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Impact of Climate Change on Vaccines and Cold Chain Management: 
A Public Health Perspective from the South-East Asia Region



Abstract:
Climate change has emerged as a major global health challenge, significantly impacting health systems, in low- and middle-income countries where public health infrastructure is often under-resourced. One critical but underexplored area is the impact of climate change on vaccine cold chain systems. Rising temperatures, extreme weather events, and erratic power supply disrupt the vaccine cold chain, which is critical for preserving vaccine potency.  This paper explores the nexus between climate change and cold chain management, drawing on global and South-East Asian experiences, with a focus on India. It presents the multifaceted challenges of maintaining vaccine potency amid climate stressors, evaluates mitigation strategies being implemented, and offers a forward-looking roadmap for building climate-resilient immunization supply chain systems. Strengthening cold chain resilience is imperative not only to safeguard immunization gains but also to enhance overall health system preparedness against climate-induced disruptions.
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1. Introduction
The World Health Organization (WHO) has identified climate change as the greatest threat to global health in the 21st century. Climate change, driven by global warming and environmental degradation, has far-reaching consequences on human health and public health infrastructure. Every year, environmental factors take the lives of around 13 million people.(1) Changing weather patterns are expanding diseases, and extreme weather events increase deaths and make it difficult for health care systems to keep up. It is estimated that, due to global warming, within the next 50 years, approximately 3.5 billion people will be exposed to a mean annual temperature of 29.0°C or higher.(2)
Climate change is a present-day disruptor of essential public health services, including immunization. The stability of vaccine & cold chains, a cornerstone of immunization programs, is increasingly jeopardized by the escalating frequency and intensity of extreme weather events. From rising sea levels and catastrophic floods to heatwaves and cyclones, climate-induced disruptions threaten not only vaccine efficacy but also equitable access to immunization, particularly in vulnerable and underserved regions. In South-East Asia, where a large population depends on publicly provided immunization, this vulnerability is particularly acute. 
South Asia has emerged as a prominent climate hotspot despite contributing only about 8 per cent of global carbon emissions. The region is home to more than 659 million children and hosts the world’s largest youth population, placing its future generations at heightened risk. This demographic, while representing the promise of the region’s future, is simultaneously among the most vulnerable to the escalating impacts of climate change. According to UNICEF’s Children’s Climate Risk Index, children in Afghanistan, Bangladesh, India, and Pakistan are classified as being at extremely high risk of climate-related adversities, underscoring the disproportionate burden borne by the youngest and most marginalized populations. (3)
This paper analyses the environmental and health interlinkages of climate change impacts on vaccine cold chain systems globally and in South Asia, with a special focus on India. It highlights country experiences, adaptation strategies, and policy recommendations to strengthen climate-resilient immunization systems.
2. Climate Change and Cold Chain: Understanding the Interconnection

The Intergovernmental Panel on Climate Change (IPCC, 2023) (4) reports that the global average surface temperature has risen by ~1.2°C since pre-industrial times, intensifying extreme weather events. These changes directly disrupt health services and indirectly impact disease epidemiology. Vaccines, as temperature-sensitive biological products, are particularly vulnerable, making cold chain systems an environmental and health security priority.
Cold chain systems are indispensable for immunization programs, ensuring vaccine efficacy from the point of manufacture to administration at a recommended temperature range. However, these systems are highly vulnerable to climate variability. Cold chain failures can occur due to overheating, freezing, or power outages, rendering vaccines ineffective or unsafe. Climate-induced disruptions amplify these risks. Heatwaves stress refrigeration equipment, floods damage storage infrastructure, and power outages in rural regions exacerbate vaccine spoilage. These failures translate into reduced immunization coverage, widening inequities, increase wastage and risk of administering ineffective vaccines  and reversing hard-won gains in disease control 
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Fig 1 Impact of Climate Change on Health System
2.1 Regional & Global Challenges 

a)  Rising ambient temperatures: Heatwaves 
Increasing ambient temperatures complicate access to vaccination services, particularly in remote and underserved communities. Heat waves and prolonged periods of high temperature not only threaten the integrity of vaccines during transport and storage but also discourage individuals from traveling to immunization centres, contributing to missed appointments and lower vaccination uptake. High temperatures also place additional stress on refrigeration units decreasing their cooling efficiency, accelerating mechanical failures, and shortening the operational lifespan of cold chain assets due to heat- and humidity-induced corrosion 
A study by PATH (2019) showed that even short-term exposure of vaccines to temperatures outside the 2°C–8°C range can compromise their potency. Freeze-sensitive vaccines like Hepatitis B and Pentavalent are particularly vulnerable, while heat-sensitive vaccines such as oral polio vaccine (OPV) can be rendered inactive at high temperatures. (5)
Recent heatwave events in South Asia underscore these vulnerabilities. Between 2021 and 2023, Pakistan experienced prolonged heatwaves with temperatures exceeding 45°C in Sindh and Punjab provinces. These extreme conditions led to frequent failures of cold chain equipment due to overheating and overuse. Local health workers reported spoilage of heat-sensitive vaccines and a marked increase in cold chain repair needs which disrupted the routine immunization services.(6)
India faces similar challenges particularly in heat-prone states such as Uttar Pradesh, Rajasthan, Madhya Pradesh with temperature above +44°C,  health facilities equipped with standard cold chain equipment struggled to maintain internal temperatures, especially in rural and tribal health sub-centres with unreliable power supply.  Compressor failures and spikes in energy demand are common, resulting in increased risks of vaccine spoilage, particularly for heat sensitive vaccines and highlights the growing need for accelerated equipment maintenance and replacement.(7)
Compounding these risks, unreliable electricity remains a persistent barrier to effective cold chain operations across rural South Asia. Power outages caused by poor infrastructure, load shedding, and seasonal storms frequently lead to temperature excursions in Ice-Lined Refrigerators (ILRs) and deep freezers. These disruptions undermine vaccine storage at critical last-mile locations, weakening immunization system resilience and equity in service delivery.
b) Floods & Cyclones: Extreme Weather Events
Flooding, Heat waves and other extreme weather events, such as cyclones, poses serious risks to vaccine cold chain infrastructure. These events can damage refrigeration equipment and disrupt transportation networks. The resulting interruptions lead to prolonged power outages impairing consistent temperature maintenance, missed immunization sessions and a decline in vaccination coverage, especially in vulnerable rural areas where alternative routes or power sources may be unavailable.
Globally, floods stand out as the most pervasive natural disaster, accounting for substantial losses in life, infrastructure, and healthcare delivery. In 2022 alone, six out of 29 global disasters exceeding US$1 billion in damages were floods, with cascading effects on public health systems. (6) Unfortunately, the impact of flooding is expected to grow for a variety of reasons: urbanization will lead to increasingly concentrated population centres in coastal regions, and changing climates will precipitate unexpected weather patterns, warmer air facilitating more rainfall in some regions, and higher sea levels. 
Floods not only damage refrigeration equipment and submerge vaccine storage facilities but also sever transport routes, delay outreach services, and cause prolonged power outages—rendering temperature-sensitive vaccines unusable. More alarmingly, projections suggest that nearly 1.8 billion people or 23% of the world population—many of them in low-income settings—already live in flood-prone areas and face disproportionate barriers to immunization during crises. (8)
The South Asian region, highly climate-sensitive and densely populated, provides stark examples of these challenges. The 2022 floods in Pakistan displaced millions and left over 3 million children without scheduled vaccinations due to damaged health facilities and transport systems.(6) India’s Cyclone Amphan (2020) caused widespread power outages and flooding in cold chain storage facilities in West Bengal, (9) while Cyclone Fani (2019) suspended routine immunization in Odisha for weeks, leading to immunity gaps among children under five.(10) Monsoon-related flooding in Assam and Bihar between 2021 and 2023 submerged dozens of health sub-centres and rendered backup generators inoperable. Routine immunization was interrupted for weeks, with additional delays caused by the need to revalidate stock safety post-flooding. In Nepal, monsoon-induced landslides and floods in districts like Sindhupalchowk and Gorkha disrupted outreach sessions and vaccine deliveries for extended periods, contributing to disease resurgence such as diphtheria and pertussis. (11)
Bangladesh, highly vulnerable to cyclones and riverine floods, has witnessed repeated disruptions of immunization services in low-lying districts such as Kurigram, Satkhira, and Barisal. During Cyclone Amphan, many vaccine storage facilities were inundated or cut off due to damaged roads and prolonged power failures, prompting emergency responses with mobile cold boxes and diesel generators. (12) Sri Lanka’s North-Central regions face alternating droughts and flash floods, which compromise the reliability of solar-powered refrigerators and force seasonal migration—consequently affecting vaccine uptake among mobile populations. (13)
Remote and mountainous regions across Bhutan, India’s north eastern states (e.g., Arunachal Pradesh, Himachal Pradesh, Uttrakhand), and Nepal face logistical challenges due to landslides and unpredictable weather. Vaccine transportation is often delayed, and maintenance of solar cold chain solutions becomes difficult under cloudy or stormy conditions. Theft or vandalism of solar units further complicates operations. In these areas, porters and donkeys are often deployed to deliver vaccines, but delays still result in missed sessions and vaccine wastage. (6,14)
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Fig 2. Climate change & Cold chain Management
Island nations are particularly at risk due to rising sea levels and saline intrusion. In the Maldives, vaccine storage on low-lying atolls is regularly threatened by tidal surges and flooding, which also damage electricity infrastructure critical to cold chain operations. This has necessitated a revision of the national cold chain strategy, including relocation of key storage units to higher and safer ground. (13)
Across South Asia, these climate-driven disruptions are no longer isolated events but systemic and recurring. The heaviest burden falls on rural, remote, and resource-poor populations, where resilient infrastructure, emergency transport, and alternative power sources are lacking. Unless addressed, these vulnerabilities will widen immunization inequities and undermine global health secure
c) Increased Disease Burden: Vaccine Preventable Diseases
Climate change is increasingly recognized as a driver of the global surge in infectious diseases, including vaccine-preventable diseases (VPDs). Resurgence of existing infectious diseases or the appearance of new pathogens were commonly cited as an impact of climate change. (15)
Alterations in temperature, precipitation, humidity, and extreme weather events directly impact the survival, reproduction, and transmission potential of pathogens and their vectors. This shifting ecological balance has led to changing disease seasonality, increased geographic spread, and heightened disease intensity—posing a major threat to health systems and immunization services worldwide. (16) These disruptions not only lead to disease outbreaks but also strain cold chain infrastructure, delay vaccination campaigns, and divert resources away from preventive services.
                                                                     
Vector-borne diseases such as malaria, dengue, and Japanese encephalitis (JE) are highly sensitive to climatic variables. Rising temperatures and prolonged wet seasons have expanded mosquito habitats into previously low-risk areas. Evidence from China shows a climate-linked increase in JE, dengue, and malaria incidence, particularly in regions once considered non-endemic (Gong et al., 2021) (15). In Southeast Asia, climate variability combined with changing agricultural practices has extended JE transmission to northern Vietnam and eastern Nepal, historically free of the disease (CDC Global JE Surveillance Report, 2022) (17). Similar shifts are observed in India, where JE, traditionally confined to May–July, now persists until October–November due to erratic rainfall and warmer post-monsoon conditions, with vaccination efforts often disrupted by flooding. Malaria and dengue have also expanded their geographic range, with malaria transmission emerging in previously cooler regions and dengue outbreaks reported in hilly areas (NCVBDC, 2023). (18)
The IPCC’s Sixth Assessment Report (Synthesis Report, 2023) underscores how changing water cycles and extreme weather events elevate the risk of waterborne outbreaks such as typhoid, cholera, hepatitis A, and rotavirus-related diarrhoea (19). Research indicates that extreme rainfall events causing waterlogging & droughts worsening water scarcity and hygiene deterioration, significantly increase the incidence of diarrhoeal diseases among young children in low- and middle-income countries. (DHS/PNAS, 2023) (20). In India, a decade-long study in Kerala also highlights pronounced seasonal peaks in hepatitis A during pre- and post-monsoon periods, indicating a link with environmental vulnerabilities (21) Similarly, recurrent outbreaks of typhoid in northern parts of the country have been linked to rising temperatures, compromised water quality, and poor sanitation conditions following heatwaves and cyclonic rains. (22)
These regional and global examples underscore how climate change amplifies the burden of infectious diseases, especially in low- and middle-income countries where health systems and immunization infrastructure are often fragile. The cascading impact on cold chain management is profound: flooding and heatwaves damage storage equipment, interrupt power supplies, and obstruct vaccine delivery routes. Additionally, increased disease outbreaks demand emergency vaccination responses, diverting vaccines and personnel from routine services. In addition, shifting ecosystems, human migration, and land-use changes increase the risk of zoonotic spill overs and emerging pathogens. 
Table 1-: Vaccine Preventable Diseases & Climate Change
	Climate Driver
	Impacted VPDs
	Outcome

	Increased Rainfall
	JE, Cholera, Hepatitis A
	Outbreaks in flood-affected districts

	Rising Temperature
	Yellow Fever, JE
	Vector expansion, new endemic areas

	Urban Heat + Pollution
	Measles, Influenza
	Higher transmission during hot, humid spells

	Flooding
	Cholera, Typhoid, Hepatitis A
	Immunization delays, outbreak clusters

	Migration/Displacement
	All routine VPDs
	Reduced coverage, stock outs, resurgence



d) Migration and Displacement 
Climate-induced disasters are projected to displace vast populations, creating climate refugees. The World Bank estimates over 200 million people could be displaced by 2050 due to climate-related drivers (23). Such large-scale displacement not only constitutes a humanitarian crisis but also undermines immunization programs and cold chain logistics. Overcrowding in temporary shelters or urban slums with poor infrastructure, sanitation, and health service delivery heightens the risk of outbreaks such as measles and typhoid. Displacement further complicates vaccination coverage, as families may deprioritize immunization, records are lost, and children’s vaccination status becomes difficult to track (24). Compounding these challenges, the WHO reports that up to 50% of vaccines are wasted globally each year, largely due to cold chain failures often exacerbated by climate stressors (25).

3. Strategies adopted to Mitigate Climate Impact by India
India runs one of the world’s largest immunization programs, vaccinating over 29 million children and 26 million pregnant women annually. The Universal Immunization Programme (UIP) in India is one of the largest public health program relies on a complex network of over 30,000 cold chain points with huge number of cold chain equipment.(26) In response to the growing threat of climate change to public health systems, particularly immunization services, India has adopted a multi-pronged approach to enhance resilience, ensure vaccine potency, and reach vulnerable populations affected by migration, disasters, and environmental stressors. These strategies are aligned with global best practices and reflect the country’s commitment to universal health coverage and climate adaptation.
3.1. Real-Time Temperature Monitoring and Cold Chain Digitization
· India has pioneered the Electronic Vaccine Intelligence Network (eVIN) 20, which includes real-time temperature monitoring and vaccine stock management. Over 30,000 cold chain points are now equipped with digital data loggers and remote temperature sensors, allowing continuous oversight of storage conditions (UNDP India, 2020). Digital alerts through mobile dashboards helps identify cold chain breaches early, prevent vaccine spoilage, and enable rapid corrective actions. (27)
· eVIN Stock management system further reduces vaccine wastage, improves inventory control, reduces stock out and ensuring cold chain transparency. This helps in efficient distribution of stocks during emergency situations.
3.2. Equipment Quality and Maintenance Systems
India conducts periodic Effective Vaccine Management (EVM) assessments to evaluate and strengthen the performance of its cold chain infrastructure, in line with WHO standards (MoHFW & WHO, 2022). These assessments cover equipment functionality, maintenance practices, and capacity needs.
· Planned Preventive Maintenance (PPM) is implemented to enhance the longevity and reliability of cold chain equipment, reducing the risk of breakdowns during extreme weather events.
· The National Cold Chain and Vaccine Management Information System (NCCMIS) (28) tracks and coordinates repair and maintenance of cold chain assets across the country, ensuring uptime during climate emergencies.
3.3. Renewable Energy Integration: Solar Cold Chain Systems
To address power instability in remote and disaster-prone regions, India is expanding the deployment of solar direct-drive (SDD) refrigerators. These solar-powered units operate without batteries and can maintain stable temperatures for extended periods, making them ideal for off-grid or power-deficient areas (UNICEF India, 2023).(29)
Additionally, several states have initiated the solarization of entire health facilities, ensuring that not only refrigerators but also lighting, fans, and data systems continue to operate during power outages
3.4. Digital Innovations for Vaccine Delivery and Tracking Migratory Populations
India has developed UWIN platform (Universal Immunization Registry) to track immunization status among migrant and mobile populations, helping reduce missed doses and facilitating timely catch-up vaccinations (30). This is particularly important in the context of climate-induced displacement and seasonal migration, where traditional paper-based systems are inadequate.
3.5. Technological Innovations: Drone-Based Vaccine Delivery
India has launched pilot projects to deliver vaccines using unmanned aerial vehicles (UAVs) or drones, especially in inaccessible and high-risk zones impacted by climate or terrain challenges.
· Under the “Medicine from the Sky” initiative18, implemented by the Ministry of Civil Aviation and supported by the World Economic Forum, drone vaccine deliveries were successfully piloted in Telangana, Arunachal Pradesh, and Andaman & Nicobar Islands (31). In Manipur and Nagaland, drone deliveries reduced delivery time from 3 hours by road to 20 minutes, enhancing vaccine outreach during monsoons when roads are frequently blocked 
· The ICMR Drone Response Initiative (i-DRONE), launched by the Indian Council of Medical Research, facilitated drone transport of COVID-19 vaccines and medical supplies in flood-affected areas, demonstrating the scalability of drone-based cold chain logistics (ICMR, 2021).(32)
These technological interventions have not only proven to be climate-resilient but also cost-effective and scalable, especially for immunization in hard-to-reach tribal or forested regions.
3.6. Capacity Building and Climate-Responsive Training
National Cold Chain & Vaccine Management resource centre situated at the National Institute of Health and Family Welfare (NIHFW) conducts Regular training programs for program managers, health workers, cold chain technicians on vaccine and cold chain management skills. These trainings aim to improve staff responsiveness and enhance skills for effective management of immunization supply chain. (33)
3.7. Vaccine Innovation and Introduction of Climate-Relevant Vaccines
To reduce disease burden aggravated by climate change, India is investing in new vaccines and expanding the national immunization schedule:
· Adult Japanese Encephalitis (JE) vaccines have been introduced in endemic districts Uttar Pradesh, and Assam with rising JE incidence, especially after flooding events (MoHFW, 2021). https://ncvbdc.mohfw.gov.in/
· Typhoid conjugate vaccine has been rolled out at the state level (e.g., Maharashtra & Delhi) and is under review for national introduction due to increased typhoid outbreaks following water contamination during floods (35)
· India is also preparing for the introduction of the RTS, S/AS01 malaria vaccine, following its successful deployment in sub-Saharan Africa. As climate change increases the spread of vector-borne diseases, the vaccine will play a key role in India’s National Framework for Malaria Elimination (NFME) by 2030. (36)
3.8. Infrastructure Mapping and Access Enhancement
Under the PM Gati Shakti National Master Plan, the government is creating an integrated digital platform to map healthcare infrastructure, improve logistics planning, and enhance access to immunization services, particularly in remote and underserved regions. (37) This geospatial planning is crucial in disaster-prone districts where last-mile delivery is often hampered by damaged roads and disrupted transport routes.

4. Way Forward: Strengthening Climate-Resilient Immunization Systems
As climate change increasingly disrupts public health infrastructure, countries must adopt integrated, forward-looking strategies to safeguard immunization programs. This includes embedding climate risk assessments into immunization planning, supported by early warning systems and GIS-based cold chain mapping for proactive decision-making. Cold chain infrastructure should be redesigned to withstand temperatures up to 45°C, using passive cooling technologies like phase-change materials (PCMs) and expanding the use of solar direct-drive (SDD) refrigerators for off-grid reliability.
India’s innovative eVIN system, drone-based vaccine delivery pilots, and UWIN platform demonstrate scalable digital and renewable energy solutions. Multisectoral coordination—across health, energy, environment, and disaster management—is critical, along with aligning policies to Nationally Determined Contributions (NDCs) under the Paris Agreement.
Climate adaptation financing must be mobilized to support these efforts, including the solarization of entire health facilities and expansion of resilient transport systems. Engaging local communities in vaccine delivery during emergencies and strengthening regional cooperation—such as establishing a South Asia Cold Chain Resilience Network—will enhance collective preparedness. Finally, investing in thermostable vaccines and AI-driven logistics tools will be key to ensuring sustained immunization coverage in a changing climate (GAVI, 2022; WHO, 2021; UNICEF, 2023; MoHFW, 2023).
As the WHO South-East Asia Region faces increasing climate volatility, safeguarding vaccine integrity through robust, adaptive, and sustainable cold chain systems must be a policy and operational priority. India’s model offers valuable lessons for regional replication, especially across South Asia and other climate-vulnerable regions.
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