves 
Hottest Day Temperature (HDT) focuses on the peak daily temperature within the most intense heatwave event, 
providing insight into the highest temperature extremes experienced during heatwaves.

We then aggregate heatwave indices on a yearly scale for each county, providing valuable information on 
the spatiotemporal variations across Mississippi. For this, we compute the long-term average value of each 
heatwave index to gain insights into spatial heterogeneity. And to assess temporal trends, we then compute 
the Sen’s  slope66 of each heatwave index for each county, in conjunction with a non-parametric Mann–Kendall 
 test67,68. For trend detection, we employ a python package pyMannKendall using an original Mann–Kendall 
 test69. The original Mann–Kendall test is a nonparametric test, which does not consider serial correlation or 
seasonal  effects69. The Mann–Kendall p-value indicates the level of statistical significance associated with the 
trend. We consider a p-value of 0.1 (or 90% confidence) to denote statistical significance. In simpler terms, a 
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Fig. 2.  Schematic diagram of the overall methodology adopted in this study.

Table 2.  Definition of heatwave based on the percentile for different datasets. Tmax, Tmin and Tavg are the 
daily maximum, daily minimum and average of daily maximum and minimum temperatures, respectively. The 
subscript 95th means the 95th percentile.

Dataset Heatwave condition Minimum duration

Day Tmax >  Tmax95 3 consecutive days

Night Tmin >  Tmin95 3 consecutive days

Day and night Tmax >  Tmax95 and Tmin >  Tmin95 3 consecutive days

Average Tavg >  Tavg95 3 consecutive days
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p-value below 0.10 suggests a less than 10% probability that the trend occurred  randomly69. By combining the 
linear slope with the Mann–Kendall p-value, we quantify the direction, magnitude, and significance of heatwave 
trends at the county level.

Evaluation of temporal shifting
To assess potential changes in the seasonal timing and inter annual variation, we aggregate the ERA5 temperature 
(Tmax, Tmin and Tavg) into monthly averages for each of the 82 counties in Mississippi. Monthly Tmax informs 
temporal shifts in the hottest summer daytime temperatures over the year. Similarly, monthly Tmin describes 
changes in nighttime temperatures, as minimum temperatures typically occur overnight. Meanwhile, the monthly 
Tavg provides insights into shifts in the overall temperature cycle (if any).

Superimposition with socioeconomic parameters
We finally have a composite heatwave index to represent the overall intensity of heatwave at the county level. All 
heatwave indices (HWN, HWTD, HWLD, HWMT, and HDT) computed for day, night, day–night, and aver-
age temperature datasets (resulting in 20 heatwave indices) are initially normalized to a 0–1 scale individually, 
using the MinMaxScaler from the scikit-learn Python  package70. These normalized indices are then averaged 
arithmetically to generate a comprehensive composite heatwave index. This composite index integrates the multi-
dimensional aspects of heatwave intensity, frequency, duration, and magnitude into a unified metric. The ration-
ale for this comprehensive approach is to capture all relevant dimensions of heatwaves and to account for the 
variations between the indices ensuring the composite index accurately reflects overall heat stress. Additionally, 
it allows for a concise visualization of the spatial patterns of heatwave hazards across counties, enabling overlay 
with socioeconomic vulnerabilities. Mapping this comprehensive heatwave index reveals county-level hot and 
cold spots of heat hazards and exposure. For superimposing the composite heatwave index with the composite 
SVI, we employed a ranking-based approach. Both the composite heatwave index and the SVI were divided into 
100 percentiles. Each county was assigned a rank from 1 to 100 for both the composite heatwave index and the 
SVI, reflecting their respective positions within the distribution. These ranks were then summed to produce a 
Combined Vulnerability Score for each county. This method ensures that extremes in either index (heatwave 
or socioeconomic vulnerability) are effectively captured in the combined score, rather than being averaged out. 
Finally, the Combined Vulnerability Score was normalized to a 0–1 scale using the MinMaxScaler, resulting 
in the Heatwave Risk Index (HWRI). The HWRI thus integrates both physical heat exposure and population 
sensitivity aspects into a unified metric. This final integrated metric reveals counties with the highest combined 
risks from heatwaves and vulnerability. The proposed HWRI offers a replicable framework for comprehensive 
spatiotemporal analysis, evaluating heat extremes through a multidimensional lens.

Heat index: temperature and humidity
The heat index is a measure of how hot the ambient air feels to the human body when relative humidity is 
combined with the air temperature. It is an important metric for assessing human discomfort and the potential 
for heat-related illnesses. We calculated the heat index for our study region using the equations developed by 
Rothfusz (1990) and adopted by the National Weather Service (NWS)71–73. The heat index (HI) is computed for 
two scenarios (i) Average HI for the entire study period (1982–2022) and (ii) Average HI for days when heatwave 
conditions occurred.

The heat index (HI) is computed as follows:
1. A simple formula was applied first:

2. If HI >= 80°F, the full regression equation was used with adjustments for certain humidity ranges:

Adjustments:
- If RH < 13% and 80°F <= T <= 112°F:

- If RH > 85% and 80°F <= T <= 87°F:

where T is maximum temperature (°F) and RH is relative humidity captured from (%).
We implement this heat index calculation in Python. After obtaining the heat index values, we visualized their 

spatiotemporal patterns across Mississippi counties to characterize human discomfort during heatwave events.

HI = 0.5{T+ 61.0+ [(T− 68.0)1.2] + (RH0.094)}

HI =− 42.379+ 2.04901523T+ 10.14333127× RH

− 0.22475541× T× RH− 0.00683783× T2 − 0.05481717× RH2 + 0.00122874× T2 × RH

+ 0.00085282× T× RH2 − 0.00000199× T2 × RH2

Adjustment =
13− RH

4
×

√

17− |T − 95|

17

HI =HI− Adjustment

Adjustment =
RH − 85

10
×

87− T

5

HI =HI+ Adjustment
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Results
Evaluation of ERA5 data
Figure 3 shows a comparison between ERA5 and four best reference observations. The medians, quartiles, and 
other statistical characteristics for both ERA5 and reference observations at all four stations are closely aligned 
(First row Fig. 3). This alignment indicates that ERA5 data closely mimicked the reference observations. Addi-
tionally, the shape of the violins and the proximity of the medians suggest a strong similarity in the distribution 
of temperature data between ERA5 and reference observations.

In the second row of Fig. 3, hexbin plots offer a spatial visualization of the ERA5 versus reference observations. 
The pronounced diagonal alignment illustrates a very strong correlation, with the highest densities centered along 
the 1:1 line  (R2 > 0.94). Additionally, lower RMSE values (from 1.77 to 2.17) demonstrate the small magnitude 
of differences between ERA5 and reference observations. These high  R2 values and lower RMSE values reinforce 
the notion that ERA5 closely approximates the reference observations. Furthermore, the consistent availability 
of ERA5 data across the space enhances its applicability, even in areas where ground-level data may be scarce 
or unavailable.

Additionally, an evaluation conducted for other stations with partial or shorter time frames of data, is detailed 
in Table S1. These stations, located throughout various parts of Mississippi (Figure S1), demonstrate  R2 values 
greater than 0.94 and RMSE values less than 2.5 for 34 out of 37 stations. This high level of agreement is depicted 
in Figure S1A and B. The robust performance across these additional stations further confirms the reliability of 
ERA5 data for the analysis across the region.

Social vulnerability index
Our analysis of county-level SVI data of Mississippi reveals a patchwork of place-based fragilities requiring tar-
geted policy interventions. 40 of 82 counties exhibit above-average socioeconomic vulnerabilities, with the index 
exceeding 0.5 (where 0 and 1 denote lowest and highest vulnerability respectively). There are sharp contrasts 
in vulnerability within the state (Fig. 4B). The poorer northwest Delta area faces more widespread challenges 
like high poverty and poor job access compared to more resilient southern counties (SVI average ~ 0.35). Simi-
larly, household vulnerability greatly differs between the highly fragile centrally located counties (Scott County) 
and minimally fragile Lafayette County, pointing to clear spatial inequality in resilience across sub-state areas 
(Fig. 4C).

Overlaying spatial and socioeconomic analyses provides an overview of vulnerability (Fig. 4D). We find 
Holmes County encounters the highest composite SVI, followed by Washington and Noxubee—all located in 
the northwest (Fig. 4D). It suggests resilience deficits are modulated by intersectional education, health, and 
racial inequities, predominantly in the African American Delta sub-region. Meanwhile, 41 counties statewide 
show above-average cumulative vulnerability indices, pointing to diverse yet sporadic fragilities necessitating 
comprehensive, context-specific interventions.

Our integrated spatial-demographic analysis reveals that larger populations (Fig. 4A) do not preclude high 
social vulnerability (Fig. 4B). Washington County (The locations of each county and its corresponding county 
ID number can be found in Supplementary Figure S5 and Table S2), with the 6th highest population statewide 

Fig. 3.  Comparison of ERA5 and ground-level temperature data for four Mississippi stations: Meridian Key 
Field (Station ID: 72234), Meridian/Kemper Springs (Station ID: KNMM0), Jackson Airport (Station ID: 
72235), and Madison/Sandalwood (Station ID: KMCBO). The first row (3 A–D) shows violin plot distributions 
and the second row (3 E–H) presents hexbin scatter plots with RMSE and R2 values in red.
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(44,604 residents), displays near-maximum vulnerability (SVI - 0.9877). Comparably populous Hinds County 
(226,541 residents) exhibits moderate vulnerability (SVI - 0.6543), likely cushioned by urban resources. How-
ever, rural Yazoo County faces disproportionately high vulnerability (SVI - 0.9630) despite having under 30,000 
residents. Also, Figure S6 shows the ratio of vulnerable population to the total population for every county is 
similar. These highly variable associations underscore that population size alone does not accurately predict 
resilience or precarity, yet tracking demographics enriches this multidimensional metric and can guide interven-
tions prioritizing dignity for marginalized communities.

Heatwave indices and their trend
The spatial distribution of the mean heatwave number (HWN) over the study period reveals distinct daytime 
versus nighttime patterns (Fig. 5A and B). The distribution of daytime HWN indicates that the northeastern and 
coastal counties stand out as relatively hotspots. Only coastal counties emerge as prone to frequent nighttime 
heatwaves (Fig. 5A), as minimum temperatures consistently remain elevated because of high specific heat capac-
ity of water. The average temperature HWN plot combines these effects, with hotspots in northern and coastal 
regions (Fig. 5C). The western counties exhibit only slightly lower HWN, with the range being approximately 
2.0–2.5 days, suggesting a relatively uniform frequency of heatwaves.

Critically, the day–night combined HWN (Fig. 5D) shows widespread extreme values across Mississippi. 
The minimal spatial variation indicates that most counties experience similar heatwaves persisting both day 

Fig. 4.  Spatial distribution of county-level: (A) Population in logarithmic scale, (B) Socioeconomic Status 
Index, (C) Household Characteristics Index, and (D) Composite Social Vulnerability Index (SVI).
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and night. Persistent exposure through day to night creates substantial health and infrastructure  risks74, that are 
prevalent for most counties statewide. Moreover, positive HWN slopes are widespread (Fig. 5E–H), indicating 
an increasing frequency of heatwaves during the day, night, and especially in the combined day–night periods. 
Notably, counties with fewer heatwaves exhibit steeper and highly significant positive trends. Meaning, these 
regions with even lower heatwave events in the past are likely to accelerate. Importantly, rising trends across 
existing hotspots are crucial.

The spatial patterns and trends in HWTD are shown in Fig. 6. HWTD represents the cumulative count of 
days contributing to heatwaves annually. The mean annual values of HWTD (Fig. 6A–D) reveals relatively uni-
form exposure of 12–14 days statewide for the daytime dataset. Slightly lower nighttime HWTD of 11–13 days 
indicates marginal overnight relief. The average temperature HWTD combines these day–night cycles. Critically, 
the day–night combined HWTD exhibits pervasive extremes of ~ 7 days annually, representing persistent multi-
day heatwaves. For vulnerable groups, this constant exposure without nighttime respite could severely threaten 
 health74. Northern and western counties experience slightly more day–night heatwave days.

Day and nighttime HWTD slopes exhibit a rising trend, demonstrating intensification of heatwave days over 
time. For the critical day–night combined HWTD, noticeable negative slopes can be found along the coast and 
northeast. These declining trends are also statistically significant indicating these counties may experience some 
relief from prolonged heatwaves, though overall HWNs are still increasing. It implies that although the total 
HWTDs will decrease, there are likely chances of recurrent heatwaves but of shorter durations. Also looking at 
HWLD (Figure S2), the persistent heatwave duration of 4–8 days and its statistically significant rise underscores 
the likely risk for consecutive days to people, livelihood, and  environment6,75. Continued increases in parts of the 
southwest could exacerbate threats to health, agriculture, and infrastructure during the most extreme heatwave 
events each  year76.

HWMT represents the average temperature across all days comprising heatwaves each year. Figure 7A–D 
show the spatial distribution of mean HWMT from 1980 to 2022. Daytime heatwaves reach summertime highs 
around 28–29 °C on average statewide, with slightly cooler northeastern counties. At night, coastal regions 
experience elevated minimum HWMT near 23 °C due to moderating Gulf breezes. The day–night combined 
HWMT exhibits pervasive extremes exceeding 20 °C at average across Mississippi. Regarding trends (Fig. 7E–H), 
no statistically significant changes are observed for any dataset. While some counties show moderately positive 
or negative slope magnitudes, the patterns are scattered with no spatial coherence. The mean heatwave tem-
perature appears to be increasing but there is no statistical significance. Extremely high heatwave temperatures 
above 35 °C, which can overwhelm the body’s ability to cool itself even with  fans74, remain a major concern. Such 
extreme heat can impact critical infrastructure systems like energy, transport, water, and healthcare  services77,78, 
potentially causing blackouts, transport disruptions, water shortages, and reduced hospital capacity. Heat waves 
also pose significant health risks, especially for vulnerable populations like older adults, those with underlying 

Fig. 5.  County-level spatial distribution and temporal trends of heatwave number (HWN). (A–D) Maps 
showing mean values of HWN during the study period from 1980 to 2022 for day, night, day–night combined, 
and average temperature datasets. (E–H) Maps visualizing linear temporal trends in HWN. Hashed counties 
represent significant slopes at 90% confidence level.
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Fig. 6.  County-level spatial distribution and temporal trends of heatwave total days (HWTD). (A–D) Maps 
showing mean values of HWTD during the study period from 1980 to 2022 for day, night, day–night combined, 
and average temperature datasets. (E–H) Maps visualizing linear temporal trends in HWTD. Hashed counties 
represent significant slopes at 90% confidence level.

Fig. 7.  County-level spatial distribution and temporal trends of heatwave mean temperature (HWMT). (A–D) 
Maps showing mean values of HWMT during the study period from 1980 to 2022 for day, night, day–night 
combined, and average temperature datasets. (E–H) Maps visualizing linear temporal trends in HWMT. Hashed 
counties represent significant slopes at 90% confidence level.
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medical conditions such as  asthma79,80, and outdoor  workers81,82. Monitoring and implementing protective meas-
ures against extreme heatwave temperatures is critical to mitigate impacts on infrastructure function and human 
health and productivity.

Observations confirm that heatwaves are occurring more often and lasting longer across Mississippi. For 
example, all counties exhibited positive HWN slopes in day and average dataset and 90% of counties in night 
and day–night dataset, and these trends are statistically significant. Spatial analysis reveals concerning patterns of 
elevated risk, particularly for persistent day–night heat exposure. Among the datasets, the day–night combined 
metrics stand out as exhibiting the most pervasive, extreme, and statistically significant upward trends in both 
number of heatwave events and their durations. This constant heat stress poses severe threats to  health81, as the 
human body requires cooler overnight temperatures, ideally below 25 °C, to recover from hazardous daytime 
 conditions74–76.

Figure 8 shows the temporal variation of HWN and HWTD. The recent 20 years exhibit markedly higher 
frequencies of extreme peaks in annual heatwave numbers and total heatwave days compared to the prior two 
decades. For instance, years after 2000 feature multiple instances of six or more heatwaves and over 35 total heat-
wave days annually. The year 2010–12 stands out as an exceptional extreme, with seven heatwaves and around 
45 heatwave days statewide. While maximum single-event heatwave duration and peak heatwave temperature 
metrics remained relatively stationary, the uptrends in frequency and total days are the dominant signals. Even if 
individual heatwaves are not lengthening or reaching hotter extremes, the fact that more heatwaves are occurring 
and lasting longer creates significant risks.

Evaluation of temporal shifting
The temporal variations of monthly Tmax, Tmin, and Tavg are shown in Figure S4 in the supplementary section. 
The Tmax heatmap reveals pronounced progression toward more intense extreme heat in May and September in 
recent years. Isolated dark red colors emerge in October starting in 2019, marking the first instances of extreme 
heat that late in the season. Even the winter months of January and February display slightly warmer indica-
tions in recent decades. This demonstrates that peak summertime heat is steadily advancing earlier in spring 
and persisting later into fall. Notably, the patterns differ between pre- and post-2000. Notably, 2011 and 2012 
exhibit pronounced intensification, with consecutive higher Tmax and Tmin across June through August. This 
corresponds to higher Tavg, reflecting extreme heat persistence day and night. Also, the year 2000 stands out as 
an extreme event, spanning July through September. Minimal shifting is observed in winter months, and night 
heat extremes have remained relatively stationary.

Superimposition with socioeconomic parameters
The spatial pattern of the normalized heatwave composite index is shown in Fig. 9A. Consistent with the indi-
vidual heatwave metrics analyzed previously, the composite identifies counties across northwest Mississippi as 
severe hotspots, with values exceeding 0.8. The highest severity is observed in Yalobusha County with 12,364 
 people83. Bolivar, Lafayette, Panola, and Tallahatchie counties also emerge as extreme heatwave hotspots based 
on the integrated metric. In total, 25 counties display a composite heatwave index over 0.5, concentrated primar-
ily across the northwest. These regions exhibit consistently high heatwave numbers, durations, and magnitudes 

Fig. 8.  Inter annual variation of heatwave number (HWN) (top) and annual heatwave total days (HWTD) 
(bottom) for Mississippi over the period 1980–2022. The last two decades exhibit more frequent extreme peaks 
in HWN and HWTD compared to 1980–2000, providing further evidence of intensifying heatwaves statewide 
in recent years.
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based on the individual metrics. 50 counties exhibit composite values below 0.2, indicative of relatively lower 
heatwave intensity. The lowest index occurs around coastal regions of Mississippi and George County with 
25,206 people living  there84.

Importantly, as illustrated in Fig. 4D, these northwest counties also exhibit heightened social vulnerability. 
The HWRI (Fig. 9B) accounts for both physical heat exposure and socioeconomic vulnerability. Consistent with 
the individual maps, the integrated index shows highest risk levels concentrated across northwest Mississippi. 
Bolivar county emerges as the top hotspot, with a risk index 1. Tallahatchie, Coahoma and Washington counties 
follow closely behind with values over 0.9. Overall, 18 counties display risk levels > 0.75 and 36 counties display 
risk levels > 0.5, mostly located within the elevated heatwave and vulnerability region in the northwest.

Heat index: temperature and humidity
The county-level analysis of average heat index values across Mississippi reveals substantial spatial variations 
across the study period (1982–2022) as well as during heatwave events (Fig. 10). For the average study period heat 

Fig. 9.  Spatial distribution of county-level (A) composite heatwave index, and (B) heatwave risk index.

Fig. 10.  Spatial distribution of average heat index across Mississippi counties, with a color ramp indicating 
increasing heat index values from blue (cooler) to red (hotter).
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index (Fig. 10A), the southern counties generally experience higher levels compared to the northern counties. 
The mean heat index for all 82 counties is 92.3°F, with a median of 92.6°F. The values range from a minimum of 
84.6°F in Tippah County, classified as "Caution" according to the heat index scale in Figure S7, to a maximum of 
96.8°F in Greene County, which falls into the "Extreme Caution" category as per  NWS73,85. The top ten counties 
with the highest average heat index are predominantly located in the southern part of the state: Greene (96.8°F), 
Perry (96.8°F), Marion (96.3°F), George (96.0°F), Pearl River (96.4°F), Hancock (95.9°F), Stone (96.0°F), For-
rest (95.7°F), Walthall (95.7°F), and Lamar (95.3°F) counties. These counties experience oppressively high heat 
index levels above 95°F on average, posing significant risks for heat-related illnesses and discomfort, as they fall 
into the "Extreme Caution" or "Danger" categories. In contrast, the counties with the lowest average heat index 
values are concentrated in the northern regions of Mississippi, primarily in the "Caution" range: Tippah (84.6°F), 
Alcorn (84.7°F), Benton (84.9°F), Tishomingo (85.2°F), DeSoto (85.2°F), Prentiss (85.9°F), Marshall (85.6°F), 
and Tate (86.2°F) counties.

However, during heatwave periods (Fig. 10B), the heat index values are significantly elevated across the entire 
state, reaching dangerous and even life-threatening levels. The mean heat index soars to 166.6°F, with a median 
of 166.7°F, firmly in the "Extreme Danger" category (≥ 125°F). All the counties experience exceptionally high 
heat index values exceeding 168°F during heatwaves, well into the "Extreme Danger" range. The top five coun-
ties are Wayne (170.8°F), Washington (170.2°F), Greene (170.1°F), Perry (170.6°F), and Marion (170.1°F). Even 
counties with relatively lower heat index values during heatwaves, such as DeSoto (158.2°F), Alcorn (159.6°F), 
Tippah (159.9°F), and Tishomingo (161.0°F), still experience dangerously high levels in the "Extreme Danger" 
category (125°F and higher), posing significant risks for heat stress and discomfort. The spatial pattern during 
heatwaves (Fig. 10B) highlights the central and southern regions as hotspots, with a continuous band of coun-
ties stretching from the southwest to the southeast experiencing the most severe heat index conditions in the 
"Extreme Danger" range above 168°F.

Discussion
We observe that the distribution of daytime and nighttime heatwave numbers (HWN) at coastal areas is relatively 
high, as depicted in Fig. 5A and B. A similar pattern emerges for heatwave total duration (HWTD) in Fig. 6A 
and B, heatwave longest duration (HWLD) in Figure S2, heatwave maximum temperature (HWMT) in Fig. 7A 
and B, and heat day threshold (HDT) in Figure S3, suggesting that coastal cities are particularly vulnerable to 
heatwaves. The higher nighttime heatwave indices in these areas could be attributed to the higher specific heat 
capacity of water bodies, which can retain and release heat more effectively than land. However, during daytime, 
the interplay of marine heatwaves and wind direction may contribute to the elevated heatwave indices observed 
in coastal regions, warranting further investigation into these potential  drivers86,87.

Notably, Fig. 5G reveals a significant increase in the slope of heatwave number with other indices at both 
daytime and nighttime across all counties, a pattern that is consistently observed in Figs. 6, 7, 8 and S1–S2 for 
other heatwave metrics. This finding is particularly concerning, as continuous heatwave exposure during both 
day and night can have severe implications for human health and well-being. While daytime heatwaves neces-
sitate rest and recovery, the lack of respite during the night can prevent the body from recuperating effectively. 
Constant exposure to heatwaves without a break can pose significant health threats, as supported by numerous 
 studies6,75. Furthermore, the persistent heatwave longest duration (HWLD) of 4–8 days and its statistically 
significant rise, as shown in Figure S2, underscores the likely risk for consecutive days of heatwave exposure to 
people, livelihoods, and the environment. Continued increases in parts of the southwest could exacerbate threats 
to health, agriculture, and infrastructure during the most extreme heatwave events each  year6,75,76. Extremely 
high heatwave temperatures above 35 °C during the daytime as seen in Figs. 7 and S2, which can overwhelm the 
body’s ability to cool itself even with fans, remain a major concern. Such extreme heat can impact critical infra-
structure systems like energy, transport, water, and healthcare services, potentially causing blackouts, transport 
disruptions, water shortages, and reduced hospital  capacity77,78,82,88. Of particular concern are the extreme heat 
index values observed during heatwave periods across Mississippi (Fig. 10B). The mean heat index (which is 
apparent temperature) soars to 166.6°F, with multiple counties exceeding 168°F, approaching life-threatening 
levels. The highest value of 170.8°F during heatwaves in Wayne County poses severe health risks, especially for 
vulnerable populations like the elderly, young children, and those with pre-existing medical conditions. Apart 
from that, having a heat index above  900F in half of the counties on an average means they are at extreme caution 
which could create heat stroke, heat cramps, or heat exhaustion with prolonged exposure as suggested by NWS 
HI  table73,85 (Figure S7). When we consider the socioeconomic factors, as illustrated in Fig. 9A and B, it becomes 
evident that areas with lower socioeconomic conditions tend to have higher heatwave exposure. These com-
munities may lack access to air conditioning or other cooling facilities, exacerbating the impact of heatwaves on 
vulnerable populations and highlighting the need for targeted interventions and support systems as per the data 
from CDC/ASTDR64. Monitoring and implementing protective measures against extreme heatwave temperatures 
are critical to mitigate impacts on infrastructure function and human health and productivity.

Most importantly, this focal area faces disproportionate heatwave impacts due to the compounding effects of 
extreme heat and social disadvantage. There is a clear connection between the data shown in Figs. 2B, 4D, 9A and 
B. Figure 2B shows that the northwest counties of Mississippi have a significant African American population. 
These same counties are depicted in Fig. 4D as having high social vulnerability. Figure 9B displays the heatwave 
risk index, which shows that the northwest counties with more African Americans and higher social vulner-
ability also experience greater impacts. So even though these counties have lower overall populations as seen in 
2B, the minority populations there are disproportionately affected by heatwaves, both socially and physically. 
This data highlights the need for targeted mitigation measures in these communities to reduce the outsized risks 
from heatwaves. With events becoming more frequent and prolonged, pressure on public health, agriculture, 
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infrastructure, emergency response, and social support systems will continue growing. Urgent, proactive inter-
vention through heat resilience plans, warning systems, community preparedness, and infrastructure adaptations 
are essential to mitigate the likely escalation in extreme heat.

Our findings have significant practical implications that necessitate action from both residents in impacted 
areas and management departments. For residents, especially in high-risk northwest counties with minority 
populations and higher social vulnerability, raising awareness through heat action plans, guidelines for staying 
hydrated and cool, and recognizing heat-related illness symptoms are crucial. Management departments should 
prioritize interventions and resource allocation in these vulnerable areas, including implementing targeted public 
health campaigns, expanding access to cooling centers and air-conditioned public spaces, improving emergency 
response systems, and integrating heat mitigation strategies into urban design and infrastructure development. 
Importantly, this study highlights the need for long-term, systemic changes to address the root causes of social 
vulnerability and environmental injustice that exacerbate the disproportionate impact of heatwaves on disadvan-
taged communities. Collaborative efforts between local governments, community organizations, and stakeholders 
are essential to develop comprehensive heat resilience plans that tackle socioeconomic disparities, improve access 
to healthcare and social services, and promote sustainable urban development.

The multifaceted characterization of escalating heatwave regimes and associated vulnerabilities in this study 
provides a pivotal basis for life-saving interventions. The spatiotemporal patterns of heatwaves, including the 
extreme heat index values observed during events, emphasize the urgency of local climate action to protect at-risk 
populations, particularly in already disadvantaged areas facing disproportionate burdens. The integrated Heat-
wave Risk Index (HWRI) offers a replicable tool to guide equitable decision-making as communities worldwide 
confront rising extreme heat challenges. The methodological framework developed in this research is scalable 
and flexible, enabling the heatwave characterization and risk index approaches to be applied to broader regions 
beyond Mississippi. This provides decision-relevant climate change analysis at local levels worldwide, laying 
a strong foundation for evidence-based heat mitigation policies centered on social equity. Adaptation efforts 
prioritizing the identified high-risk counties could significantly enhance community resilience, spotlighting the 
need to implement timely heat resilience plans across vulnerable areas.

While this study offers valuable insights, it is important to acknowledge limitations and opportunities for 
further refinement. The heatwave index calculations along with heat index integrating temperature and humid-
ity, provide a crucial measure of human discomfort and heat stress. However, other meteorological factors, such 
as wind speed and direction, could potentially influence perceived heat exposure and should be considered 
in future analyses. Incorporating wind patterns, particularly in coastal regions, may shed light on the driv-
ers behind elevated heat indices and enable more targeted mitigation strategies. Furthermore, exploring the 
interplay between heatwaves and other meteorological phenomena, such as droughts or precipitation patterns, 
could provide a more comprehensive understanding of the complex interactions shaping heat exposure and its 
impacts on various sectors, including agriculture, water resources, and ecosystem dynamics. Future research 
could integrate these additional meteorological variables, along with other relevant factors like land cover, urban 
heat island effects, and anthropogenic heat sources, to develop more sophisticated heat index models and risk 
assessment frameworks.

In the subsequent phase, our research aims to investigate local heatwave effects and the potential of nature-
based solutions like green and blue infrastructures for mitigating urban heat islands. By combining these find-
ings with localized assessments, we strive to offer actionable recommendations for creating more sustainable 
and livable cities that are resilient to the increasing challenges posed by heatwaves and climate-related hazards. 
Overall, proactive measures to avert preventable heatwave impacts will only grow more critical as global warm-
ing accelerates. The findings from this study provide a strong foundation for evidence-based policymaking and 
targeted interventions to enhance heat resilience, particularly in socially vulnerable communities dispropor-
tionately affected by extreme heat events.

Conclusion
This study conducted a comprehensive spatiotemporal analysis of heatwave patterns at county-level across Mis-
sissippi over the past four decades, integrating diverse temperature datasets and heatwave indices. Our results 
demonstrate intensifying heatwave frequency and duration beyond natural fluctuations, with alarmingly high 
heat index values observed during events. Heatwave events have clearly become more prevalent and prolonged 
across both daytime and nighttime periods. An integrated HWRI revealed that certain regions face compounded 
threats from extreme heat and social vulnerability. Specifically, counties in northwest Mississippi emerged as 
hotspots based on combined physical exposure and sensitivity characteristics.

The African American communities in northwest Mississippi experience high poverty rates and maximum 
impacts, highlighting the need for targeted protections and support. This intersection of escalating heatwave 
hazards and socioeconomic disadvantage spotlights an environmental justice imperative for urgent targeted 
intervention. While peak single-event heatwave temperatures showed no detectable trend, the rising trending 
heatwave numbers and total heat days pose serious concern given their substantial public health and infrastruc-
ture impacts. Nighttime relief is diminishing, leading to concerning day–night persistence that eliminates crucial 
recovery periods. HWRI informs proactive measures and targeted resource allocation to mitigate associated 
risks. Our study can further support public health initiatives by informing interventions to protect vulnerable 
populations. Additionally, it guides urban planning decisions to create resilient infrastructure and green spaces. 
Ultimately, it enhances climate adaptation efforts by informing local policies and bolstering community resilience.
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