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Abstract 

There is substantial evidence that the onset and transmission of infectious diseases, particularly 

vector-borne diseases and diarrheal diseases, are influenced by many factors including climate 

change. Improving the understanding of the impacts of climate change on infectious diseases is 

important to inform policy decision making on disease control and prevention, as well as 

predicting the trends in the infectious diseases burden. Epidemiological analysis of long-term 

surveillance data on infectious diseases and meteorological factors are instrumental in 

establishing the association between infectious disease incidence and climate change. Advanced 

epidemiological techniques are now available to precisely estimate the nature of association 

(linear, non-linear) as well as the delayed effect: this means that it is possible to plan and design 

climate-based early warning systems to predict conditions that are likely to be favourable for an 

outbreak of climate-sensitive infectious disease. However, the association between infectious 

diseases and climate change varies, depending upon the pathogens responsible for infection. 

Similarly, the ability of infectious disease surveillance systems or disease control divisions to 

generate this evidence and utilise the knowledge to cope or adapt to the impacts of climate 

change is contingent upon the social, economic, political and other contextual problems. In the 

Nepalese context, the impacts of climate change on infectious diseases, in particular diarrheal 

disease, remains unknown: similarly, there has been no exploration of the contextual factors 

associated with the integration of climate change-related risk in Nepalese infectious diseases 

surveillance systems.  

Given this background, the first aim of this PhD thesis is to characterize the association between 

diarrhoea among children below five years of age and climate variables in Kathmandu, Nepal and 

then project the future burden of diarrhoea due to climate change. The second aim is to 

understand the association between rotavirus infection among children below five years of age 
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and temperature variability in Kathmandu and compute the fraction of rotavirus infection that is 

attributable to temperature. The third aim is to explore the extant research on climate change and 

infectious diseases in Nepal and to identify the reasons behind sparse evidence on the topic. The 

final aim is to explore social, economic and cultural factors associated with infectious diseases 

surveillance in Nepal in the context of climate change. 

A mixed method study design was employed to achieve the goals of this project. There are four 

analytical chapters in this thesis: two quantitative studies; a study that reviews evidence of the 

impacts of climate change on infectious disease and policy documents related to infectious 

disease control and prevention in Nepal; and a qualitative study. Two quantitative studies were 

carried out to estimate the association between climate variability and childhood diarrhoea, and 

childhood rotavirus infection in Kathmandu. Study 1 and study 2 utilised time series design 

involving Poisson regression equations fitted with distributed lag models to characterise 

exposure-response and possible lagged association between climate variables and diarrhoea, and 

rotavirus infection. A qualitative research study was undertaken to explore the social, economic, 

cultural and political factors associated with infectious diseases surveillance in the context of 

climate change in Nepal. In study 4, semi-structured interviews were conducted with key 

informants and stakeholders from the Department of Health Services Nepal, World Health 

Organization Nepal, the Department of Hydrology and Meteorology Nepal and infectious disease 

experts working in both public and private sectors in Nepal. The interviews and subsequent 

thematic analysis of data were conducted from a critical realist perspective. 

Study 1 established a significant positive association between childhood diarrhoea and 

temperature, and rainfall. A 1°C increase in maximum temperature above the monthly average 

was found to be associated with 8.1% (RR: 1.081; 95% CI: 1.02-1.14) increase in the monthly 

count of diarrhoea among children below five years of age living in Kathmandu, Nepal. 
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Similarly, a 10mm increase in monthly cumulative rainfall above the mean value was associated 

with 0.09% (RR: 1.009; 95% CI: 1.004-1.015) increase in childhood diarrhoea. It was further 

projected that 1357 (UI: 410–2274) additional cases of childhood diarrhoea could be experienced 

by 2050 given the projected change in climate under low-risk scenario (0.9°C increase in 

maximum temperature). 

Study 2 established a nonlinear negative association between temperature (maximum, mean and 

minimum) and weekly rotavirus infection cases among children below five years of age in 

Kathmandu. Compared to the median value of mean temperature, an increased risk (RR: 1.52; 

95% CI: 1.08–2.15) of rotavirus infection was detected at the lower quantile (10th percentile) and 

a decreased risk (RR: 0.64; 95% CI: 0.43–0.95) was detected at the higher quantile (75th 

percentile). Similarly, an increased risk [(RR: 1.93; 95% CI: 1.40–2.65) and (RR: 1.42; 95% CI: 

1.04–1.95)] of infection was detected for both maximum and minimum temperature at their lower 

quantile (10th percentile). It was further estimated that 47.01% of the rotavirus infection cases 

reported between 2013 and 2016 in Kathmandu could be attributed to minimum temperature. 

Study 3 identified that there was little evidence describing the impacts of climate change on 

infectious diseases and no evidence describing the projected burden under climate change 

scenarios. I explored the reasons behind paucity in the evidence and challenges faced by 

epidemiologists in Nepal. The challenges identified included poor quality infectious disease 

datasets, shortage of trained human resources, inadequate funding and political instability. As 

such, it was recommended that an integrated digital network of interdisciplinary experts be 

established and increased collaboration among different stakeholders be promoted to advance the 

evidence base on the impacts of climate change on infectious diseases in Nepal. 

The fourth and final study outlined that climate change and its impacts on infectious disease 

surveillance is treated as a less serious issue than other more ‘salient’ public health risks in the 
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context of Nepal. The study further illustrates how climate change is variably constructed as a 

contingent risk for infectious diseases transmission and public health systems. The analysis 

exposes a weaker alliance among different stakeholders, particularly policymakers and evidence 

generators that leads to the continuation of traditional practices of infectious diseases surveillance 

without consideration of the impacts of climate change. 

In summary, this thesis brings to prominence important progress in understanding the link 

between climate change and infectious diseases, in particular childhood diarrhoea, in a 

subtropical highland climate from a low and middle income South Asian country. So far, we have 

not found any other study that explores the contextual factors (social, economic, cultural and 

political) that impede the integration of climate change-related risk in the disease surveillance 

systems. Therefore, this thesis illustrates a novel facet of infectious disease surveillance and 

climate change. This thesis makes an important contribution to address the gap on information 

related to climate change and infectious diseases in Nepal and can have significant implications 

towards building a climate-resilient public health system in Nepal. 
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Chapter 1: Introduction 

1.1  Background 

The climate crisis has continued unabated over the past decade (2010-20). Prominent 

manifestations of the climate crisis during this period include the past six years were documented 

to be the hottest years since the pre-industrial era of 1850-1900; and there were record wildfires 

in both the Northern and the Southern Hemisphere and several devastating tropical storms in the 

Atlantic Ocean and the Pacific Ocean (1-3). Climate change has been recognised as an important 

health issue since the mid-1990s (4), however extant research on climate change and health has 

yet to establish adequate adaptation and mitigation measures to circumvent the global impacts of 

climate change on human health, particularly for low-and middle-income countries (LMICs) (5). 

Based upon the causal pathways, the impacts of climate change on human health is categorised 

into three different risk categories i.e., the primary, secondary and tertiary risk (6). The primary 

risk is considered to be the direct biological consequences of heat-waves and extreme weather 

events; secondary risk is mediated through changes in biophysically- or ecologically-based 

processes or systems; and tertiary risk is the remaining diffuse effects (mental health, tension and 

conflicts due to decline in basic needs such as water and food) (6).  

The important secondary risk of climate change on human health includes the risk of change in 

transmission dynamics of infectious diseases. Evidence suggests that climate change influences 

the increased transmission of infectious diseases — especially vector-borne diseases and food-

and water-borne diarrheal diseases — through changes in biological and ecological 

characteristics of host-pathogen interaction (7). However, historical epidemiological studies 

investigating the association between climate change and infectious diseases were predominantly 

from high-income countries: the few studies that utilised data from LMICs were led by the 

experts from high income countries (7, 8). Consequently, local stakeholders and authorities from 
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LMIC may lack the knowledge and privilege resulting from such collaborations, due to the 

potential inequity and disproportionate inclusion of partners from LMICs (9, 10). Although 

LMICs, like Nepal, share a higher burden of infectious diseases (11), and its people are highly 

vulnerable to climate change, there remains little evidence on the impacts of climate change on 

infectious diseases transmission in Nepal (12). Only crude estimates on the association between 

climate change and some infectious diseases, deduced from simple correlational studies, are 

available for Nepal (13, 14). A dearth of good quality datasets on infectious diseases in Nepal 

means that the magnitude and extent of the risk of pathogen-specific diarrheal burden in the 

context of changing climate remains unquantified (12, 15). Specifically, there is no information 

on the estimates for the future burden of diarrhoea caused by various etiological agents (bacteria, 

viruses and protozoan parasites), under different climate change scenarios for Nepal (13, 15). 

Given that the key government department concerned with public health in Nepal, the 

Epidemiology and Disease Control Division (EDCD), has yet to institutionalize climate change 

as a public health problem, it has also not yet gathered information on the socio-economic and 

political barriers of integrating climate change as an important risk factor for infectious diseases 

surveillance within the EDCD. Thus, this chapter is organised to reflect on the knowledge on 

climate change, the burden of climate-sensitive infectious diseases and their surveillance 

practices in Nepal, to highlight the research gaps and to shed light on the need to strengthening 

Nepalese infectious diseases surveillance systems in the context of climate change. 

1.2  Climate change in Nepal 

Nepal is a small, landlocked country in South Asia, situated between India in the south and China 

in the north. Nepal has a highly variable land topography that extends from the elevation of 300m 

(from sea level) in the south-eastern plain to the elevation of 8848m in the north-eastern region 

(16) and that has a significant influence on climate variability across the country. A recent 

analysis of local data, for the period 1979-2016, suggested that temperature and precipitation will 



3 
 

continue to rise throughout the 21st century in Nepal: this data was based on the observed annual 

increase in mean temperature for the study period by 0.03°C/year and precipitation by 

8.7mm/year (17). Similarly, the 2019 national report on climate change assessment in Nepal 

reports that, compared to the baseline period 1981-2010, the future mean temperature in Nepal is 

expected to increase by 0.92°C and 1.07°C by the mid-term period (2016-2045) and 1.3°C and 

1.82°C by the long-term period (2036- 2065), respectively under the intermediate and high 

emission scenarios i.e., Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 (18). The 

projected scenarios are likely to cause scarcity of food and water in the harsh terrains, particularly 

the Himalayas and rural villages of Nepal that will risk the livelihood and the health of thousands 

of people in these regions. For people in these regions, their hygiene practices and eating 

behaviour becomes compromised, exposing them to food-and water-borne infectious diseases. 

Alternatively, the local residents may get pushed out of their native village and be forced to seek 

refuge in the capital city and other big towns to earn a living. In reality, the Himalayan exodus 

has already begun and people are now abandoning their native lands and relocating to densely 

populated valleys and towns, as climate-change migrants (19). This raises further concern over 

the increased burden of climate-sensitive infectious diseases, such as food-and water-borne 

diarrheal diseases, under the influence of future climate change, which is likely to put extra strain 

on the already overwhelmed EDCD. 

1.3  Climate sensitive infectious diseases in Nepal and their surveillance 

Nepal still experiences, although the trend is decreasing, a significant burden of various climate 

sensitive infectious diseases that are broadly categorized under vector borne diseases (VBDs) and 

food-and water-borne diseases (20). Nepal has been utilizing its network within EDCD to 

conduct surveillance of several notifiable diseases including vector borne diseases and food-and 

water-borne diseases (21). The burden of vector borne diseases that are endemic to Nepal are 

uniquely reported based on their aetiology but the food-and water-borne diseases are pooled 
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under a common heading of acute gastroenteritis (AGE) and aggregately reported, except for the 

cases of cholera caused by Vibrio cholerae  (21).  

1.3.1 Climate sensitive vector-borne diseases 

Vector-borne diseases such as malaria, visceral leishmania, Japanese encephalitis and lymphatic 

filarial that were historically known to be endemic in Nepal are now in a decreasing trend (14, 

22). However, over the past decade, dengue fever has emerged as one of the most significant 

vector-borne diseases with increased public health concerns (23). Concurrently, the Lancet 

countdown for health and climate change reports over the past few years have raised the alarm 

about the increased risk of transmission of dengue fever and other vector-borne diseases due to 

the impacts of climate change (24-26). Yet few epidemiological and entomological studies have 

been undertaken in Nepal to estimate the impacts of climate change on vector-borne diseases, and 

so there remains limited evidence on their association (14, 27). Comparatively, more studies have 

been conducted on dengue fever (28-31). Although insufficient, some initiatives have been useful 

in increasing the information on the impacts of climate change on vector-borne diseases in Nepal. 

1.3.2 Climate sensitive food-and water-borne diseases 

Diarrhoea is the classical manifestation of food-and water-borne diseases, which persists as the 

leading cause of death among children below five years of age in LMICs like Nepal (32). 

Diarrhoea is caused by a wide variety of entero-pathogens including several bacteria (Salmonella, 

Shigella, Campylobacter, Escherichia coli, Vibrio cholerae), viruses (rotavirus, norovirus, 

adenovirus, astrovirus) and protozoa (Giardia, Cryptosporidium, Cyclospora) (32), and is highly 

sensitive to increase in temperature, decrease in humidity and change in rainfall intensity (33, 

34). Diarrhoea caused by bacterial pathogens is known to be positively associated with an 

increase in temperature and rainfall, showing increased incidence during the summer months (35-

38). On the other hand, diarrhoea caused by viruses are known to be negatively associated with 



5 
 

an increase in temperature, showing increased incidence during the winter months (39, 40)  

Although Nepal has a very high prevalence of most of the pathogens causing diarrhoea (41), 

EDCD does not report disaggregated information on the pathogen-specific burden of diarrheal 

diseases, except for cholera (21). Consequently, there is limited epidemiological evidence on the 

impacts of climate change on food- and water-borne diarrheal diseases in the Nepalese context 

(13, 15). Given the aggregated nature of the dataset on diarrheal diseases reported by the EDCD 

(21), there remains little information on the impact of climate change on pathogen-specific 

diarrhoea in Nepal. Due to the differential nature of the response of a particular etiological agent 

of diarrhoea to climate change, it is important to ascertain the association between pathogen-

specific diarrhoea and climate change(38).  

1.3.3  Infectious diseases surveillance systems in Nepal and climate change 

The Health Management Information Section (HMIS), within the Department of Health Services 

does collect information on community-level burden of ailments, such as unconfirmed acute 

gastroenteritis and uncharacterized febrile illnesses, through a network of female child health care 

volunteers. Beyond this, infectious diseases surveillance in Nepal is predominantly overseen by 

EDCD under the guidance of the Department of Health Services (DoHS), Ministry of Population 

and Health, Nepal (21). EDCD has a specialized hospital-based sentinel surveillance system 

called Early Warning and Reporting Systems (EWARS) that reports weekly cases of six priority 

infectious diseases, namely malaria, kalazar, dengue, acute gastroenteritis, cholera, severe acute 

respiratory infections and other diseases with epidemic potential (leptospirosis, enteric fever, 

hydrophobia and chikungunya) (21). In addition to EWARS, EDCD oversees monitoring and 

surveillance of water quality and acute surveillance of infectious diseases during the outbreaks. 

Also in existence are the Vector Borne Disease Research and Training Centre (VBDRT) which 

operates closely with EDCD for control and management of vector-borne diseases and the World 

Health Organization- Immunization Preventable Diseases (WHO-IPD) that supports surveillance 
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and management of immunization preventable childhood diseases. However, the current 

surveillance structures and practices managed by EDCD are ill-prepared to cope with the future 

impacts of climate change on infectious diseases transmission, given that Nepal is yet to even 

integrate climate change-related threats in its surveillance practices (12, 42). As such, it is 

important to explore the socio-economic, institutional and political aspects of infectious diseases 

surveillance in the context of climate change, to guide the integration of climate change threats in 

the infectious diseases surveillance systems of Nepal. 

1.4  Aims of this thesis 

The overall aim of this thesis is to contribute towards an improved understanding of the 

association between climate change and selected infectious diseases in Nepal and to strengthen 

the capacity of infectious diseases surveillance systems in the context of climate change, with the 

ultimate aim being to enhance human health. Accordingly, the specific aims of this thesis are to 

undertake the following.  

• Analyse the available data on non-viral diarrhoea among children under five years of age 

in Kathmandu, to estimate the impact of climate change on childhood diarrhoea and 

project future burden under different climate change scenarios. I specifically focus on 

diarrhoea among children below five years of age in Kathmandu because diarrhoea 

remains an important cause of childhood mortality in Nepal. Also, historical datasets 

collected at a shorter periodicity required for estimating future projection were not 

available for other infectious diseases. 

• Estimate the association between temperature variation and rotavirus infection among 

children below five years of age living in Kathmandu, Nepal. Rotavirus has been chosen 

to estimate pathogen-specific association between temperature and diarrhoea due to the 
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availability of a good quality dataset from a member lab of the Asian Rotavirus 

Surveillance Network based in Kathmandu, Nepal.  

• Explore the extant research on climate change and infectious diseases in Nepal and 

identify the reasons behind the scarce evidence on this topic. 

• Explore contextual factors affecting the surveillance of infectious diseases in Nepal in the 

context of climate change. Since climate change-related risk is yet to be integrated into 

the infectious diseases surveillance practices in Nepal, this research is likely to support 

future endeavours to build a climate-resilient health system in Nepal by identifying social 

economic, institutional and political barriers of integrating climate change threats in 

disease surveillance. 

In summary, I pay specific attention in this thesis to use state of the art techniques to generate 

high quality evidence on the association between climate change and selected infectious diseases 

(food- and water-borne diarrhoea) in Kathmandu, Nepal (based on the availability of surveillance 

datasets) and highlight problems associated with the integration of climate change threats in 

disease surveillance. 

1.5  The structure and outline of this thesis 

This thesis is formatted as a thesis by publication and consists of eight chapters. Three of the 

result chapter included in this thesis (chapters 4, 5 and 6) are already published in highly 

esteemed peer-reviewed journals in the field of environmental epidemiology. The final chapter in 

the result section (chapter 7) will soon be submitted to a suitable journal for publication. This 

particular format of the thesis was chosen over the traditional format due to the advantages 

offered by this format over the traditional format. Firstly, the rigorous peer review process for our 

papers prior to publication allowed me to improve the quality of this thesis by incorporating 

feedback and suggestions from the global experts in the field of environmental epidemiology. 
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Secondly, this format allowed early sharing of research findings to a larger audience through 

scientific journals and digital media coverage, which would not have been possible with the 

traditional format.  

Following this chapter, which outlines the background information on the research project and 

the research rationale and aims, Chapter 2 provides a detailed and comprehensive literature 

review on the important aspects of this thesis. The chapter reviews the literature on the 

mechanical pathways of the interaction between climate change and infectious diseases, aspects 

of infectious disease surveillance in the context of climate change. It also includes a 

comprehensive synthesis of epidemiological studies that have examined the effects of climate 

change on diarrheal diseases as well as the effects of meteorological variation on rotavirus 

diarrhoea, in particular. 

Chapter 3 covers the overall methodological framework and data analysis approach undertaken 

to achieve the aims of this research project. Although each of the result chapters defines a 

specific methodology and analytical framework used to answer the research questions, this 

chapter provides details of the overarching methodology applied in this PhD project.  

The subsequent chapters in the result section cover the outcomes of studies 1 to 4 of this PhD 

project (chapters 4, 5, 6 and 7) represent the bulk of analytical work conducted. Three out of the 

four result chapters (chapters 4 to 6) are already published in peer reviewed journals.  

Chapter 4 is titled “Assessing the effect of climate factors on childhood diarrhoea burden in 

Kathmandu, Nepal”, and is published in the International Journal of Hygiene and Environmental 

Health. It explores the impacts of climate change on childhood diarrhoea in Kathmandu, Nepal 

and projects the potential future burden of childhood diarrhoea under different climate change 

scenarios in Nepal. 
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Chapter 5, entitled as “Non-linear effect of temperature variation on childhood rotavirus 

infection: a time-series study from Kathmandu, Nepal”, estimates the impact of temperature 

variation on rotavirus infection among children below five years of age in Kathmandu, Nepal. It 

is published in the journal Science of Total Environment. 

Chapter 6  explores the extent of evidence on climate change and infectious diseases in Nepal 

and highlights the potential reasons for the scarce evidence on climate change and infectious 

diseases in Nepal. The chapter is an outcome of a critical qualitative analysis of experts’ views on 

the barriers hindering the progress of climate change and infectious diseases research and action 

in Nepal and is published in the journal Acta Tropica. 

Given that the climate change-related risk is not yet integrated into the disease surveillance 

systems of Nepal, Chapter 7 explores the socio-economic, institutional and political factors 

associated with infectious diseases surveillance in the context of climate change in Nepal. It 

builds on the findings of the first three analytical studies, where I identified problems with 

infectious diseases surveillance datasets and insufficient epidemiology evidence on climate 

change and infectious diseases. The findings from this study support future attempts to integrate 

climate change-related risk in infectious disease surveillance systems and build a climate-resilient 

public health system in Nepal.  

Finally, Chapter 8 covers the conclusions of the research project. It brings together the empirical 

findings of the four studies to discuss the potential implications of these findings and outlines 

areas that require future investigation for building a climate-resilient infectious diseases 

surveillance system in LMICs like Nepal.
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Chapter 2: Literature review 

This chapter offers a broad narrative review of the literature covering three major aspects of this 

thesis work. The first section reviews the literature on the mechanism of interaction between 

climate change and infectious diseases, with a specific focus on food-and water-borne diarrheal 

diseases. The second section provides a detailed review of epidemiological studies that have 

examined the association between climate change and diarrheal diseases in general, and rotavirus 

diarrhoea in particular. The final section of this chapter relates to the social, economic and 

cultural aspects of infectious diseases surveillance in the context of climate change. In sum, this 

chapter aims to synthesise and critique the existing evidence on climate change and infectious 

diseases, with particular emphasis on diarrheal diseases. The chapter specifically aims to identify 

gaps in knowledge of the impacts of climate change on infectious diseases transmission in the 

Nepalese context, to set up a rationale for investigating the impacts of climate change on selected 

food-and water-borne diarrheal diseases and to support policymakers to strengthen infectious 

diseases surveillance capacity in the context of climate change. 

2.1  The influence of climate change on infectious diseases transmission 

“Whoever studies medicine aright must learn the following subjects. First he (sic) must consider 

the effect of seasons of the year and the differences between them. Second he must study warm 

and cold winds, both those which are common to every country and those peculiar to a particular 

locality. Lastly, the effect of water on health must not be forgotten.” 

(Hippocrates Air, Water and Places) 

Changes in seasons and weather have been believed to cause several ailments including the onset 

of infectious diseases epidemics ever since the dawn of medical science (43). Infectious diseases 

causation is a complex phenomenon however, for simplicity, epidemiologists have relied on a 
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traditional yet popular and succinct model of disease causation called the epidemiological triad or 

epidemiological triangle (44). According to the model, the onset of an infectious disease is 

contingent upon the interaction between an etiological agent or a pathogen and a susceptible host 

in an environment that supports transmission of the pathogen from a source to the host (45). As 

such, many etiological agents or pathogens causing communicable diseases, as well as their 

interaction with a host, are highly sensitive to change in environmental conditions such as 

temperature, precipitation and humidity: these, in turn, are influenced by climate change (46). 

Climate change exacerbates the overall interaction between host and etiological agents beyond 

the direct impact of meteorological factors on the survival of pathogens (46, 47), as illustrated in 

figure 2.1. The figure shows the relationship between climate change, infectious disease and 

human society through the lens of the epidemiological triad. Climate change-related migration 

and urbanisation drives change in social activities such as increases in travel and trade, increased 

land use, deforestation and unregulated agricultural activities: these, in turn, may lead to 

increased proximity between human and zoonotic hosts, thereby favouring rapid transmission of 

infectious diseases and spillage of zoonotic diseases to human host (48). Meanwhile, it is 

important to acknowledge that our knowledge on the impacts of climate change on infectious 

diseases transmission is always compromised by several research challenges related to studying 

linkages between ecosystem, socio-economic determinants, climate and infectious diseases (49). 

As such, climate-related impacts on infectious diseases in humans must be comprehended in 

relation to other forces driving infectious disease dynamics such as globalisation, change in 

human behaviour, antimicrobial resistance and disruption in public health services during conflict 

and war (48, 50).  
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Figure 2. 1 Schematic diagram on the direction of interaction between climate change and 

infectious disease causation. 

It is clear from figure 2.1, that the effects of climate variability on infectious diseases 

transmission are partly determined by the interference of climate change in the transmission 
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cycle of a pathogen. Based on the transmission cycle and the potential influence of climate 

change, infectious diseases can be broadly categorised into two distinct categories: 

• Directly transmitted diseases: Diseases that are transmitted between a reservoir and a 

susceptible host via direct physical contact or a droplet exposure are categorised as 

directly transmitted diseases (7). Diseases like tuberculosis and HIV are examples of 

diseases that get transmitted between humans (anthroponoses) via direct contact. Both 

of these diseases are classical examples of diseases that were historically transmitted 

among animals (zoonosis) but at some point in time spilled over from their zoonotic 

reservoir to a human host and became established in humans (7). 

• Indirectly transmitted diseases: Diseases that are transmitted between two humans via, 

a biological vector (e.g., mosquito, sand-fly and tick) or a physical vehicle (e.g., soil, 

food and water) are categorised as indirectly transmitted diseases (7, 46). Typical 

examples of indirectly transmitted diseases are vector-borne diseases like malaria, 

dengue and food-and water-borne illnesses like diarrhoea (7, 48). While a major 

proportion of enteric diseases transmit via, a physical or a biological vector, some 

enteric pathogens like Salmonella can get transmitted from person to person by direct 

contact via saliva or touch of unhygienic hands. 

Infectious diseases for which the pathogens are least exposed to the external environment, or 

spend less time outside the host body, are less likely to be affected by climate change; but 

diseases for which the etiological agents are more exposed to environmental conditions during 

their life cycle are more likely to be affected by climate change (7). As such, indirectly 

transmitted diseases, such as vector-borne diseases and food-and-water borne diseases, are 

widely studied due to the direct impacts of climate change on the transmission of these 

diseases. Although climate change interferes with other aspects of disease causation such as 

human behavioural changes, and access to health services and socio-economic vulnerability to 
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diseases (6), these aspects are less investigated due to the difficulties associated with their 

attribution and quantification (50). 

2.1. 1. How climate affects vector-borne diseases transmission 

An increasing body of research evidence documents the impact of climate change on 

transmission and distribution of vector-borne diseases such as malaria, dengue, Ross River 

fever, chikungunya, Japanese encephalitis, West Nile fever and eastern equine encephalitis 

(51-56). Climate change can influence the complex mechanism involved in the transmission 

and geographical expansion of vector-borne diseases by affecting several factors, including 

survival and reproduction rate of disease vectors, intensity and temporal pattern of vector 

activities (especially the biting rate) and the survival and reproduction of pathogens within the 

vectors (57, 58). In general, climate change is likely to bring changes to ecosystems and food 

availability — that, in turn, can interfere with the dynamics of host population and pathogen 

as well as vectors — by making the habitat either more or less hospitable (58). The usual 

mode of transmission of vector-borne diseases to humans is through the bite of an infected 

vector to a susceptible host, which is regulated by vectorial capacity. Vectorial capacity is 

defined as the number of future infections resulting from a bite taken on one infected person 

in one day: this depends upon the density of a vector in relation to human, number of bites per 

vector per day, daily survival probability of the vector and number of days required for the 

development of pathogen inside the vector (59). Since, all the components of vectorial 

capacity are highly sensitive to climatic factors, climate change can influence the overall 

incidence and geographical distribution of vector-borne diseases (57). 

2.1.1.1  How temperature variation influences VBD transmission 

In general, epidemiological studies assessing the relationship between climate change and 

vector-borne diseases have reported a positive association between temperature and the 

disease burden (56, 60). Physiologically, increases in temperature surge the growth rate of a 

vector population, increases the biting rate, decreases the incubation period of agent/pathogen 
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inside the vector and improves the rate of development of pathogen within the vector (58, 61). 

However, the relationship between temperature and vector survival or biting rate is not linear 

in all cases. In the case of a dengue vector Aedes aegypti, the development of egg into adult 

progresses from 0% at 15°C to about 90% at 20°C and then drops to 60% at 35°C (62). Since, 

humans regulate their body temperature, an increase in temperature does not change attributes 

of the host in this type of transmission cycle. Overall, warmer temperatures are more 

favourable to the increased transmission of a vector-borne disease compared to cooler 

temperatures.  

2.1.1.2  How rainfall variation influences VBD transmission 

The impact of rainfall on vector-borne disease transmission is complex and contextual (58). 

Similar to temperature, the impact of rainfall on vector-borne disease transmission is reported 

to be non-linear (63). Evidence suggests that increases in rainfall favours the growth of 

vectors, such as mosquitoes, by expanding the breeding habitat of larvae (54). Increases in 

rainfall can support growth in food supplements, which may lead to an increase in population 

of a vertebrate host of both the vectors or the pathogens (7).  However, drought events are 

reported to cause outbreaks of West Nile virus infection in New Jersey, USA during the 

period 2002-2011, indicating the association between rainfall and vector-borne disease 

transmission to be non-linear and context-specific (63). It is hypothesised that drought may 

lead to an increase in the proximity of zoonotic host and disease vectors during the drying of 

water sources in wetlands, consequently favouring the transmission of pathogen from the 

zoonotic host to the vector (54). In the context of an urban habitat, drought is likely to provide 

more breeding sites for vectors, due to the increasing use of containers for rainwater 

collection or storage and stagnation of rainwater in plant pots and abandoned tyres of 

automobiles (58). 
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2.1.1.3  How humidity variation influences VBD transmission 

Humidity (absolute humidity) depends on temperature and rainfall and therefore humidity is 

reported to be an important predictor for the transmission of vector-borne diseases (64-66). 

Epidemiological studies have reported a positive association between all three forms of 

humidity (relative humidity, absolute humidity and specific humidity) and incidence of 

dengue fever and West Nile fever (54, 64, 66). The effect of humidity on the transmission of 

vector-borne diseases is mediated through the development process of the arthropod vector. 

Both absolute humidity and specific humidity are high when temperature and the amount of 

rainfall are high, hence rises in both of them are conducive for improved survival and 

breeding of vector population (64). Increases in relative humidity are reported to increase the 

hatching percentage of dengue vectors Aedes agypti and Aedes albopictus (67).  

2.1.1.4 How extreme weather events influence VBD transmission 

Climate change-related hydro-meteorological disasters, or extreme weather events, refer to 

unexpected or severe weather phenomena such as floods, storms, hurricanes, typhoons, 

wildfires and heat waves. Extreme weather events affect the transmission of vector-borne 

diseases through impacts on both hosts as well as pathogens. Events such as storms and 

hurricanes may help with the dispersal of vectors in the direction of wind to facilitate the 

transmission of vector-borne diseases to previously non-endemic areas (68). The ecological 

changes brought about by extreme rainfall or hurricane can provide breeding sites for disease 

vectors like mosquitoes. Similarly, disasters like floods and hurricanes can destroy the habitat 

of a host and make them vulnerable to the bite of disease-carrying vectors (69). Furthermore, 

disasters like floods or hurricanes may lead to the collapse of health facilities and disruption 

of public health programs — such as immunisation or vector surveillance and control — to 

lead to the increased vulnerability of humans to vector-borne diseases (69). Conversely, heat-

waves can have a negative effect on the transmission of vector-borne diseases like dengue and 

malaria (70). As mentioned earlier, the effect of temperature on the survival and breeding of 
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arthropod vectors, like mosquitoes, is non-linear. As such, increases in temperature beyond a 

certain threshold shows a detrimental effect on the development of larvae of certain vectors 

(70). Hence, during heat wave events (when the temperature exceeds 35°C), the development 

of mosquitoes will be greatly reduced and the transmission rate of vector-borne diseases, like 

malaria and dengue, will also be reduced. 

2.1. 2. How climate affects food-and water-borne diarrheal diseases 
transmission 

There is a growing body of literature on the effects of climate change on food-and water-

borne diseases, although the detection and attribution of climate change impact on diarrheal 

diseases remains challenging (71, 72). As discussed in Chapter 1, diarrhoea is the classical 

manifestation of food- and water-borne diseases: numerous pathogens (bacteria, virus and 

protozoa) are implicated behind their occurrence (41, 73). Although the mechanism of 

interaction between specific diarrhoea-causing pathogens and hydro-meteorological factors 

may be common (except for enteric viruses), as illustrated in figure 2.2 (33), the impact of 

climate change on diarrhoea caused by specific pathogens is unique (35, 38, 39, 74-77). 

Climate change-related extreme rainfall and increases in temperature is likely to increase the 

occurrence of diarrheal diseases (bacterial and protozoan) via different mechanisms. Increase 

in temperature favours the replication and survival of pathogens in the intermediate substrate 

(soil, food and water) or their zoonotic hosts and causes overexpression of a virulence gene. 

However, increase in precipitation flushes pathogens into the waterways during rainfall events 

or concentrates pathogens in groundwater reservoirs or surface water bodies during droughts 

(35, 78-81). Climate change is likely to increase the number of warmer days in tropical and 

subtropical regions and therefore, prolong the number of days conducive for transmission of 

diarrheal diseases (26).  Furthermore, habitat destruction or displacement of humans during 

extreme weather events — such as floods, cyclones and hurricanes — is likely to compromise 

hygiene, sanitation and living condition of people, deteriorate their social economic 
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circumstances, disrupt health service delivery, disrupt food supplies and thereby increase the 

chances of transmission of food-and water-borne diarrheal disease (35, 74, 82). 

 

 

Figure 2. 2 Conceptual diagram representing mechanisms by which climate change is 

expected to increase the risk of diarrheal diseases transmission, modified from Moors et al. 

(83). 
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2.1.2.1 How temperature variation influences the transmission of diarrheal diseases 

Generally, increases in temperature have a positive influence on the survival of enteric 

pathogens (bacteria and protozoa) outside the living host, except for the viral pathogens 

causing diarrhoea (35). As such, increases in temperature could increase the risk of 

transmission of diarrhoea caused by bacteria and protozoa because the longer a pathogen 

survives outside the host, the greater are its chances of transmission through various 

contaminated vehicles or routes including water, food and other fomites (84). For viral enteric 

pathogens — such as rotavirus, norovirus and adenoviruses — increases in temperature 

beyond a certain threshold, decreases the survival of pathogens by decreasing the stability of 

viral proteins and their genomic materials (85). Experimental studies have reported a faster 

rate of decline in viral load from groundwater sources at 23°C compared to 7°C (86). For the 

bacterial pathogen Vibrio cholerae, increases in sea surface temperature and increases in 

salinity favours the survival of the pathogen by improving the nutrient content of water. 

Resulting from increases in global temperatures over the past two decades, an increased risk 

of transmission of cholera has been recorded for the inhabitants of the Baltic and US northeast 

coastlines, compared to the reference period of 2003-2005 (26). Increase in temperature 

results in the decreased shelf-life of food products and results in higher probability of spoilage 

of food products, which means there is higher incidence of food poising and subsequent 

diarrhoea in warmer weather (87). For a diarrheal pathogen Shigella dysenteriae, increases in 

temperature from 30°C to 37°C results in the increased expression of virulent gene encoding 

the shiga-toxin, which causes inflammation of intestinal tissue linings resulting in the 

excessive loss of body fluid (80).  Similarly, increases in temperature due to climate change is 

likely to lengthen the seasonality of diarrheal diseases by increasing the load of diarrheal 

pathogens in a zoonotic host for a prolonged time: consequently, there is an increase in the 

seasonal and geographic distribution of the disease. Apart from these, changes in human 

behaviours — such as food storage and consumption practices, increased consumption of 

water (increases the probability of pathogen ingestion in regions with poor quality drinking 
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water), compromised hygienic practices (due to scarcity of water in hot and dry regions) — 

during warmer weather creates a favourable environment for the transmission of diarrheal 

pathogen (7, 87).  

2.1.2.2 How rainfall variation influences the transmission of diarrheal diseases 

Rainfall shows a differential impact on the transmission of diarrheal diseases depending upon 

the intensity of rainfall and antecedent conditions (88). Heavy rainfall following a dry run can 

lead to the flushing of diarrheal pathogens excreted in soil from animal and human sources 

into groundwater and surface water sources and contaminate the water bodies and result in 

subsequent diarrheal outbreaks (35, 89, 90). In contrast, continuous rainfall following a wet 

period could dilute the concentration of pathogens already present in the water bodies and 

reduce the risk of transmission of water-borne diarrhoea (33, 35, 88). In regions with poor 

drainage or defective faecal disposal systems, increased rainfall may cause overflow of 

sewage or leakage of septic tanks and contaminate water sources increasing the risk of 

diarrhoea transmission (91). Meanwhile, a decrease in rainfall and dry condition could also 

increase the risk of transmission of diarrheal disease, especially from zoonotic sources, due to 

the increased concentration of pathogens (absence of cleaning effect) in small water bodies 

that are shared by humans and animals (33, 92, 93). Similarly, shortage of water for domestic 

use, due to decreases in rainfall, may lead to change in human behaviours — such as 

compromised hygienic practices, poor sanitation — and increases their vulnerability to 

diarrheal diseases (33, 74). Indirect effect of water shortages, or decreased rainfall, can 

produce malnutrition due to food shortages or reduced agricultural productivity, which could 

further increase susceptibility towards diarrheal diseases (94).  The effect of these biophysical 

phenomena on rainfall and on the risk of diarrhoea may be confounded by changes in social 

structure and cultural practices of the host: these could include housing practices (type of 

building materials used for construction) and use of faecal sludge as a manure in agricultural 

fields (95, 96).    
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2.1.2.3 How humidity variation influences the transmission of diarrheal diseases 

The effect of humidity on the risk of diarrheal diseases onset and transmission is the least 

established relationship among the meteorological drivers of diarrheal diseases. Although 

humidity is identified to be an important driver of airborne pathogens such as influenza 

viruses and tuberculosis bacilli (97, 98), the influence of humidity on diarrheal pathogens 

remains poorly understood. Relative humidity can modulate the risk of diarrhoea transmission 

in a human host by directly affecting the survival of pathogens (particularly viruses) or 

indirectly via a food-borne route. Relative humidity has been reported to show a positive 

association with the survival of bacterial pathogens like Listeria and Salmonella in fresh 

produce and dried food products such as walnuts (99, 100). As such, increases in humidity is 

likely to increase the count of diarrheal pathogens (bacteria) in food products and thereby 

increases the risk of food-borne transmission of diarrheal diseases when optimum 

requirements for long term food storage are compromised (101) . On the other hand, the 

survival of viral pathogens, like rotavirus, are reported to be negatively associated with 

relative humidity (33, 39). When viral pathogens are excreted out into the environment from 

the infected host, low relative humidity prolongs the survival of the virus outside the host by 

controlling the amount of water retained, the concentration of solutes in the virus surface and 

its pH (102). Low relative humidity or dry conditions cause the formation of virus ladened 

dust particles or droplets nuclei (33, 102), favouring faecal-oral transmission of rotavirus 

infection, which is the predominant mode of rotavirus transmission (103, 104). 

2.1.2.4 How extreme weather events influence the transmission of diarrheal diseases 

The effect of extreme weather events on the transmission of diarrheal diseases is mediated 

indirectly through several factors likely to be conducive to increased survival and 

transmission of diarrheal pathogens. These include the displacement of human habitat, 

disruption of electricity supply, disruption of health service delivery (vaccination program 

disrupted), deterioration in sanitary practices, poor hygienic condition, decreased access to 
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piped water and deterioration in social-economic conditions following extreme weather 

events such as flood, hurricane and cyclones (35, 105-107). The periodic weather 

phenomenon like El Niño Southern Oscillation, a major driver of global inter-annual 

variation, increases the risk of diarrhoea transmission by affecting local weather patterns and 

triggering heavy floods, droughts, temperature extremes and storms (34, 93, 108). With 

regard to heat waves, the mechanism driving diarrheal diseases outbreaks during heat waves 

is less established. Heat-waves are likely to influence the transmission of food-borne 

diarrhoea by affecting food production, distribution and altering the behaviours of consumers 

(109, 110).  

2.2  Overview of epidemiological studies on climate variability and non-
rotavirus diarrhoea 

A comprehensive search of electronic databases PubMed, Scopus, Web of Science and 

Google Scholar was conducted to review existing literature exploring the association between 

climate variability and diarrheal diseases. Only the epidemiological studies that investigated 

the short-term and long-term association between climate variability and diarrhoea were 

included in the final analysis and outbreaks or case studies were excluded. A total of 140 

epidemiological studies (including 20 studies on rotavirus diarrhoea) were reviewed and the 

summary of the studies are synthesised on the basis of exposure variables in the following 

subheadings, the details of the search strategy are available in Appendix 1. 

2.2.1 Temperature and diarrhoea 

As summarized in Table 2.1, 79 studies have reported the association between temperature 

and diarrheal diseases. The studies included data collected between 1965 and 2018 and a wide 

variety of diarrheal pathogens comprising bacteria (Salmonella, Shigella, Campylobacter, 

Escherichia coli and Vibrio), protozoa (Cryptosporidium, Entamoeba histolytica and Giardia) 

and all cause infectious diarrhoea or acute gastroenteritis. Most of the studies used mean 

temperature as an exposure variable (37, 111-113), while some used maximum temperature 
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(114-116) and a few used minimum temperature (78, 117-119). Difference in daily 

temperature measures, like diurnal temperature, is also used as an exposure variable in a 

handful of studies (120, 121). The periodic resolution of data used in these studies varies 

between daily, weekly and monthly, see Table 2.1. A variety of study designs and statistical 

techniques, ranging from ecological time series regression to case-crossover design, are used 

to estimate the association, the details of which are covered in Chapter 3. These studies were 

conducted in a wide variety of settings covering all inhabited continents across the globe. 

Despite the heterogeneity in study design, exposure variables (different temperature indices) 

and geographic locations, a positive association is reported between temperature variability 

and non-rotavirus diarrhoea in almost all the cases. The majority of the studies report the 

association or impact of temperature variability on all forms of diarrhoea (unclassified), 

followed by the bacterial cause and, to a lesser extent, the protozoan agent. In general, the 

reported positive association holds true for all forms of infectious diarrhoea irrespective of the 

causative agent (bacterial or protozoan). These studies report the increase in the risk of 

diarrhoea burden ranging from 0.3% to 29%, for every 1oC increase in the exposure 

temperature (87, 122).  

2.2.1.1 Nature of association between temperature and diarrhoea 

Although studies consistently report a positive association between temperature variability 

and all forms of diarrhoea (excluding viral), the nature of this association remains 

inconsistent. Checkley et al. (111), in early 2000, reported that the association between daily 

hospitalisation among Peruvian children and maximum temperature is non-linear (inverted U-

shape for dehydrating diarrhoea). Consistent with the Peruvian study, Onozunka et al. (123), 

and Wang et al. (124) more recently have used non-linear regression models to show that the 

association between temperature and diarrhoea is non-linear across multiple cities in Japan 

and China respectively. However, most studies assume a linear association and report a 

constant increase in diarrhoea incidence for each one unit increase in temperature along the 
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entire temperature scale (112, 113, 115, 125-127). Meanwhile, very few studies examine the 

threshold temperature beyond which the risk of diarrhoea burden is higher. Notably, 

Rosenberg et al. (128), fitted two piece-wise linear regression models and identified a 

threshold temperature of 27oC beyond which the risk of Campylobacter incidence in Israel 

increased by 16.1%, compared to 0.6% increment below the threshold temperature, for every 

1o C increase in temperature. Similarly, Zhang et al. (114) and Li et al. (129) in two separate 

studies use hockey stick models to estimate the threshold temperature beyond which the risk 

of transmission of bacillary dysentery was higher in China. 

2.2.1.2 Lag effects of temperature on diarrhoea incidence 

Given the effect of temperature on diarrhoea incidence is not immediate, a wide variety of lag 

values are used in existing epidemiological studies, depending upon the periodic resolution of 

exposure and response variables. Usually, the incubation period of a diarrheal pathogen is 

shorter and does not extend beyond one week, and as such, a majority of studies report that 

the delayed effect of temperature on diarrhoea does not persist beyond 7-14 days (37, 110, 

120, 130). The studies that use monthly data to estimate the association between temperature 

and diarrhoea have tested the effect of up to one month lag and ended up reporting no 

significant effect to a diminishing lag effect beyond the first month (113, 115). D’Souza et al. 

(131) however, reports a significant lag effect of one month on Salmonella incidence in 

Australia. This finding could be explained by the differences in transmission pathways of 

diarrheal pathogens between food-borne and water-borne diarrhoea. While D’Souza 

exclusively analysed food-borne pathogen Salmonella, the majority of articles using monthly 

reported diarrhoea cases have included all forms of pathogens without specific distinction on 

the type, see Table 2.1. Meanwhile, two studies from Africa (sub-Sahara and central Africa) 

used monthly reported diarrhoea counts and monthly average temperatures but do not include 

a lag effect in their final models (132, 133). In summary, the lag effect of temperature on the 

incidence of diarrhoea may differ, based upon the type of pathogens involved and exposure 
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sources (food or water). It thus important to collate information on the lag effects to better 

understand the causative mechanisms between temperature and diarrheal disease incidence. 

2.2.1.3 Projection of diarrhoea under future climate change scenarios 

As mentioned earlier, despite heterogeneity in the nature of the diarrhoea-temperature 

relationship (linear, non-linear or threshold effect), there is a positive overall association 

between diarrhoea and temperature (127). As such, if other risk factors remain unchanged, the 

burden of diarrheal disease is likely to increase under future climate change scenarios, where 

temperatures are expected to increase between 1.5 – 3oC by the end of this century (134). 

Seven different studies, out of the total 79, that investigated the association between 

temperature and diarrhoea have projected a future burden of diarrhoea under different climate 

change scenarios (83, 123, 125, 135-138). Moors et al. (83) and Kolstad et al. (125) used 

secondary estimates (regression coefficients) derived by other researchers to make future 

projection for North India and global scale, respectively. Kolstad et al. (125), report a high 

level of uncertainty in the projected increase in diarrhoea burden under different climate 

change scenarios and time slices ranging from 8–11% (with SDs of 3–5%) by 2010–2039 and 

22–29% (SDs of 9–12%) by 2070–2099. On the other hand, Moors et al. (83), report a precise 

estimate of approximately 10% increase in the future burden of diarrhoea by 2040s under the 

future climate change scenario of 1.8oC increase in ambient temperature. While five studies 

have assumed a linear association between temperature and diarrhoea for making future 

projections, two nationwide studies (each from China and Japan) have used non-linear 

regression models to make future projection of bacillary dysentery and all cause infectious 

gastroenteritis, respectively (123, 136). While the study from China reports a future 

nationwide increase (ranging from 11% to 20% across different regions) in the burden of 

bacillary dysentery under different climate changes scenarios (RCP 2.6, RCP 4.5, and RCP 

8.5) by 2090, the study from Japan reports a net reduction (-0.8% to – 9.1%) in the burden of 
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acute gastroenteritis under different climate change scenarios (RCP 2.6, RCP 4.5, RCP 6.0 

and RCP 8.5) by 2090s.  
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Table 2. 1 Epidemiological review of studies that explored the association between diarrhoea and temperature. 

Reference Location Period Age 
group 

Pathogen Exposure 
definition 

Outcome 
definition 

Statistical 
method 

Result and conclusion 

Delahoyo et al. 
2021 (139) 

195 provinces 
in Peru  

2005-
2015 

Less 
than 
five 
years 

All cause Weekly mean 
temperature 

Weekly counts 
of clinic visit for 
diarrhoea 

Time series, 
Negative 
binomial 
generalised 
estimating 
equation with 
autoregressive 
correlation 

For each 1oC increase in the mean 
temperature across three prior weeks, 
diarrhoea incidence risk increased by 
3.8%. 

Wang et al. 
2021 (140) 

Four cities in 
China 

2014-
2016 

All 
ages 

Shigella  Mean 
temperature 
(weekly 
average) 

Weekly 
bacillary 
dysentery cases 

Boosted 
regression 
tree with 
Poisson link 
function 

Weekly mean temperature was an 
important predictor for weather 
attributable bacillary dysentery 
transmission. 

Wang et al. 
2020 (124) 

270 cities in 
China 

2014-
2016 

All 
ages 

Infectious 
diarrhoea 

Daily mean 
temperature 

Daily infectious 
diarrhoea cases 
reported to 
national diseases 
surveillance 
system 

Quasi-Poisson 
regression 
equation fitted 
with 
distributed lag 
nonlinear 
model 

Compared to the 50th percentile of 
daily mean temperature, the risk of 
diarrhoea cases increased by 7.2% at 
the 81st percentile. 

Oberhiem et al. 
2020(141) 

Germany 2001-
2014 

All 
ages 

Campylobacter Weekly 
average of 
daily mean 
temperature  

Weekly counts 
of 
Campylobacter  

Time series, 
Sigmoid 
logistic 
regression 
model 

Incidence of weekly Campylobacter 
infection increased by 0.52 cases per 
100,000 population per every 5°C 
increase in ambient temperature. 

Kuhn et al. 
2020 (142) 

Europe 
(Nordic 
countries) 

2000-
2015 

All 
ages 

Campylobacter Weekly 
average of 
mean 
temperature 

Weekly cases of 
Campylobacter 

Poisson 
regression 
models 

The number of Campylobacter cases 
in any week during the summer 
increased significantly with increasing 
temperature, precipitation and number 
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(two weeks 
lag) 

of heavy precipitation events in the 
previous week. 

Alemayehu et 
al. 2020 (133) 

Southwestern 
Ethiopia 

2007-
2017 

Less 
than 
five 
years 

All cause Monthly 
average of 
mean 
temperature 

Monthly count 
of diarrhoea 
cases extracted 
from HMIS 

Time series, 
Negative 
binomial 
regression 

The risk of childhood diarrhoea 
increased by 16.66% (RR: 1.1666; 
95% CI: 1.164–1.168) per increase in 
1°C temperature.  

Galanis et al. 
2020 (143) 

British 
Columbia, 
Canada 

1992-
2017 

All 
ages 

Vibrio  Average sea 
surface 
temperature 

Weekly number 
of Shell fish 
associated 
Vibrio 
parahaemolyticu
s cases reported 
to BC Centre for 
Disease Control 

Poisson 
regression 
models 

A significant correlation was reported 
between annual Vibrio incidence and 
sea surface temperature. 

Liu et al. 2020 
(136) 

China 2014-
2016 

All 
ages 

Shigella Daily mean 
temperature 

Daily 
surveillance data 
on bacillary 
dysentery 
reported to 
Chinese CDC 

Two stage 
time-series 
design, fitted 
with 
distributed lag 
nonlinear 
models 

For each 1oC rise in mean temperature, 
daily count for bacillary dysentery 
increased by 1.7 %. 

Aik et al. 2020 
(101) 

Singapore 2005-
2018 

All 
ages 

All cause Weekly 
average 
temperature 

Weekly 
surveillance 
diarrhoea cases 
reported to 
Ministry of 
Health  

Negative 
binomial 
regression 
models 

There was a weak evidence on the 
association between mean temperature 
and diarrhoea incidence [IRR: 1.013, 
95% CI: 0.998–1.027]. 

Daisy et al. 
2020 (144) 

Dhaka, 
Bangladesh 

2000-
2013 

All 
ages 

Vibrio cholerae Monthly 
average of 
mean 
temperature  

Monthly count 
of Vibrio 
cholera cases 
reported to 
icddr,b 

SARIMA 
model 

A 1°C increase in maximum 
temperature at one-month lead time 
showed a 7% increase of cholera 
incidence. 
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Fang et al. 
2020 (145) 

Jiangsu, 
China 

2013-
2017 

All 
ages 

Infectious 
diarrhoea 

Monthly 
mean 
temperature 

Monthly count 
of laboratory 
confirmed 
infectious 
diarrhoea 

Cross 
correlation 
analysis, 
Generalised 
additive 
models 

Mean temperature and rainfall showed 
U-shape associations with disease risk 
(with threshold 15°C and 100mm per 
month, respectively). 

Asadgol et al. 
2019 (135) 

Qom city, 
Iran 

1998-
2016 

All 
ages 

Cholera Monthly 
mean 
temperature 

Daily cholera 
cases 

Artificial 
neural 
network 

A significant correlation was reported 
between low precipitation and cholera 
infection. 

Anwar et al. 
2019 (146) 

Afghanistan 2010-
2016 

All 
ages 

All cause Mean daily 
temperature 

Monthly count 
of diarrhoea 
cases reported to 
the Ministry of 
Public Health 

Spatial-
temporal 
Bayesian 
hierarchical 
model and 
Poisson 
regression 
models 

Mean daily temperature were 
positively associated with diarrhoea 
incidence; every 1°C increase in mean 
daily temperature and 0.01-unit 
change in the aridity index were 
associated with a 0.70% (CI: 0.67%, 
0.73%) increase and a 4.79% (CI: 
4.30%, 5.26%) increase in the risk of 
diarrhoea, respectively 

Onozuka et al. 
2019 (123) 

Japan 2005-
2015 

All 
ages 

All cause Weekly mean 
temperature 

Weekly count of 
infectious 
diarrhoea 
extracted from 
National 
Institute of 
Infectious 
Diseases 

Two stage 
time-series 
design, fitted 
with 
distributed lag 
nonlinear 
models 

The overall cumulative risk for 
infectious gastroenteritis showed 
generally a unimodal distribution at 
lower temperature and tended to 
increase at higher temperature. Japan 
may experience a net reduction in 
temperature-related excess morbidity 
due to infectious gastroenteritis in 
higher emission scenarios. 

Mertens et al. 
2019 (147) 

Tamil Nadu, 
India 

2008-
2009 

Less 
than 
five 
years 

All cause Weekly 
average of 
mean 
temperature 

Diarrhoea 
related 
symptoms seven 
days prior to 
clinic visit 

Generalised 
additive 
models, 
binomial 
regression 
models 

Prevalence of diarrhoea for seven days 
prior to clinic visit was 2.95 (95% CI: 
1.99- 4. 39) times higher when the 
mean temperature in prior week was in 
the hottest quartile vs. the lowest 
quartile for the week. 
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Djennad et al. 
2019 (148) 

England and 
Wales 

1989-
2014 

All 
ages 

Campylobacter Monthly 
average of 
mean 
temperature 

Monthly count 
of laboratory 
confirmed 
Campylobacter 
reported to 
Public Health 
England 

Time series 
analysis with 
negative 
binomial 
distribution, 
wavelets and 
cluster 
analysis 

Generalised structural time series 
model revealed that changes in 
temperature accounted for 33.3% of 
the expected cases 
of campylobacteriosis,  

Lake et al. 
2019  (149) 

Europe  2008-
2016 

All 
ages 

Campylobacter Weekly mean 
temperature  

Weekly counts 
of laboratory 
confirmed 
Campylobacter 
cases 

A two-stage 
multivariate 
meta-analysis 
methodology 
was used to 
explore 
associations 
with 
temperature 
and 
precipitation. 

Campylobacteriosis cases were 
positively associated with temperature 
and, to a lesser degree, precipitation. 

Rushton et al. 
2019 (150) 

Northern 
England  

2004-
2009 

All 
ages 

Campylobacter Monthly 
average 
temperature  

Monthly counts 
of 
Campylobacter 
cases 

Time series 
analysis using 
harmonic 
regression 
models 

De-seasonalised counts 
of Campylobacter cases were not 
significantly related to de-seasonalised 
temperature after also adjusting for 
autocorrelation (t = 0.212, P = 0.230) 
or rainfall (t = − 0.119, P = 0.906). 

Alexander et 
al. 2018 (78) 

Chobe, 
Botswana 

1998-
2017 

Less 
than 
five 
years 

All cause Weekly 
minimum 
temperature 

Weekly counts 
of diarrhoea 
cases 

Negative 
binomial 
regression 
models 

Differential impacts of predictors were 
observed on diarrhoea incidence 
during dry and wet seasons. In dry 
season river height and maximum 
temperature were significantly 
associated with diarrhoea incidence. 

Morral- 
Puigmal et al. 
2018 (151) 

Spain 1997-
2013 

All 
ages 

All cause Daily mean 
temperature  

Daily count of 
hospitalisation 

Time series 
regression 
fitted with 

Both high and cold temperatures 
increased the risk of gastroenteritis 
hospitalisations (RR  = 1.21, 95% CI: 



 

31 
 

for acute 
gastroenteritis 

distributed lag 
nonlinear 
models 

1.09, 1.34; and RR = 1.07, 95% CI: 
1.00, 1.15, respectively).  

Song et al. 2018 
(152) 

South Korea 2002-
2010 

All 
ages 

Shigella Weekly mean 
temperature  

Weekly count of 
Shigella cases 

Generalised 
additive 
models, fitted 
with weekly 
lag up to six 
weeks 

 A 1°C increase in temperature is 
expected to increase the incidence of 
shigellosis by 13.6%. 

Wang et al. 
2018 (153) 

Hong Kong 2002-
2011 

All 
ages 

Salmonella Daily mean 
temperature 

Daily count of 
non-typhoidal 
salmonella cases 

Generalised 
additive 
models fitted 
with 
distributed lag 
nonlinear 
models 

Relative to 13°C, there was a 6.13 
(95% CI: 3.52–10.67) times the risk at 
a temperature of 30.5°C. 

Alik et al. 2018 
(154) 

Singapore 2005-
2015 

All 
ages 

Salmonella Weekly mean 
temperature 

Weekly count of 
laboratory 
confirmed 
Salmonella 
cases 

Time series, 
negative 
binomial 
regression 
models 

 A 1°C increase in mean ambient air 
temperature was associated with a 
4.3% increase (IRR): 1.043, 95% 
CI = 1.003, 1.084) in 
reported Salmonella infections in the 
same week and a 6.3% increase (IRR: 
1.063, 95% CI = 1.022, 1.105) three 
weeks later. 

Horn et al. 
2018 (155) 

Mozambique 1997-
2014 

All 
ages 

All cause Weekly 
maximum 
temperature 

Weekly 
diarrhoea count 

Time series, 
Generalised 
linear models 

 We estimated a 3.64% (95% CI: 3.35, 
3.93) increase in diarrheal disease for 
each 1°C increase in the hottest day of 
the concurrent week. 

Rosenberg et 
al. 2018 (128) 

Israel 1999-
2010 

All 
ages 

Campylobacter Weekly mean 
temperature 

Weekly count of 
Campylobacter 
cases 

Generalised 
additive 
models, 
Poisson 
regression 
model 

For each 1°C increase in weekly mean 
temperature above the threshold of 
27°C risk of Campylobacter infection 
increased by 15.4% (95% CI: 6.7–
24.1%). 
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Azage et al. 
2017 (156) 

Northwest 
Ethiopia 

2013-
2015 

Less 
than 
five 
years 

All cause Monthly 
mean 
temperature 

Monthly count 
of diarrhoea 
reported to 
HMIS 

Correlation, 
negative 
binomial 
regression 

There was a significant positive 
association between monthly average 
temperature (IRR = 1.019; 95% CI 
1.0034, 1.0347) and the rate of 
childhood diarrhoea. 

Semenza et al. 
2017 (137) 

Baltic sea, 
Sweden 

2006-
2014 

All 
ages 

Vibrio species Weekly mean 
of sea surface 
temperature 

Laboratory 
confirmed 
Vibrio cases 
(Weekly) 

Time 
stratified case 
cross over, 
conditional 
logistic 
regression 
models 

The estimated exposure–response 
relationship for Vibrio infections at a 
threshold of 16°C revealed a relative 
risk (RR) = 1.14 (95% CI: 1.02, 
1.27; p = 0.024) for a lag of two 
weeks. 

Thiam et al. 
2017 (157) 

Mbour, 
Senegal 

2011-
2014 

Less 
than 
five 
years 

All cause Monthly 
average day 
temperature 
and night 
temperature 

Monthly count 
of diarrhoea  

Time series, 
negative 
binomial 
regression 
models 

High Day Temp ≥ 32°C and high 
Night Temp ≥ 26°C showed a 
significant negative association with 
diarrheal incidence of the following 
month (IRR: 0.78, 95% CI: 0.66–0.91; 
IRR: 0.76, 95% CI: 0.66–0.87, 
respectively). 

Yan et al. 2017 
(158) 

Beijing, 
China 

1970-
2012 

All 
ages 

Shigella Monthly 
average of 
mean 
temperature 

Monthly count 
of bacillary 
dysentery 

Time series, 
Autoregressiv
e integrated 
moving 
average 
models 

Temperature with two month and 
seven month lags and rainfall with a 
12 month lag were positively 
correlated with the number of BD 
cases in Beijing. 

Wangdi et al. 
2017 (159) 

Bhutan 2003-
2013 

All 
ages 

All cause Monthly 
average 
temperature  

Monthly average 
diarrhoea cases 

Time series, 
Poisson 
regression 
models 

Diarrhoea incidence increased by 
0.6% (95% CrI: 0.5–0.6%) for every 
degree increase in maximum 
temperature. 

Cheng et al. 
2017 (160) 

Hefei, China 2006-
2012 

All 
ages 

Shigella Daily mean 
temperature 

Daily count of 
bacillary 
dysentery cases 

Time series, 
negative 
binomial 
models fitted 
with 

The risk of bacillary dysentery 
increased with the temperature rise 
above a threshold (18·4°C), and the 
temperature effects appeared to be 
acute. The RR associated with a 1°C 
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distributed lag 
nonlinear 
models 

increase in temperature was 1·04 (95% 
CI; 1·00–1·07). 

Musengimana 
et al. 2016 
(161) 

Cape town, 
South Africa 

2012-
2014 

Less 
than 
five 
years 

All cause Weekly 
average of 
mean 
temperature 

Weekly count of 
diarrhoea cases 

Mixed effects 
over-
dispersed 
Poisson 
regression 
model 

A 5°C increase in minimum and 
maximum temperature led to 15% 
(IRR: 1.46, 95% CI: 1.09–1.20) and 
6% (IRR: 1.06, 95% CI: 1.01–1.12) 
increase in diarrhoea cases, 
respectively 

Mclver et al. 
2016 (117) 

11 districts of 
Cambodia 

1997-
2012 

All 
ages 

All cause Monthly 
minimum 
temperature 

Monthly cases 
of diarrhoea 

Generalised 
linear model 
with negative 
binomial 
distribution 

Differential impacts of predictors were 
observed on diarrhoea incidence 
across different districts in Cambodia. 

Philipsborn et 
al. 2016 (162) 

Global  1975-
2012 

All 
ages 

Diarrhoeagenic 
Escherichia coli 

Monthly 
mean 
temperature  

Monthly count 
of E. coli 
diarrhoea 

Generalised 
log linear 
Poisson 
regression 
models 

A 1°C increase in mean monthly 
maximum temperature was associated 
with 8% (CI: 5%-11%) increase in 
incidence of diarrhoeagenic E. coli. 

Stephen et al. 
2016 (163) 

Queensland, 
Australia 

2004-
2013 

All 
ages 

Salmonella Daily mean 
temperature 

Daily count of 
Salmonellosis 

Poisson 
regression 
models with 
distributed lag 
nonlinear 
models, 
Switching 
models 

 A 5°C increase in mean temperature 
was associated with increases in 
salmonellosis cases of 45.4% (95% 
CrI 40.4%, 50.5%). 

Lal et al. 2016 
(164) 

New Zealand 
(Auckland, 
Wellington 
and 
Christchurch) 

1997-
2007 

All 
ages 

Salmonella Weekly mean 
temperature  

Weekly count of 
Salmonella 
cases 

Time series, 
Poisson 
regression 
models fitted 
with 
distributed 
nonlinear lag 

High temperatures were associated 
with increased risk of Salmonella in 
Christchurch and Auckland but not in 
Wellington. 
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Carlton et al. 
2016 (127) 

Global  Till 2013 All 
ages 

All cause Maximum, 
minimum and 
mean 
temperature 

All cause 
diarrhoea 
reported in the 
studies included 

Meta-analysis A positive association between 
ambient temperature and all-cause 
diarrhoea (IRR) 1.07; 95% CI; 1.03, 
1.10).  

Milazzo et al. 
2015 (109) 

Adelaide, 
Australia 

1990-
2012 

All 
ages 

Salmonella Daily 
maximum 
temperature 

Daily 
Salmonella 
cases (laboratory 
confirmed) 

Time-series, 
Poisson 
regression 
model fitted 
with 
distributed lag 
non-linear 
models 

Daily Salmonella spp. counts 
increased by 1·3% (IRR) 1·013, 95% 
CI; 1·008–1·019] per 1°C rise in 
temperature. 

Jinag et al. 
2015 (165) 

Maryland, 
USA 

2002-
2012 

All 
ages 

Salmonella Extreme 
temperature 
(above 95th 
percentile of 
historical 
daily 
temperature 
data) and 
Extreme 
precipitation 
(above 90th 
percentile of 
historical 
daily rainfall 
data) 

Culture 
confirmed 
Salmonella 

Negative 
binomial 
generalised 
estimating 
equations 

A 4.1% increase in salmonellosis risk 
associated with a one unit increase in 
extreme temperature events (IRR: 
1.041; 95% CI: 1.013–1.069). 

Wen et al. 2015 
(121) 

Hefei, China 2006-
2012 

Less 
than 
14 
years 

Shigella Daily diurnal 
temperature 

Daily Shigella 
cases 

Poisson 
generalised 
linear models 
with 
distributed lag 
nonlinear 
model 

For each 5°C increment of DTR daily 
bacillary dysentery cases increased by 
8% (95% CI = 2.9–13.4 %). 
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Li et al. 2015 
(129) 

Beijing, 
China 

2007-
2012 

All 
ages 

Shigella Daily mean 
temperature 

Daily Shigella 
cases 

Time series, 
Generalised 
additive 
model, Quasi-
Poisson 
regression 

For each 1°C increase, bacillary 
dysentery increased by 1·06%, [95% 
CI: 0·63–1·49 on lag day three]. 

Phung et al. 
2015 (166) 

Mekong delta, 
Vietnam 

2004-
2011 

All 
ages 

All cause Weekly 
average 
temperature 

Weekly 
diarrhoea count 

Time series, 
Generalised 
linear model, 
Poisson 
regression 

 A 1°C increase in temperature at lag 
of two and four weeks was associated 
with a 1·5% (95% CI 0·3−2·7) and 
1·1% (95% CI 0·1−2·3) increase in 
diarrheal risk, respectively. 

Phung et al. 
2015 (167) 

Mekong delta, 
Vietnam 

2004-
2011 

All 
ages 

All cause Weekly 
average 
temperature 

Weekly 
diarrhoea count 

Time series, 
Generalised 
linear model, 
Poisson 
regression 

A 1°C increase in average temperature 
four weeks prior significantly 
increased the weekly number of 
diarrhoea visits by 1 % (95% CI = 0.9–
2.6, p < 0.01). 

Akil et al. 2014 
(168) 

USA 
(Mississippi, 
Alabama, 
Tennessee) 

2022-
2011 

All 
ages 

Salmonella Monthly 
mean 
temperature  

Monthly count 
of Salmonella 

Time series 
analysis, 
including the 
Mann–
Kendall test 
and a 
Seasonal 
trend test 

A 1°F increase in temperature will 
result in 3% increase of the current 
average of Salmonella infections in 
Mississippi. 

Li et al. 2013 
(169) 

Wuhan, China 2006-
2011 

All 
ages 

Shigella Daily mean 
temperature 

Daily counts of 
Shigella 

Time series, 
Generalised 
additive 
model, 
Poisson 
regression 

For each 1°C increase in average 
temperature, excess risk of dysentery 
incidence increased by 0.94% (CI: 
0.46%-1.43% at lag 2). 

Wu et al. 2014 
(170) 

Matlab, 
Bangladesh 

2000-
2006 

Less 
than 
five 
years 

All cause Monthly 
average 
extreme 
temperature 

Monthly counts 
of diarrhoea 

Multivariate 
logistic 
regression 

The number of hot days (NHD15) 
have positive effects on the risk of 
diarrhoea, OR 1.018 (95% CI: 1.011–
1.025, p<0.001). 
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(above 90th 
percentile of 
observed 
temperature 
over 30 
years). 

Moors et al. 
2013 (83) 

North India 
 

All 
ages 

All cause Projected 
change in 
average 
temperature 

Projected 
increase in 
diarrhoea burden 

Multiplication 
of coefficients 
with future 
change in 
climatic 
variables 

On average, a 1.8°C increase future 
temperature in the Ganges basin is 
expected to increase the burden of 
diarrhoea in north India by 10% by the 
2040s. 

Grjibovski et 
al. 2013 (171) 

Kazakhstan 
(Astana, 
Almaty, 
North and 
South 
Kazakhstan) 

2000-
2010 

All 
ages 

Salmonella Mean 
monthly 
temperature 

Monthly counts of laboratory 
confirmed Salmonella 

In Astana an increase of 1°C in 
temperature was associated with an 
increase in the monthly number of 
cases by 5·5% (95% CI 2·2–8·8). 
Similar results were obtained for other 
regions. 

Alexander et 
al. 2013 (118) 

Botswana 1974-
2003 

All 
ages 

All cause Monthly 
minimum 
temperature 

Monthly 
diarrhoea cases 
reported to 
government 
health facilities 

Autoregressiv
e analysis of 
covariance 
models 

Temperature positively associated 
with diarrhoea in dry seasons and 
negatively associated in wet seasons. 

Ali et al. 2013 
(119) 

Matlab, 
Bangladesh 

1998-
2001 

All 
ages 

Vibrio cholerae Monthly 
minimum 
temperature 

Monthly cholera 
incidence  

Seasonal 
Autoregressiv
e Moving 
Average 
Model 

For each 1°C increase in minimum 
temperature, monthly cholera 
incidence increased by 6%. 

Zhou et al. 
2013 (172) 

Shanghai, 
China 

2008-
2010 

All 
ages 

All cause Daily mean 
temperature 

Daily counts of 
infectious 
diarrhoea 

Time series, 
Generalised 
additive 
model, 
Poisson 
regression 

A 1°C increase in the six day moving 
average of temperature was associated 
with a 2.68% (95% CI: 1.83%, 3.52%) 
increase in outpatient visits for 
diarrhoea. 
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Xu et al. 2013 
(120) 

Brisbane, 
Australia 

2003-
2009 

Less 
than 
five 
years 

All cause Daily diurnal 
temperature 

Daily visit to 
emergency 
department for 
diarrhoea 
complaints 

Time series, 
Poisson 
generalised 
linear 
equation fitted 
with 
distributed lag 
nonlinear 
models. 

For each 1°C increment in diurnal 
temperature, emergency hospital visit 
for diarrhoea-related complaints 
increased by 3% (95% CI: 2%-5%). 

Zhang et al. 
2013 (173) 

China (Jinan 
and Baoan) 

2000 
chosen as 
baseline 

All 
ages 

Shigella Projected 
change in 
average 
temperature 

Projected year lost due to 
disability 

The YLDs for bacillary dysentery may 
increase by up to 75%- 80% by 2020 
and 147%- 174% by 2050. 

Bhandari et al. 
2012 (13) 

Jhapa, Nepal 1999-
2008 

All 
ages 

All cause Monthly 
average 
maximum 
and minimum 
temperature 

Monthly 
diarrhoea cases 
reported to 
government 
health facilities 

Correlation No significant association between 
diarrhoea and temperature. 

Bandyopadhya
y et al. 2012 
(132) 

14 African 
countries 
(sub-Sahara) 

1991-200 Less 
than 
three 
years 

All cause Monthly 
maximum 
and minimum 
temperature 

Self-reported 
diarrhoea from 
DHS 

Ordinary 
Least Square 
method 

Diarrhoea cases were positively 
associated with monthly average 
maximum temperature and negatively 
associated with monthly average 
minimum temperature in dry seasons. 

Traeup et al. 
2011 (122) 

Tanzania 1998-
2004 

All 
ages 

Vibrio cholerae Monthly 
maximum 
temperature 

Monthly 
reported cholera 
cases 

Time series, 
Negative 
binomial 
regression 

For each 1°C increase in monthly 
average of maximum temperature, 
relative risk cholera cases increased by 
29%. 

Reyburn et al. 
2011 (174) 

Zanzibar, 
Tanzania 

2002-
2008 

All 
ages 

Vibrio cholerae Monthly 
mean 
temperature 

Monthly count 
of clinically 
diagnosed 
cholera cases 

Time series, 
Seasonal 
Autoregressiv
e Moving 
Average 
Model 

 A 1°C increase in temperature at four 
months lag resulted in a 2-fold 
increase of cholera cases. 
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Kolstad and 
Johansson 2011 
(125) 

Global  Projectio
n 2010-
2099 

All 
ages 

All cause Projected 
change in 
average 
temperature 

Projected 
increase in 
diarrhoea burden 

linear 
multiplication 

The associated mean projected 
increases of relative risk of diarrhoea 
in the six study regions were 8–11% 
(with SDs of 3–5%) by 2010–2039 
and 22–29% (SDs of 9–12%) by 
2070–2099. 

Allard et al. 
2011 (175) 

Montreal, 
Canada 

1990-
2006 

All 
ages 

Campylobacter Monthly 
average 
temperature  

Monthly count 
of 
Campylobacter 
cases 

Time series, 
negative 
binomial 
regression 
models 

 A 1°C increase in temperature above 
10°C during any of weeks −1 to −6 
was associated with a 0.8% (95% CI: 
0.3% to 1.3%) increase in the current 
count 

Onozuka et al. 
2010 (176) 

Fukuoka, 
Japan 

1999-
2007 

All 
ages 

All cause Weekly 
average 
temperature 

Weekly cases of 
gastroenteritis 

Generalised 
linear Poisson 
regression 
models. 

For each 1°C increase in mean 
temperature, weekly cases of acute 
gastroenteritis increased by 7.7%. 

Britton et al. 
2010 (177) 

New Zealand  1965-
2006 

All 
ages 

Salmonella Monthly 
average 
temperature  

Monthly count 
of Salmonella 

Negative 
binomial 
regression 
models 

A 1°C increase in monthly average 
ambient temperature was associated 
with a 15% increase in salmonellosis 
notifications within the same month 
(IRR 1.15; 95% CI 1.07 – 1.24). 

Chou et al. 
2010 (115) 

Taiwan 1996-
2007 

All 
ages 

All cause Monthly 
maximum 
temperature 

Monthly incidence of hospitalised 
diarrhoea 

Monthly temperature was positive 
associated with hospitalisation due to 
diarrhoea (IRR: 1.01, 95% CI: 1.00- 
1.03). 

Hashizume et 
al. 2010 (178) 

Dhaka, 
Bangladesh 

1983-
2008 

All 
ages 

Vibrio cholerae Weekly 
average 
temperature 

Weekly cholera 
counts 

Time series, 
Poisson 
regression 
models 

57% (52.4%- 60.8%) of the cholera 
cases detected during the study period 
were attributed to temperature with lag 
week between 0-4. 

Zhang et al. 
2010 (179) 

Brisbane, 
Australia 

1990-
2005 

All 
ages 

Salmonella Weekly 
maximum 
and minimum 
temperature 

Weekly count of 
Salmonella 
cases 

Time series, 
Seasonal 
Autoregressiv
e Moving 

Maximum and minimum temperature 
were both associated with salmonella 
incidence. 
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Average 
Model 

Patz et al. 2009 
(180) 

South-East 
Africa 

1971-
2006 

All 
ages 

Vibrio cholerae Annual mean 
temperature 
(Sea surface 
and air) 

Annual count of 
Cholera 

Time series, 
Poisson 
regression 

For an annual mean temperature 
increases by 0.1°C, the expected 
annual number of cholera cases will be 
multiplied by 1.87 for that year and by 
2.78 for the previous year. 

Islam et al. 
2009 (181) 

Matlab, 
Bangladesh 

1989-
2005 

All 
ages 

Vibrio cholerae Monthly 
average 
temperature  

Monthly cholera 
counts 

Classification 
and regression 
tree, Principal 
component 
analysis 

Monthly mean temperature positively 
associated with monthly cholera count. 

Lake et al. 
2009 (182) 

England and 
Wales 

1974-
2006 

All 
ages 

Salmonella and 
Campylobacter 

Weekly 
average 
temperature 

Weekly count of 
foodborne 
pathogens 
(Salmonella and 
Shigella) 

Least squared 
regression  

Food poisoning, campylobacteriosis, 
salmonellosis, Salmonella typhimuriu
m infections 
and Salmonella Enteritidis infections 
were positively associated (P<0·01) 
with temperature in the current and 
previous week. 

Bi et al. 2008 
(126) 

Australia 
(Brisbane and 
Adelaide) 

1990-
2005 

All 
ages 

 Campylobacter Weekly 
maximum 
temperature 
(average) 

Weekly count of 
laboratory 
confirmed 
Campylobacter 
cases 

Ecological 
time series, 
Poisson 
regression 
models 

Weekly maximum and minimum 
temperatures were inversely associated 
with the weekly number of cases in 
Adelaide, but positively correlated 
with the number of cases in Brisbane, 
with relevant lagged effects. 

Fernandez et 
al. 2008 (183) 

Lusaka, 
Zambia 

2003-
2006 

All 
ages 

Vibrio cholerae Weekly 
average 
maximum 
temperature 

Weekly count of 
Cholera cases 

Generalised 
linear model, 
Poisson auto 
regressive 
model  

An ambient temperature increase of 
1°C six weeks before the beginning of 
the outbreaks explained 5.2% of the 
weekly augmentation of cholera cases 
observed. 

Zhang et al. 
2008 (184) 

Jinan, China 1987-
2000 

All 
ages 

Shigella Monthly 
average 

Monthly cases 
of bacillary 
dysentery 

Seasonal 
Autoregressiv
e Moving 

For each 1°C increase in maximum 
temperature, bacillary dysentery cases 
increased by 11%. 
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maximum 
temperature 

Average 
Model 

Hashizume et 
al. 2007 (37) 

Dhaka, 
Bangladesh 

1996-
2002 

All 
ages 

All cause Weekly 
average 
temperature 

Weekly count of 
non-cholera 
diarrhoea 

Time series, 
Poisson 
regression 

An average 1°C increase in 
temperature over the past 4 weeks was 
associated with 6.5% (95% CI: 3.5–
9.5) increase in non-cholera and non-
rotavirus diarrhoea. 

Naumova et al. 
2007 (185) 

Massachusetts
, USA 

1992-
2001 

All 
ages 

Salmonella, 
Shigella, 
Campylobacter, 
Cryptosporidiu
m and Giardia 

Daily average 
temperature 

Daily reported 
cases of six 
enteric 
pathogens 

Generalised 
linear models 

Bacterial diarrhoea peaked with 
temperature whereas parasitic peaked 
in fall. 

Zhang et al. 
2007 (186) 

Adelaide, 
Australia 

1990-
2004 

All 
ages 

Salmonella Weekly 
average 
maximum 
temperature 

Weekly counts 
of Salmonella 

Poisson 
regression, 
autoregressive 
adjusted 
Poisson 
regression, 
multiple 
linear 
regression and 
the SARIMA 
model 

Maximum temperature with two week 
lags was significantly related to the 
number of salmonellosis cases. 

Kovats et al. 
2005 (187) 

Six European 
countries 

1989-
2002 

All 
ages 

Campylobacter Weekly 
average 
temperature 

Week with 
maximum 
number of 
Campylobacter 
cases 

Time series, 
Poisson 
regression 

Timing of annual peak was not 
associated with temperature at lag 0-4 
weeks. 

Lama et al. 
2004 (112) 

Lima, Peru 1991-
1998 

Less 
than 
13 
years 

All cause Monthly 
average 
temperature  

Monthly number 
of patients 
visiting 
emergency 
department for 

Multiple 
regression 
models 

For each 1°C increase in monthly 
average temperature, acute diarrheal 
cases increased by 11.3%, in the 
months where cholera outbreaks didn't 
occur. 
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diarrhoea 
complaints 

Kovats et al. 
2004 (87) 

10 European 
countries 

1983-
2003 

All 
ages 

Salmonella Weekly 
average 
temperature 

Weekly 
Salmonella 
count 

Time series, 
Poisson 
regression 

A 1°C increase in temperature above 
the threshold of 6°C, cases of 
Salmonella increased between 0.3% - 
12.5%.  

D'Souza et al. 
2004 (131) 

Five 
Australian 
cities 

1991-
2001 

All 
ages 

Salmonella Monthly 
average 
temperature 

Monthly count 
of Salmonella 

Time series, 
negative 
binomial 
regression 
models 

Significant association between 
monthly Salmonella incidence (IRR 
between 1.04 - 1.10) and monthly 
mean temperature lagged by one 
month. 

Singh et al. 
2001 (113) 

Fiji 1978-
1998 

Infants All cause Monthly 
average 
temperature  

Monthly count 
of infantile 
diarrhoea 

Time series, 
Poisson 
regression 
models 

Positive association between diarrhoea 
and temperature with one month lag. 

Checkley et al. 
2000 (111) 

Lima, Peru 1993-
1998 

Less 
than 
10 
years 

All cause Daily average 
temperature 

Daily admission 
for diarrhoea 

Time series, 
Generalised 
additive 
model with 
Poisson 
distribution 

For each 1°C increase in mean 
temperature in pre-El Niño era, the 
risk of diarrhoea hospitalisation 
increased by 1.08. 
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2.2.2 Rainfall and diarrhoea 

Twenty-nine epidemiological studies report on the association between rainfall and diarrhoea 

(summarised in Table 2.2). These articles include data collected between 1977 and 2017 and 

cover all five inhabited continents with comparatively lesser representation from Europe, see 

Table 2.2. These articles predominantly evaluate the impact of rainfall on bacterial diarrhoea, 

excluding a systematic review on protozoan parasite Cryptosporidium (188) and a study on 

norovirus from Australia (189). To estimate the association between rainfall and diarrhoea, 

studies predominantly use the cumulative amount of rainfall (weekly or monthly) as exposure 

value, while few use extreme rainfall or number of wet days as the exposure value (155, 189-

191). Despite the heterogeneity in the exposure variable, a significant positive association is 

reported between rainfall and diarrhoea in the majority of studies, see Table 2.2. Most of the 

studies [Ecuador (191, 192), Bangladesh (37) and Botswana (78)] report increased cases of 

diarrhoea following a heavy rainfall event after a dry period. Meanwhile, a study from 

Bangladesh reports a U-shaped association (increase in rainfall above and below a given 

value) between weekly cumulative rainfall and the number of children hospitalised for 

diarrhoea (37). Kraay et al. (190) systematically evaluated and meta-analysed evidence on the 

association rainfall and diarrhoea, and reports that impact of rainfall on diarrhoea depends on 

the antecedent condition i.e., a heavy rainfall following a dry period increases the risk of 

diarrhoea, whereas a heavy rainfall following a wet period reduces the risk of diarrhoea. 

Intriguingly, a study from Spain (151) reports that heavy precipitation was found to be 

protective against diarrhoea-related hospitalisation during the study period. Contrary to the 

majority of findings, a study from the Guam Island in the West-Pacific reported no significant 

association between rainfall and food-borne diarrhoea caused by Salmonella species (193). 

Rainfall affects the transportation of diarrheal pathogens and so heavy rainfall can disrupt the 

sanitation infrastructure, increasing the risk of human exposure. Confirming the theoretical 

assumptions, a review of this evidence suggests that the impact of rainfall on diarrhoea 
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outbreak is contextual and depends upon the definition of exposure value (whether the rainfall 

data included in the models were collected following a wet period or a dry run). 

2.2.2.1 Nature of association between rainfall and diarrhoea 

Almost 72% of the reviewed studies report a linear association between rainfall intensity and 

the risk of diarrhoea, see Table 2.2. Nearly 50% of these studies identified a rainfall threshold 

beyond which the risk of diarrhoea is higher compared to the rainfall intensity below the 

identified threshold (165, 183, 192, 194-196). Only a handful of studies report a non-linear 

association between rainfall and diarrhoea, with a non-identical nature of the rainfall-

diarrhoea curve (37, 192). One exception is a study from Bangladesh (37) that reports clear 

U-shaped association. This contrasts with most of the studies that report a non-linear 

association between rainfall and diarrhoea and that report an inverted quadratic relationship 

between rainfall and diarrhoea i.e., the risk of diarrhoea increases with increase in rainfall up 

to certain quantity and then starts to decrease as the rainfall intensity grows heavier (190, 192, 

197).  As such, the nature of association between rainfall and diarrhoea remains non-uniform, 

warranting more studies from different geographic regions of the world to reach a conclusive 

agreement. 

2.2.2.2 Lag effect of rainfall on diarrhoea  

Almost all the articles reviewed report a lag effect of rainfall on diarrhoea, which varies from 

weekly to monthly based upon the periodic resolution of the data used. Reyburn et al. (174), 

report the highest risk of cholera in Zanzibar, Tanzania following two months of heavy 

rainfall (200mm). Drayana et al. (198) on the other hand, report increased risk of acute 

gastroenteritis in Wisconsin, USA following a shorter lag of four days post rainfall. 

Meanwhile, a study from Singapore reports increased risk of Salmonellosis two weeks after 

the rainfall event and decreased risk following the fifth week post rainfall (154). It is likely 

that the lag effect of rainfall on diarrhoea depends on the nature of flooring materials used in 
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the household of the study region and the drainage systems to manage runoff water following 

the rainfall events (199).  
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Table 2. 2 Epidemiological review of studies that explored the association between diarrhoea and rainfall. 

Reference Location Perio
d 

Age group Pathogen Exposure 
definition 

Outcome 
definition 

Statistical 
method 

Result and conclusion 

Kraaay et 
al. 2020 
(190) 

Global 2013-
2020 

All ages All cause Heavy rainfall or 
flooding or rain 
and drought 

All cause 
diarrhoea or 
gastroenteritis 

Meta 
regression 
models 

Extreme rainfall was associated 
with an increased risk of diarrhoea 
[IRR: 1.26 (1.05-1.15)] when it 
followed a dry period. 

Deshpande 
et al 2020 
(194) 

Esmeraldas 
Province, 
Ecuador 

2013-
2014 

All ages All cause Heavy rainfall if 
the value exceeded 
90th percentile of 
daily rainfall across 
study period 

Daily count of 
diarrheal 
diseases  

Mixed effect- 
Poisson log 
linear models 

HREs with dry antecedent 
conditions were associated with 
elevated incidence by up to 1.35 
(IRR, 95% CI: 1.14–1.60) times 
compared with similar conditions 
without HREs 

Alemayehu 
et al. 2020 
(133) 

Southwester
n Ethiopia 

2007-
2017 

Less than 
five years 

All cause Monthly average of 
mean temperature 
and total rainfall 

Monthly count 
of diarrhoea 
cases extracted 
from HMIS 

Time series, 
Negative 
binomial 
regression 

Rainfall was found to be a 
significant risk factor of childhood 
diarrhoea, with 0.16% (RR: 
1.00167; 95% CI: 1.001306–
1.001928) per 1mm increase in 
rainfall. 

Lee et al. 
2019 (200) 

Georgia, 
USA 

1997-
2016 

All ages Salmonella Weekly rainfall 
condition 

Weekly 
Salmonella 
counts 

Time series, 
Negative 
binomial 
regression 

Extreme rainfall was associated 
with a 5% increase in 
salmonellosis risk (95% CI: 1%, 
10%) compared with weeks with 
no extreme rainfall. 

Lal et al. 
2019 (188) 

Global 1960-
2014 

Less than 
15 years 

Cryptosporidiu
m 

Monthly average 
precipitation 

Monthly count 
of laboratory 
confirmed 
Cryptosporidiu
m infection 

Mixed effect-
Spatial 
temporal 
models 

Local rainfall and population 
density were related with 
cryptosporidiosis with differential 
impacts across the latitudes. 

Alexander 
et al. 2018 
(78) 

Chobe, 
Botswana 

1998-
2017 

Less than 
five years 

All cause Weekly maximum 
and minimum 
temperature, 

Weekly counts 
of diarrhoea 
cases 

negative 
binomial 

Differential impacts of predictors 
were observed on diarrhoea 
incidence during dry and wet 
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rainfall and river 
height 

regression 
models 

seasons. In the wet season, rainfall 
(eight week lag) had a significant 
influence on under five diarrhoea, 
with a 10-mm increase in rainfall 
associated with an estimated 6.5% 
rise in the number of cases.  

Puigmal et 
al. 2018 
(151) 

Spain 1997-
2013 

All ages All cause Daily rainfall Daily count of 
hospitalisation 
for acute 
gastroenteritis 

Time series 
regression 
fitted with 
distributed lag 
nonlinear 
models 

Heavy precipitation was found 
protective for those 
hospitalisations (RR = 0.74, 95% 
CI: 0.63, 0.86).  

Wang et al. 
2018 (153) 

Hong Kong 2002-
2011 

All ages Salmonella Daily rainfall Daily count of 
non-typhoidal 
Salmonella 
cases 

Generalised 
additive 
models fitted 
with 
distributed lag 
nonlinear 
models 

More hospitalisations were 
observed for small amounts of 
rainfall relative to none, with 
0.02mm and 0.14mm associated 
with 1.30 (95% CI 1.01–1.67) and 
1.34 (95% CI 0.98–1.84) times the 
risk of hospitalisations, 
respectively. However, 
hospitalisations declined with 
heavier rainfall.  

Aik et al. 
2018(154) 

Singapore 2005-
2015 

All ages Salmonella Weekly cumulative 
rainfall 

Weekly count of 
laboratory 
confirmed 
Salmonella 
cases 

Time series, 
negative 
binomial 
regression 
models 

A 10mm increase in weekly 
cumulative rainfall was associated 
with a 0.8% increase (IRR: 1.008, 
95% CI = 1.002, 1.015) in cases 
two weeks later but a 0.9% 
decrease (IRR: 0.991, 95% 
CI = 0.984, 0.998) in cases 
five weeks later.  

Horn et al. 
2018(155) 

Mozambique 1997-
2014 

All ages All cause Number of wet 
days per week 
(rainfall > 1mm) 

Weekly 
diarrhoea count 

Time series, 
generalised 
linear models 

A 1.04% (95% CI: 0.42, 1.66) 
increase in diarrheal disease 
counts was estimated for each 
additional wet day considered over 
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a consecutive four week period, 
controlling for time, average high 
temperature. 

Azage et al. 
2017 (156) 

Northwest 
Ethiopia 

2013-
2015 

Less than 
five years 

All cause Monthly mean 
rainfall 

Monthly count 
of diarrhoea 
reported to 
HMIS 

Correlation, 
negative 
binomial 
regression 

There was a significant association 
between monthly average rainfall 
(IRR = 1.0004; 95% CI 1.0001, 
1.0007) and the rate of childhood 
diarrhoea. 

Thiam et al. 
2017 (157) 

Mbour, 
Senegal 

2011-
2014 

Less than 
five years 

All cause Monthly average 
rainfall 

Monthly count 
of diarrhoea  

Time series, 
negative 
binomial 
regression 
models 

Moderate and high rainfall showed 
a significant positive association 
with diarrheal incidence in the 
same month (IRR: 1.23, 95% CI: 
1.08–1.42; IRR: 1.34, 95% CI: 
1.16–1.56, respectively). 

Wangdi et 
al. 2017 
(159) 

Bhutan 2003-
2013 

All ages All cause Monthly average 
rainfall 

Monthly 
average 
diarrhoea cases 

Time series, 
Poisson 
regression 
models 

Diarrhoea incidence increased by 
5% (95 Cr I: 4.9–5.1%) for a 1mm 
increase in rainfall. 

Mukabuter
a et al. 2016 
(199) 

Rwanda 2009-
2011 

Less than 
five years 

All cause Total monthly 
rainfall, monthly 
rainfall intensity, 
runoff water and 
anomalous rainfall 

Monthly count 
of diarrhoea 

Multivariate 
logistic 
regression 
models 

Higher levels of runoff were 
protective against diarrhoea 
compared to low levels among 
children who lived in households 
with unimproved toilet facilities 
(OR = 0.54, 95% CI: [0.34, 0.87] 
for moderate runoff and 
OR = 0.50, 95% CI: [0.29, 0.86] 
for high runoff) but had no impact 
among children in household with 
improved toilets. 

Soneja et al. 
2016 (195) 

Maryland, 
USA 

2002-
2012 

All ages Campylobacter Extreme 
precipitation 
(above 90th 
percentile of daily 
precipitation 

Monthly count 
of 
Campylobacter 
cases 

Multivariate 
negative 
binomial 
regression 

A one day increase in exposure to 
extreme precipitation events was 
associated with a 3% increase in 
risk of campylobacteriosis in 
coastal areas of Maryland (IRR: 
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between years 
1960 and 1989), El 
Niño and La Niña 

1.03, 95% CI: 1.01, 1.05), but 
such an association was not 
observed in noncoastal areas. The 
risk associated with extreme 
precipitation events was 
considerably higher during La 
Niña periods (IRR: 1.09, 95% CI: 
1.05, 1.13), while there was no 
evidence of elevated risk during El 
Niño or ENSO Neutral periods. 

Stephen et 
al. 2016 
(163) 

Queensland, 
Australia 

2004-
2013 

All ages Salmonella  Daily precipitation Daily count of 
Salmonellosis 

Poisson 
regression 
models with 
distributed lag 
nonlinear 
models, 
Switching 
models 

A 10 mm precipitation were 
associated with increases in 
salmonellosis cases of 24.1% 
(95% CrI 17.0%, 31.6%). 

Jinag et al. 
2015 (165) 

Maryland, 
USA 

2002-
2012 

All ages Salmonella  Extreme 
precipitation 
(above 90th 
percentile of 
historical daily 
rainfall data) 

Culture 
confirmed 
Salmonella 

Negative 
binomial 
generalised 
estimating 
equations 

A 5.6% increase in salmonellosis 
risk (IRR: 1.056; CI: 1.035–1.078) 
associated with a one unit increase 
in extreme precipitation events. 

Carlton et 
al. 
2014(192) 

Ecuador 2004-
2007 

All ages All cause Heavy rainfall 
event (above 90th 
percentile (56mm) 
in a given seven 
days /one week 
period). 

Weekly 
diarrhoea count 

Random effect 
Poisson 
regression 
models 

Heavy rainfall events were 
associated with increased 
diarrhoea incidence following dry 
periods (IRR = 1.39, 95% CI: 
1.03, 1.87) and decreased 
diarrhoea incidence following wet 
periods (IRR = 0.74, 95% CI: 
0.59, 0.92). 

Li et al. 
2013(169) 

Wuhan, 
China 

2006-
2011 

All ages Shigella Daily rainfall Daily counts of 
Shigella 

Time series, 
generalised 

 For each 1mm increase in rainfall 
excess risk of dysentery decreased 
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additive model, 
Poisson 
regression 

by −0.23% (95% CI: −0.37% to 
−0.09%). 

Wu et al. 
2014 (170) 

Matlab, 
Bangladesh 

2000-
2006 

Less than 
five years 

All cause Monthly average 
extreme rainfall 
(above 90th 
percentile of 
observed rainfall 
over 11 year 
period). 

Monthly counts 
of diarrhoea 

Multivariate 
logistic 
regression 

The number of heavy rain days 
(NHR15) have positive effects on 
the risk of diarrhoea, OR 1.031 
(95% CI: 1.019–1.044, (p<0.001). 

Eisenberg et 
al. 2013 
(191) 

Haiti 2010-
2011 

All ages Vibrio cholera Daily rainfall Daily cholera 
counts 

Case cross 
over, 
distributed lag 
nonlinear 
models 

Increased rainfall was significantly 
correlated with increased cholera 
incidence 4–7 days later. The odds 
ratio (OR, ratio of odds of cholera 
with exposure to a particular level 
of rainfall at a given lag vs. 
without exposure) for cholera 4–7 
days after rainfall was 1.46 (95% 
CI: 1.32, 1.61). 

Grjibovski 
et al. 2013 
(201) 

Kazakhstan 
(Astana, 
Almaty, 
North and 
South 
Kazakhstan) 

2000-
2010 

All ages Salmonella Monthly 
cumulative rainfall 

Monthly counts of laboratory 
confirmed Salmonella 

In Astana, an increase in 
precipitation by 1 mm was 
associated with a 0·5% (95% CI 
0·1–1·0) increase in salmonellosis 
with a lag of two months. Similar 
results were obtained for other 
regions. 

Reyburn et 
al. 2011 
(174) 

Zanzibar, 
Tanzania 

2002-
2008 

All ages Vibrio cholera Monthly average 
rainfall 

Monthly count 
of clinically 
diagnosed 
cholera cases 

Time series, 
Seasonal 
Autoregressive 
Moving 
Average Model 

An increase of 200mm of rainfall 
at two months lag resulted in a 
1.6-fold increase of cholera cases. 

Bruggink et 
al. 
2010(189) 

Victoria, 
Australia 

2002-
2007 

All ages Norovirus Monthly rainfall Monthly count 
of norovirus 
cases 

Time series, 
correlation 

There was a statistically 
significant (p < 0.05) correlation 
between monthly NAGO 
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incidence and average monthly 
rainfall. 

Dryana et 
al. 2010 
(198) 

Wisconsin, 
USA 

2002-
2007 

Less than 
18 years 

All cause Daily rainfall Daily 
emergency visit 
for AGI 

Autoregressive 
moving 
average model 

Any rainfall four days prior was 
significantly associated with an 
11% increase in AGI visits 

Fernandez 
et al. 2008 
(183) 

Lusaka, 
Zambia 

2003-
2006 

All ages Vibrio cholera Weekly average 
rainfall 

Weekly count of 
cholera cases 

Generalised 
linear model, 
Poisson auto 
regressive 
model  

An increase of 50mm in rainfall 
three weeks earlier explained 
2.5%, increase in cholera cases 
during the study period. 

Hashizume 
et al. 2008 
(202) 

Dhaka, 
Bangladesh 

1996-
2002 

All ages Vibrio cholera Weekly rainfall Weekly cholera 
count 

Time series, 
Poisson 
regression 
models 

The weekly number of cholera 
cases increased by 14% (95% CI = 
10.1% - 18.9%) for each 10mm 
increase above the threshold of 
45mm for the average rainfall, 
over lags 0−8 weeks. 

Hashizume 
et al. 2007 
(37) 

Dhaka, 
Bangladesh 

1996-
2002 

All ages All cause Weekly rainfall Weekly count of 
non-cholera 
diarrhoea 

Time series, 
Poisson 
regression 

A u-shaped association was 
observed between weekly 
diarrhoea count and weekly 
rainfall with weekly count of 
diarrhoea cases increasing below 
and above the threshold of 52mm 
for every 10mm change. 

Haddock et 
al. 1986 
(193) 

Guam, 
Western 
Pacific 

1977-
1984 

All ages Salmonella Monthly rainfall Monthly 
Salmonella 
counts 

Linear 
regression 

No significant association was 
observed between Salmonella and 
rainfall. 
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2.2.3 Humidity and diarrhoea 

The impact of humidity on diarrhoea is the least studied relationship among the 

meteorological variables. As shown in Table 2.3, eight studies report the effect of humidity on 

diarrhoea burden (101, 115, 129, 153, 154, 156, 169, 203). Except for a study from Ethiopia 

(156), all other studies were conducted in Asia and evaluated the impact of humidity on 

bacterial and all cause diarrhoea. It is argued that effect of humidity on diarrhoea cannot be 

studied independently of temperature or rainfall (83, 111, 115). In line with this argument, the 

reviewed articles report inconsistent findings on the impact of humidity (101, 115). Three 

studies from Southeast Asia [Singapore (101), Hong Kong (153) and Beijing (129)] report a 

positive association between relative humidity and diarrhoea, while a study from Africa (156) 

and two studies from Asia [Singapore (154) and China (169)] report a negative association 

between humidity and diarrhoea. Meanwhile, the remaining two studies from Asia do not 

report the direction of the association (115, 203). There are three different hypotheses behind 

this inconsistency in the findings:  

I. The differences in the definition of exposure variables used across these studies. 

II. The differences in the outcome variables included in the study. 

III. The differences in geographic locations and socioeconomic contexts of the studies. 

Two studies conducted in China used the same outcome definition (Shigella) but have used a 

different exposure definition, i.e., the study reporting an increment in diarrhoea with the 

increment in relative humidity used a threshold value (>40%), whereas, the one reporting a 

negative association does not mention any threshold value for relative humidity (129, 169). 

Meanwhile, the other articles reporting negative association with humidity included all forms 

of diarrhoea including viral diarrhoea and were conducted in Africa (156). Viral diarrhoea is 

reported to show a negative association with humidity (204).  
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Table 2. 3 Epidemiological review of studies that explored the association between diarrhoea and humidity. 

Reference Location Period Age group Pathogen Exposure 
definition 

Outcome 
definition 

Statistical 
method 

Result and conclusion 

Aik et al. 
2020 (101) 

Singapore 2005-
2018 

All ages All cause Weekly average 
humidity 

Weekly 
surveillance 
diarrhoea cases 
reported to 
Ministry of 
Health  

Negative 
binomial 
regression 
models 

Diarrhoea incidence increased 
by 3% for every 10% increment 
in relative humidity with a lag 
effect of one week. 

Wang et 
al. 2018 
(153) 

Hong Kong 2002-
2011 

All ages Salmonella Daily mean 
relative humidity  

Daily count of 
non-typhoidal 
Salmonella 
cases 

Generalised 
additive models 
fitted with 
distributed lag 
nonlinear models 

Relative to 60%, 85% (75th 
percentile) RH was associated 
with 1.45 (95% CI 1.13–1.87) 
times the risk of 
hospitalisations for a duration 
of 17 days.  

Aik et al. 
2018 (154) 

Singapore 2005-
2015 

All ages Salmonella Weekly mean 
relative humidity  

Weekly count of 
laboratory 
confirmed 
Salmonella 
cases 

Time series, 
negative 
binomial 
regression 
models 

A 1% increase in the mean 
relative humidity was 
associated with a 1.3% decrease 
(IRR: 0.987, 95% CI = 0.981, 
0.994) in cases six weeks later. 

Azage et 
al. 2017 
(156) 

Northwest 
Ethiopia 

2013-
2015 

Less than 
five years 

All cause Monthly mean 
relative humidity  

Monthly count 
of diarrhoea 
reported to 
HMIS 

Correlation, 
negative 
binomial 
regression 

There was a significant inverse 
relationship between relative 
humidity and rate of childhood 
diarrhoea (IRR = 0. 3915; 95% 
CI 0.2721–0.5631). 

Li et al. 
2015 (129) 

Beijing, 
China 

2007-
2012 

All ages Shigella Daily mean 
relative humidity  

Daily Shigella 
cases 

Time series, 
generalised 
additive model, 
Quasi-Poisson 
regression 

For relative humidity >40%, 
1% increase in RH resulted in 
0·18% [95% CI 0·12–0·24 at 
lag day 4] excess risk of 
bacillary dysentery. 

Li et al. 
2013 (169) 

Wuhan, 
China 

2006-
2011 

All ages Shigella Daily mean 
relative humidity  

Daily counts of 
Shigella 

Time series, 
generalised 

For each 1% increase in relative 
humidity, excess risk of 
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additive model, 
Poisson 
regression 

bacillary dysentery decreased 
by −0.21% (95% CI: −0.34% to 
−0.08%). 

Rajendra
n  et al. 
2011 (203) 

West Bengal, 
India 

1996-
2008 

All ages Vibrio 
cholera 

Monthly mean 
relative humidity  

Monthly count 
of cholera 

Time series, 
Seasonal 
Autoregressive 
Moving Average 
Model. 

Monthly average RH was 
consistently linear related to V. 
cholera infection during 
monsoon season. 

Chou et 
al. 2010 
(115) 

Taiwan 1996-
2007 

All ages All cause Monthly average 
relative humidity 

Monthly 
incidence  
of hospitalised 
diarrhoea  

 Humidity significantly 
contributed to diarrhoea 
morbidity in adults. 
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2.2.4 Extreme weather and diarrhoea 

Twenty-nine studies (shown in Table 2.4) report the impacts of extreme weather on diarrhoea. 

The articles analysing short-term or long-term impacts of extreme weather on diarrhoea were 

included in the review, while and those analysing outbreaks or case studies were excluded. 

These articles analysed data from 1893 to 2017 and investigated the impacts on diarrhoea 

from various extreme weather events including floods, droughts, El Niño Southern 

Oscillation, hurricanes, typhoons, tropical cyclones, heat-waves and Indian Ocean dipole 

(109, 111, 205-207). These articles report the effects of extreme weather events on infectious 

diarrhoea (208, 209), all cause diarrhoea (210, 211), Shigella (212-214), Vibrio cholerae (196, 

206, 215), Escherichia coli (205), Campylobacter (205), Salmonella (205), Cryptosporidium 

(205) and Giardia (205).  

Despite the use of heterogeneous exposure definitions, almost all the studies report an 

increased risk of diarrhoea following an extreme weather event (207, 215, 216). The effects of 

extreme weather events on diarrhoea incidence are reported to be acute and linear. Nearly 

60% of the articles reviewed reported the differential impacts of floods on diarrhoea (see 

Table 2.4). Compared to non-flooded days, the odds of diarrhoea during flooded days is 

reported to be about 6.75 in the study from Anhui, China (217). Depending upon the periodic 

resolution of the data analysed, a significant lag effect of flood on diarrhoea is reported after 

two days to three weeks following the flooding event (210, 218). The only study that 

estimated the impact of drought on diarrhoea reported an increased risk (RR: 4.3, CI: 2.9 – 

7.2) of cholera burden during the drought periods compared to drought-free periods (207). 

Similarly, the only study to analyse the effect of heat waves on Salmonellosis reported 34% 

increase in daily Salmonellosis cases compared to non-heat wave days (109). A study from 

South Korea reported a 3.1-fold increase in bacillary dysentery cases following hydro-

meteorological disasters (typhoons) compared to pre-typhoon periods (213).  
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Almost 24% of the studies estimate the association between the periodic oceanic climate 

pattern (El Niño Southern Oscillation (111, 205, 216), Indian Ocean Dipole (206) and 

Northern Atlantic Oscillation(219)) and diarrhoea across Asia and America. The increased 

risk of diarrhoea incidence is reported to be between 2.6% to 200% during the immediate 

periods (days or weeks) following ENSO and Indian Ocean Dipole, compared to the periods 

without ENSO or Indian Ocean Dipole in Matlab, Bangladesh and Lima, Peru, respectively 

(111, 206). Rodo et al.(220), in one of the pioneering studies investigating the impacts of 

climate change on diarrhoea, analysed a cholera dataset spanning more than six decades. The 

study reports that cholera incidence in Bangladesh, Dhaka in the earlier half of the century 

(1893-1940), is uncorrelated or weakly associated with ENSO, whereas the incidence of 

cholera towards the end of the century (1980-2001), is strongly and consistently related to 

ENSO (220). Hulland et al. (215), utilised interrupted time series study design to estimate the 

impacts of hurricanes on cholera incidence in Haiti between the periods 2013 to 2016 and 

reported an immediate surge (statistically significant) in cholera cases following Hurricane 

Matthews and a gradual decline in cases 46 days after the storm. 

Section 2.2 has provided a background underpinning the second analytical study of this thesis. 

As the strength of association between diarrhoea and climate change is found to vary among 

different climatic zones and aetiological agents, it is important to estimate the relation from 

previously unexplored regions to improve our understanding of the link between diarrhoea 

and climate change. Given the dearth of literature on the future burden of climate attributable 

diarrhoea, especially from endemic countries, the review implies that future research on 

climate change and diarrhoea from low-and middle-income countries should calculate the 

climate attributable fraction of diarrheal diseases as well as projected future burden of 

diarrhoea under different climate change scenarios.  



 

56 
 

Table 2. 4 Epidemiological review of studies that investigated the impacts of extreme weather on diarrhoea. 

Reference Location Period Age 
group 

Pathogen Exposure 
definition 

Outcome 
definition 

Statistical 
method 

Result and conclusion 

Colston et 
al. 2020 
(205) 

Loreto 
province, 
Peru 

2011-
2012 

Less 
than two 
years  

Campylobacter,  
E. coli (EAEC),  
E. coli (EPEC), 
E. coli (LT/ST-
ETEC),  
Salmonella,  
E. coli (EIEC), 
Cryptosporidiu
m 
and Giardia 

Flood (El 
Niño period 
vs. non- El 
Niño) 

Laboratory 
confirmed 
cases of 
diarrhoea 
caused by 
one of the 
enteric 
pathogens) 

Interrupted time 
series, Poisson 
regression model 

Risk of diarrhoea incidence caused by 
specific pathogen varied during early 
and late flood periods. 

Heaney et 
al. 2019 
(216) 

Chobe 
district, 
Botswana 

2007-
2017 

Less 
than five 
years 

All cause El Niño-
Southern 
Oscillation 

Monthly 
count of 
diarrhoea 

Time series, 
negative binomial 
regression models 

At a five month lag, a 1K increase in El 
Niño 3.4 was associated with a 30.5% 
(95% CI: 3.8%, 49.8%) decrease in 
total December, January and February 
under-five diarrhoea cases. 

Zhang et 
al. 2019 
(208) 

Anhui, 
China 

2013-
2017 

All ages All cause Flood  Weekly 
count of 
infectious 
diarrhoea 

Interrupted time 
series, Poisson 
regression model 

A significant increase in infectious 
diarrhoea risk (RR = 1.11, 95% CI: 
1.01, 1.23) after the flood event was 
found in flooded area, while there was 
no increase in non-flooded areas. 

Gong et al. 
2019 (209) 

Anhui, 
China 

2013-
2017 

All ages All cause Flood Daily count 
of diarrhoea 
cases 
reported to 
NDSS, 
China 

Quasi Poisson 
generalised linear 
models 

The impact of flood on diarrhoea risk 
was differential based on the different 
magnitudes of flood (moderate floods 
had a RR of 1.05 (95% CI: 1.02–1.09) 
and severe floods RR = 1.04 (95% CI: 
1.01–1.08) controlling for population 
size, temperature and relative 
humidity). 
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Hulland et 
al. 2019 
(215) 

Haiti 2013-
2016 

All ages Cholera Hurricane Daily 
reported 
cholera cases 

Interrupted time 
series, Poisson 
regression model 

A significant increase in reported 
cholera cases after Hurricane Matthew, 
suggesting that the storm resulted in an 
immediate surge in suspect cases, and a 
decline in reported cholera cases in the 
46 day post-storm period, after 
controlling for rainfall and seasonality. 

Longar-
Henderson 
et al. 2019 
(219) 

United 
States 

1997-
2014 

All ages Non-cholera 
Vibrio 

El Niño-
Southern 
Oscillation 
and Northern 
Atlantic 
Oscillation 

Monthly 
counts of 
non-cholera 
Vibrio 

Negative 
binomial 
regression models  

The overall effect of combined ENSO 
coefficients significantly increased 
vibriosis risk (combined IRR 1.145, 
95% CI 1.064–1.231, P < 0.001). The 
overall effect of NAO was non-
significant (IRR 1.064, 95% CI 0.983–
1.151, P = 0.12).  

Liu et al. 
2019 (210) 

Guangxi, 
China 

2006-
2010 

All ages All cause Flood Daily counts 
of laboratory 
confirmed 
diarrhoea 
cases 

Log linear mixed 
effect regression 
models 

Flood caused a significant risk of 
diarrhoea after controlling for all 
confounders with the highest effect 
seen at lag of two days (RR: 1.24, CI: 
1.11- 1.40). 

Wu et al. 
2018 (196) 

Matlab, 
Bangladesh 

1983-
2009 

All ages Cholera Heat-wave 
(two or more 
consecutive 
days with 
mean 
temperature 
above the 
95th 
percentile of 
temperature 
recorded 
over past 30 
years) 

Daily 
cholera 
count 

Case-cross over 
design, 
conditional 
logistic regression 

The effect of heat-wave on cholera was 
differential for dry and wet period 
(rainfall>0 mm) with wet period 
showing a significant positive 
association between the risk of cholera 
and heat-wave after a two day lag 
(OR=l .53, 95% CI: 1.07 – 2.19).  
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Hu et al. 
2018 (212) 

Zhengzhou, 
China 

2005-
2009 

All ages Shigella Flood Monthly 
count of 
Shigella 

Time series, 
Poisson 
regression models 

Floods were significantly associated 
with an increased risk of bacillary 
dysentery in Zhengzhou with a RR of 
2.80 (95% CI: 2.56–3.10) for the whole 
population. 

Saulnier et 
al. 2018 
(211) 

Cambodia 2008-
2013 

All ages All cause Flood Monthly 
diarrheal 
count 

Time series, 
Poisson 
regression models 

Moderate increases in the incidence 
rate of diarrhoea of between 5% (95% 
CI: 1.00, 1.09) and 17% (95% CI: 1.05, 
1.29) in four districts was reported for 
every 10km2 increase in flood water. 

Rieckman
n et al. 
2018 (207) 

Sub-Sahara 
Africa 

1990-
2010 

All ages Vibrio cholerae Flood and 
drought 

Monthly 
cholera cases 

Self-controlled 
case series 
design, 
conditional 
logistic regression 

An increased incidence rate of cholera 
outbreaks was estimated during 
drought periods (IRR= 4.3, 95% CI = 
2.9–7.2) and during flood periods (IRR 
= 144, 95% CI = 101–208) when 
compared with drought/flood-free 
periods.  

Liu et al. 
2018 (221) 

Hunan, 
China 

2004-
2011 

All ages All cause Flood Weekly 
count of 
infectious 
diarrhoea 

A two-stage 
statistical model, 
Quasi-Poisson 
models fitted with 
distributed lag 
nonlinear models 

Floods were significantly associated 
with infectious diarrhoea in the 
provincial level with a cumulative RR 
of 1.22 (95% CI: 1.05, 1.43) with a 
lagged effect of 0–1 week. 

Liu et al. 
2017 (222) 

Guangxi, 
China 

2004-
2010 

All ages Shigella Flood Monthly 
count of 
bacillary 
dysentery 
cases 

Poisson 
regression with 
generalised 
additive models 

The relative risks (RR) of moderate and 
severe floods on the morbidity of 
bacillary dysentery were 1.17 (95% CI: 
1.03–1.33) and 1.39 (95% CI: 1.14–
1.70), respectively. 

Liu et al. 
2017 (223) 

Guangxi, 
China 

2004-
2010 

All ages Shigella Flood Monthly 
count of 
bacillary 
dysentery 
cases 

Mixed 
generalised 
additive models, 
Poisson 
regression models 

The relative risks (RR) of moderate and 
severe floods on the incidence of 
bacillary dysentery were 1.40 (95% CI: 
1.16–1.69) and 1.78 (95% CI: 1.61–
1.97), respectively. 
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Xu et al.  
2017 (224) 

Dalian, 
China 

2004-
2010 

All ages Shigella Flood Weekly 
laboratory 
confirmed 
Shigella 

Time series 
nonlinear 
regression, 
Generalised 
additive mixed 
models 

The RR of flood impact on bacillary 
dysentery was 1.17 (95% CI: 1.03-
1.33). 

Na et al. 
2016 (213) 

South Korea 2001-
2009 

All ages Shigella Flood and 
typhoon 

Weekly 
count of 
Shigella 

Multivariate log 
linear model with 
Poisson 
distribution 

Compared with pre-disaster incidences, 
the incidences shigellosis was 3.10-fold 
(95% CI, 1.21-7.92) higher, and the 
second week after the disaster.  

Liu et al. 
2016 (218) 

Huaihua, 
China 

2005-
2011 

All ages Shigella Flood Weekly 
count of 
Shigella 

Time series 
Poisson 
regression models 
fitted with 
distributed lag 
nonlinear models. 

The effects of floods on bacillary 
dysentery continued for approximately 
three weeks with a cumulative risk 
ratio equal to 1.52 (95% CI: 1.08–
2.12). 

Milazzo et 
al. 2016 
(109) 

Adelaide, 
Australia 

1990-
2012 

All ages Salmonella Heat-wave 
(three or 
more 
consecutive 
days where 
maximum 
temperature 
exceeds 
35°C) 

Daily 
laboratory 
confirmed 
Salmonella 

Generalised 
estimating 
equation, Poisson 
regression models 
fitted with 
distributed lag 
nonlinear models 

Heat-wave intensity had a significant 
effect on daily counts of overall 
salmonellosis with a 34% increase in 
risk of infection (IRR 1.34, 95% CI 
1.01–1.78) at >41 °C. 

Zhang et 
al. 2016 
(225) 

Zibo, China 2007 All ages Shigella Flood Daily cases 
of bacillary 
dysentery 

Case-cross over 
design, 
conditional 
logistic regression 

Flood was associated with an increased 
risk of bacillary dysentery, with the 
largest OR of 1.849 (95% CI 1.229–
2.780) at 2-day lag. 

Ramirez et 
al. 2016 
(226) 

Piura, Peru 1991-
2001 

All ages Vibrio cholerae El Niño Weekly 
count of 
cholera cases 

Wavelet analysis The effects of El Niño 3.4 SST 
(β = 0.674, P value = 0.000), Niño 1+2 
SST (β = 0.620, P value = 0.000), and 
Paita SST (β = 0.673, P value = 0.000) 
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on cholera were significant and 
positive. 

Liu et al. 
2015 (214) 

Nanning, 
China 

2004-
2010 

All ages Shigella and 
Entamoeba 
histolytica 

Flood Monthly 
count of 
dysentery 
cases 

Generalised 
additive models, 
Poisson 
regression models 

The relative risk (RR) of floods on the 
morbidity of dysentery was 1.44 (95% 
CI = 1.18–1.75). The models suggest 
that a potential one day rise in flood 
duration may lead to 8% (RR = 1.08, 
95% CI = 1.04–1.12) increase in the 
morbidity of dysentery. 

Kang et al. 
2015 (227) 

Guangdong, 
China 

2005-
2011 

All ages All cause  Tropical 
cyclone 

Daily count 
of infectious 
diarrhoea 

Case-cross over 
design, 
conditional 
logistic regression 

Infectious diarrhoea significantly 
increased after tropical cyclones with 
the strongest effect were shown on lag 
1 day (HRs = 1.95, 95% CI = 1.22, 
3.12). 

Cash et al. 
2014 (228) 

Matlab and 
Dhaka, 
Bangladesh 

1983-
2010 

All ages Vibrio cholerae 
and Shigella 

El Niño and 
Flood 

Monthly 
count of 
cholera and 
Shigella 

Spectral analysis 
and Spearman's 
rank correlation  

The monsoon floods and post-monsoon 
disease outbreaks of both cholera and 
Shigella are significantly correlated 
with ENSO activity in the preceding 
winter. 

Ni et al. 
2014 (229) 

Xinxiang, 
China 

2004-
2010 

All ages Shigella and 
Entamoeba 
histolytica 

Monthly 
flooding 
events 
(severe and 
moderate) 

Monthly 
dysentery 
count 

Generalised linear 
model, Poisson 
regression 

The risk of moderate and severe floods 
on the morbidity of dysentery was 1.55 
(95% CI: 1.42–1.670) and 1.74 (95% 
CI: 1.56–1.94), respectively. 

Ni et al. 
2014 (230) 

Henan, 
China 

2004-
2009 

All ages Shigella and 
Entamoeba 
histolytica 

Monthly 
flooding 
events 

Monthly 
dysentery 
count 

Generalised 
additive models, 
Poisson 
regression models 

The overall RR on dysentery in the 
whole region was 1.66 (95% CI: 1.52–
1.82). 

Ding et al. 
2013 (217) 

Anhui, 
China 

2007 All ages All cause Flood Daily 
diarrhoea 
cases 

Time stratified 
case-cross over, 
conditional 
logistic regression 

Positive association between flooding 
and diarrhoea in both cities Fuyang 
(OR = 3.175, 95%CI: 1.126–8.954) and 
Bozhu (OR = 6.754, 95%CI: 1.954–
23.344). 
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Hashizume 
et al. 2011 
(206) 

Dhaka and 
Matlab, 
Bangladesh  

1993-
2007 

All ages Vibrio cholerae Monthly 
change in 
Dipole 
moment 
index 
(Indian 
Ocean 
Dipole) 

Monthly 
cholera cases 

Time series, 
negative binomial 
regression models 

A 0.1-unit increase in average DMI 
during the current month through 3 
months before was associated with an 
increase in cholera incidence of 2.6% 
(95% CI, 0.0–5.2; p = 0.05) in Dhaka 
and 6.9% (95% CI, 3.2–10.8; p < 0.01) 
in Matlab. 

Rodo et al. 
2002 (220) 

Dhaka, 
Bangladesh  

1893-
1940 

All ages Vibrio cholerae Periodic 
change in 
ENSO 

Annual 
cholera 
reports 

Time series, 
Single Spectrum 
Analysis, 
Maximum 
Entropy Method 

The association of cholera incidence in 
the earlier half of the century (1893–
1940) is weak and uncorrelated with 
ENSO, whereas late in the century 
(1980–2001), the relationship is strong 
and consistent with ENSO. Past climate 
change, therefore, may have already 
affected cholera trends in the region 
through intensified ENSO events. 

Checkley 
et al. 2000 
(111) 

Lima, Peru 1993-
1998 

Less 
than 10 
years 

All cause El Niño 
index 

Daily 
admission 
for diarrhoea 

Time series, 
Generalised 
additive model 
with Poisson 
distribution 

Mean ambient temperature in Lima 
during El Niño period increased up to 
5°C above normal, and the number of 
daily admissions for diarrhoea 
increased to 200% of the previous rate. 
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2.3  Overview of epidemiological studies on climate variability and 
rotavirus infection 

Twenty studies estimate the association between climatic factors and rotavirus infection 

(shown in Table 2.5). These studies analyse data on rotavirus infection from across all five 

inhabited continents in the world, with the study periods extending between the years 1966 – 

2018 (39, 231, 232). These articles pre-dominantly used time series regression models to 

estimate the association between various climatic variables (temperature- mean, maximum 

and minimum, relative humidity and rainfall) and rotavirus diarrhoea, except for the three 

studies [India (233), Indonesia (234) and Burkina Faso (235)] that used simple correlation 

analysis (see Table 2.5). Nearly 60% of the studies include rotavirus cases among children as 

their outcome variable and the remaining 40% include rotavirus cases from all age groups. 

The periodic resolution of data analysed in the articles vary from daily (231, 236) and weekly 

(204, 237) to monthly (238, 239). All of the reviewed studies exclusively included 

temperature as one of their response variables with a varying definition for temperature as an 

exposure variable i.e., daily, weekly or monthly average maximum, mean and minimum 

temperature and threshold maximum or minimum temperature (> 90th percentile) (see Table 

2.5). The summary of reviewed articles are synthesised on the basis of exposure variables in 

the following subheadings. 

2.3.1 Temperature and rotavirus 

A majority of the reviewed articles used average mean temperature as the exposure variable 

(39, 197, 204, 232, 236-238, 240-242), while a study from India used average minimum 

temperature as the exposure variable (239). Except for a study from Bangladesh (204), all 

other studies report a negative association between temperature and rotavirus infection (See 

Table 2.5). While a correlation study from India reports simply a significant association 

between rotavirus infection and temperature, but does not report the direction of the 

association (233). Two systematic reviews and a meta-analysis from a tropical region (39) and 
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South Asia (232) report a 10% and 1.3% decrease in rotavirus incidence for each 1°C rise in 

monthly average temperature, respectively. Contrary to the findings of previous studies, 

Hashizume et al. (204), report that rotavirus incidence increased by 42% for every 1°C rise in 

mean temperature above the threshold of 29°C. The study reports possible interaction between 

high temperature and heavy rainfall, which could have modified the effect of temperature on 

rotavirus incidence and resulted in positive association beyond the given threshold.  

2.3.1.1 Nature of association between rotavirus and temperature and the delayed effect 

The majority (80%) of reviewed articles assume a linear association between temperature and 

rotavirus infection, except for the two studies from the Netherlands (237, 243), a multi-

country study (231), a study from Hong Kong (197) and the study from Bangladesh which 

reported a U-shaped association between rotavirus and temperature (202). A delayed effect of 

temperature up to four weeks on rotavirus case count is reported by a study from Great Britain 

and the Netherlands (237). Similarly, a delayed effect up to three weeks is reported by a study 

from Dhaka, Bangladesh, although the nature of the association is found to be discordant to 

findings from the other articles (204). Meanwhile, the articles that used simple correlation 

analysis, as well as those using monthly data, do not report the delayed effect of temperature 

on rotavirus infection (233-235). 

2.3.2 Rainfall and rotavirus 

Of the 20 studies reviewed, 50% used rainfall as one of the exposure variables and most of 

them report a negative association between rotavirus and rainfall (39, 197, 232, 240). Where a 

correlational study from Indonesia (234), reported a significant positive association between 

monthly rainfall and rotavirus diarrhoea, the study from Burkina Faso reported no significant 

association between rainfall and rotavirus diarrhoea (235). The two systematic reviews and 

the meta-analysis from a tropical region (39) and South Asia (232) report a 1% and 0.3% 

increase in rotavirus incidence for each 10mm decrease in rainfall intensity, respectively. The 

association between rotavirus infection and rainfall in most of the cases is reported to be 
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linear, except for the study from Hong Kong (197) and Costa Rica that report a threshold 

rainfall amount (99th percentile) beyond which the risk of rotavirus infection decreased 

linearly. The delayed protective effect of increased rainfall on rotavirus incidence is reported 

in the study from Costa Rica (240) that found a strong negative association between rotavirus 

infection and rainfall below the threshold of 26.8 mm at the two month lag period. Similarly, 

the study from Hong Kong reported a delayed protective effect of increased rainfall against 

rotavirus infection between the lag periods two to seven days in summer, and a delayed 

increase in risk with the reduction in rainfall between the lag periods three to 16 days in 

winter (197).  

2.3.3 Humidity and rotavirus  

Of the 20 studies reviewed, 70% estimated the impact of humidity on rotavirus incidence and 

reported inconsistent findings on the association between humidity and rotavirus infection. 

Studies conducted across different countries, including Australia (242), India (238), 

Bangladesh (204), Singapore (197), tropical region (39) and Burkina Faso (235), reported a 

significant negative association between rotavirus incidence and relative humidity. A 

systematic review of articles investigating the impact of climate variables on rotavirus 

incidence in tropical countries reports a 3% decreased in rotavirus cases for every 1% increase 

in relative humidity (39). While the studies from most of the European countries [Spain (244), 

Great Britain (237), the Netherlands (237, 243) and Turkey (245)] did not find any significant 

association between humidity and rotavirus infection. Contrary to the findings from most of 

the Asian and Tropical studies, a study from India (233) and the one from Indonesia (234), 

report a significant positive association between rotavirus incidence and relative humidity. 

These studies used a simple correlational analysis without adjusting for the effect of other 

meteorological factors and possible confounders.  
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2.3.3.1 Nature of the association between humidity and rotavirus and the delayed effect 

Among the studies that report a significant negative association between rotavirus and 

humidity, the majority of the articles report a linear association (39, 204, 242).  Meanwhile, 

two studies [Singapore (197) and a multicounty study (231)] report a non-linear association 

between relative humidity and rotavirus infection. The study from Singapore reports an 

increased risk of rotavirus infection below the reference value of 80% and a decrease in risk 

above the reference value (197). A multi-country study [representing major cities from 

countries across South America (Brazil and Peru), South Asia (Bangladesh, Pakistan, India 

and Nepal) and Africa (South Africa and Tanzania)] reports an inverse U-shaped association 

between rotavirus infection and relative humidity above the site-specific mean value for 

relative humidity (231). Similar to the nature of the exposure-response curve, findings for the 

delayed effect of humidity on rotavirus infection are also non-consistent: they range from a 

prolonged sustained delayed effect up to the lag period of 30 days, to acute and immediate 

effect (197). Where the study from Singapore (197) reports a significant delayed effect of 

humidity variation on rotavirus infection up to the lag period of 30 days, the study from 

Bangladesh (204) reports an immediate effect of relative humidity on weekly rotavirus count, 

which didn’t persist beyond the lag 0. 

In summary, this Section 2.3 provides a background underpinning the third analytical study 

conducted in this thesis. Although previous studies from South Asia have established a link 

between rotavirus and temperature, none of them calculated the meteorological factors or 

climate attributable fraction of rotavirus, which is an important epidemiological measure to 

manage the disease burden in the community. Furthermore, there is no literature on the 

association between temperature and rotavirus from a subtropical highland climate. More, 

importantly, the previous study from India (233), which reported a significant positive 

association between humidity and rotavirus infection, is considered unreliable as it did not 

adjust for the potential confounding effects of other meteorological variables. Also, it 
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contrasts with previous findings on the association between temperature and rotavirus 

infection from the bordering countries, India (246) and Bangladesh (204). Therefore, it is 

imperative that additional and rigorous studies are conducted in this region to establish a 

conclusive link between rotavirus and meteorological variables.  
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Table 2. 5 Epidemiological studies that explored association between rotavirus and climate variability. 

Reference Location Period Age group Exposure definition Outcome 

definition 

Statistical method Result and conclusion 

Ghoshal et 

al. 2020 

(247) 

Eastern India 2016-

2018 

Less than 

five years 

Maximum 

temperature, minimum 

temperature, relative 

humidity, rainfall 

(average) 

Association with 

laboratory 

confirmed rotavirus 

cases 

Independent t-test The maximum, minimum temperature, 

average rainfall, and average humidity 

of 83.4 mm, 79.2%, 28.1, and 21.9, 

respectively, were significantly 

associated with positive rotavirus cases. 

Colston et 

al. 2019 

(231) 

Multi-country 

(Bangladesh, 

Nepal, India, 

Pakistan, 

Peru, Brazil, 

South Africa, 

Tanzania) 

2009-

2014 

Less than 

two years 

Daily average 

temperature, daily total 

precipitation volume, 

daily total surface 

runoff, surface 

pressure, wind speed, 

relative humidity, soil 

moisture, solar 

radiation and specific 

humidity 

Daily rotavirus 

count 

Time series, 

modified Poisson 

regression models 

All nine hydro meteorological variables 

were significantly associated with 

rotavirus infection after adjusting for 

seasonality and between-site variation 

over multiple consecutive or non-

consecutive lags, showing complex, 

often non-linear associations that 

differed by symptom status and showed 

considerable mutual interaction. 

Urena-

Castro et 

al. 2019 

(240) 

Costa Rica 2010-

2015 

Less than 

13 years 

Monthly average 

temperature and 

cumulative rainfall 

Monthly rotavirus 

counts 

Time series, 

Negative binomial 

regression 

A strong negative association was 

detected between rotavirus case and 

temperature below the threshold of 16.2
o 

C as well as precipitation below the 

threshold 26.8 mm at two months lag 

period. 

Alsova et 

al. 2019 

(236) 

Russia  

(three cities) 

2005-

2011 

All ages Daily average 

temperature 

Daily count of 

rotavirus 

Time series, 

Poisson 

Polyharmonic 

Regression model 

Rotavirus incidence was negatively 

associated with mean temperature in all 

three cities, showing a lagged effect 

[(RR: 0.995, 95% CI: 0.992-0.998), 

(RR: 0.996, 95% CI: 0.993-0.999) and 

(RR: 0.989, 95% CI: 0.985-0.994)]. 
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Wang et 

al. 2018 

(197) 

Hong Kong 2002-

2011 

Less than 

five years 

Extreme precipitation 

(99.5 mm, 99th 

percentile), daily mean 

temperature, relative 

humidity. 

Daily count of 

hospitalisation due 

to rotavirus and 

norovirus 

Time series 

Generalised 

additive models, 

Distributed lag 

nonlinear models 

Extreme precipitation (99.5 mm, 99th 

percentile) shown to be associated with 

0.40 (95% CI: 0.20–0.79) and 1.93 (95% 

CI 1.21–3.09) times the risk of 

hospitalisation due to rotavirus and 

norovirus infection respectively, relative 

to trace rainfall. Negative association 

reported between rotavirus incidence 

and temperature above 17
 o 

C. 

Hasan et 

al. 2018 

(248) 

Bangladesh 2003-

2015 

All ages Composite indices for 

monthly rainfall, daily 

maximum and 

minimum temperature, 

composite indices for 

monthly maximum 

and minimum 

temperature 

Rotavirus case 

counts 

Spatial analysis  Lower number of wet days with suitable 

cold temperatures for an extended time 

accelerates the onset and intensity of the 

outbreaks. 

Van 

Gaalen et 

al. 2017 

(243) 

Netherlands 1997-

2015 

All ages Weekly mean 

temperature, relative 

humidity and rainfall 

Weekly rotavirus 

count 

Time series 

regression models 

Relatively mild temperatures combined 

with the low proportion of susceptible 

individuals contributed to lower 

rotavirus transmission in the 

Netherlands. 

Prasetyo 

et al. 2015 

(234) 

Bandung, Indonesia Less than 

five years 

Monthly average 

temperature, humidity 

and rainfall 

Monthly rotavirus 

counts 

Correlation study Rotavirus incidence was negatively 

correlated with temperature and 

positively correlated with rainfall and 

humidity (r = -0.427, r = 0.101, r = 

0.536). 

Ouedraog

o et al. 

2017 (235) 

Ouagadougou

, Burkina 

Faso 

2011-

2012 

All ages Monthly average 

temperature, humidity 

and rainfall 

Rotavirus case 

counts 

Chi-square test, 

Correlation 

Rotavirus cases in children were 

negatively correlated with temperature 

(r = −0.68, p = 0.01) and humidity 

(r = −0.61, p = 0.04). 

Celik et al. 

2015 (245) 

Turkey 2006-

2012 

Less than 

five years 

Monthly average 

temperature, humidity 

and rainfall 

Monthly rotavirus 

counts 

Time series, 

Negative binomial 

regression 

A 1°C decrease in average temperature 

increased the ratio of rotavirus cases in 

those with diarrhoea by 0.523%. 
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Hervas et 

al. 2014 

(244) 

Mallorca, 

Spain 

2000-

2010 

Less than 

five years 

Weekly mean 

temperature, relative 

humidity, atmospheric 

pressure, wind speed, 

and global solar 

radiation 

Weekly rotavirus 

counts 

Time series 

regression, 

multivariate 

regression models 

Rotavirus activity was negatively 

associated to temperature and positively 

associated to atmospheric pressure, solar 

radiation, and wind speed. Weekly 

rotavirus activity could be explained in 

82% of cases (p < 0.001) with a one-

week lag model. 

Sarkar et 

al. 2013 

(246) 

South India 2002-

2003 

Less than 

five years 

Weekly mean 

temperature, relative 

humidity and 

cumulative rainfall 

Weekly rotavirus 

count 

Time series, 

Poisson harmonic 

regression models 

Rotavirus incidence showed biannual 

peaks, each in winter and summer. 

Sumi et al. 

2013 (238) 

Kolkata, India 2007-

2009 

All ages Monthly average 

temperature 

Monthly rotavirus 

counts 

Time series, 

Maximum entropy 

and Least square 

regression 

Higher proportion of rotavirus positive 

samples were detected at low 

temperature. 

Chan et 

al. 2013 

(241) 

Hong Kong 1995-

2009 

Less than 

five years 

Weekly mean air 

temperature and 

relative humidity 

Weekly rotavirus 

counts 

Time series, 

Poisson 

generalised 

additive model 

Air temperature was negatively 

associated with rotavirus incidence 

(IRR: 0.95, 95% CI: 0.937–0.979). 

Jagai et al. 

2012 (232) 

South Asia 1966-

2010 

All ages Monthly average 

temperature and 

cumulative rainfall 

Monthly rotavirus 

counts 

Linear mixed 

effect models 

A 1°C decrease in monthly ambient 

temperature and a decrease of 10 mm in 

precipitation are associated with 1.3% 

and 0.3% increase above the annual 

level in rotavirus infections, 

respectively. 

Atchison 

et al. 2010 

(237) 

England, 

Wales, 

Scotland and 

the 

Netherlands 

1993-

2007 

Less than 

five years 

Weekly mean 

temperature, rainfall 

and relative humidity 

Weekly rotavirus 

counts (laboratory 

confirmed) 

Time series 

regression, 

multivariate 

regression models 

For each 1°C increase in weekly mean 

temperature above the threshold of 5°C, 

rotavirus cases decreased by 13%. 

Levy et al. 

2009 (39) 

Global 

Tropics 

1974-

2005 

All ages Monthly average 

temperature, rainfall 

and relative humidity 

Total number of 

monthly rotavirus 

cases 

Generalised 

estimating 

A 1°C increase in monthly average 

temperature was associated with 10% 
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equation, Poisson 

regression model 

decrease in rotavirus cases across the 

tropics. 

Hashizum

e et al. 

2008 (249) 

Dhaka, 

Bangladesh 

1996-

2001 

All ages Weekly average 

temperature and 

relative humidity 

Weekly rotavirus 

count 

Time series, 

Generalised 

Poisson regression 

 For each 1°C increase above a threshold 

(29°C), rotavirus diarrhoea risk 

increased by 40·2% (95% CI: 19.4 % - 

64.6%). 

D'Souza et 

al. 2007 

(242) 

Brisbane, 

Melbourne 

and Canberra, 

Australia 

1993-

2003 

Less than 

five years 

Weekly average 

temperature and 

relative humidity 

Weekly rotavirus 

count 

Time series, 

Negative binomial 

regression 

Negative association between rotavirus 

incidence and mean temperature lagged 

by one week. 

Purohit et 

al. 1998 

(239) 

Pune, India 1992-

1996 

Less than 

two years 

Monthly average 

minimum temperature 

Monthly rotavirus 

counts 

Autoregressive 

Integrated Moving 

Average Models 

Negative association between monthly 

rotavirus cases and minimum 

temperature.  
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2.4  Infectious diseases surveillance in a changing climate and associated 
social considerations 

As climate change is shown to affect the transmission of infectious diseases, in order to 

protect public health from the consequential impacts, it is important to strengthen the capacity 

of public health systems to conduct climate change-related public health surveillance (250). 

Public health surveillance is defined as an ongoing systematic process of collection, analysis 

and interpretation of health-related data needed for planning, implementation, and evaluation 

of public health (251). Furthermore, it comprises a holistic practice that aims to explore the 

determinants of disease and health, identify disease pattern, risk factors and vulnerable 

populations to inform evidence-based policy for disease prevention and health promotion. 

However, changing dynamics of infectious disease transmission under a range of factors —

the influence of climate, ecological changes, increased travel and trade, urbanisation, 

population growth and increased immigration trend in bigger cities — is challenging the 

conventional approach of disease surveillance and so highlights the need for inter-sectoral 

participation and interdisciplinary collaboration (252-254). As such, the current surveillance 

practices designed for detection of outbreaks and risk mitigation, rather than early prevention 

of potential epidemics, are ill-equipped to respond to the shifting dynamics of infectious 

diseases under the influence of future climate change (250, 255, 256). Therefore it is 

important that climate change-related risks be integrated into public health surveillance 

systems to move from a detection and response strategy to an early warning and prevention 

approach for controlling infectious diseases (256, 257). 

The burgeoning literature on climate change and infectious diseases has so far focused on 

understanding the effect of climate change on infectious diseases transmission, while little 

work has been done to explore adaptive interventions, such as strengthening public health 

surveillance systems in response to climate change (250). Frumkin et al. (258), developed a 
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roadmap in 2008, utilising the 10 essential public health services (with pertinent examples), to 

integrate climate change-related risk in public health action including disease surveillance.  

 
The 10 essential public services are inherently exhaustive within the three core public health 

functions of assessment, policy development and assurance (259). These core functions and 

essential services are used as a framework to guide the integration of climate change-related 

policies and planning in public health systems (258, 259). In 2010, the French Institute for 

Public Health Surveillance conducted a workshop on public health surveillance and climate 

change. The workshop concluded that the expected impact of climate change does not justify 

the establishment of new surveillance systems but warrants strengthening of existing 

surveillance systems by integrating climate change-related risk (254). The workshop further 

proposed that, apart from the routine activities, the existing surveillance systems in the 

context of climate change should adopt an additional set of activities including: detecting 

trends in epidemiological patterns and unexpected events in relation to climate, identifying 

vulnerable population and risk factors, proposing and evaluating adaptation measures and 

evaluating the health impacts of adaptation and mitigation strategies (253, 254). Building 

upon the foundation laid by Frumkin et al. (258), and embracing the tenets of the core 

functions and essential services, Centres for Disease Control and Prevention (CDC), in 2014 

Box 1: The 10 essential public health services include: 

• Monitoring health 
• Diagnosing and investigating health problems 
• Informing and educating the public about health 
• Mobilizing community partnership to promote health 
• Developing health policies and plans 
• Enforcing laws to protect health 
• Providing health care 
• Assuring a competent workforce 
• Evaluating health services, and 
• Conducting research to develop new insights of health 
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the USA developed a framework, called Building Resilience Against Climate Change Effects 

(BRACE), to assist public health authorities in the development of specific programs and 

strategies to protect health of people from the adverse impacts of climate change (260). The 

BRACE framework consists of five sequential steps (vulnerability assessment, projection of 

disease burden, assessment of public health interventions, development and implementation 

of adaptions plans and impact evaluation of interventions), which are perfectly aligned to the 

definition of public health surveillance (251, 260). Realising the importance of strengthening 

infectious disease surveillance systems to cope against the impacts of climate change, 

surveillance networks across the globe (Integrated Circumpolar Surveillance Network in 

Canada and The European Environment and Epidemiology Network in European Union) have 

already established specialised units within their infectious diseases surveillance systems 

(261, 262). 

Given the relatively recent experience of strengthening of public health surveillance systems 

to cope against the effects of climate change, there is little information available on the factors 

associated with infectious disease surveillance in a changing climate.  In 2017, a team from 

CDC, USA reviewed the efforts to strengthen the capacity of public health surveillance 

systems in USA to support health-related adaptation of climate change (250). The team 

reported that efforts from concerned authorities have, so far, focused on identifying suitable 

indicators and data sources and has ignored the other core components of surveillance 

capacity (database systems and analytical tools, workforce capacity and execution of pertinent 

policies) (250).  In a similar effort, Sawatzky et al. (261) in 2018, reviewed integrated 

surveillance systems in Circumpolar Arctic and sub-Artic regions to identify enabling 

components of integrated surveillance systems to monitor public health impacts of climate 

change. The researchers reported three major components including structural components 

(logistic, organisational and operational aspects of the system), procedural components 

(collection, analysis, management and interpretation of surveillance data) and relational or 
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interpersonal components (building and maintaining connections between stakeholders, 

understanding the needs and priorities of stakeholders) that were salient to the effectiveness of 

the integrated surveillance systems (261). Within the structural components, the authors 

mention of socio-economic and institutional issues such as provision for long-term funding 

sources, defining clear roles and responsibilities to public health officers as imperatives for 

successfully attaining goals of the surveillance systems.  Similarly, a synthesis of the 

literature on the efforts to strengthen infectious diseases surveillance systems in the context of 

changing climate in Europe has exclusively emphasised the quality of datasets and their 

availability (263).  

2.5  Gaps in evidence 

Diarrhoea remains an important cause of childhood mortality and morbidity in sub-Sahara 

Africa and South Asia (32), yet there is limited evidence on the impact of climate change on 

diarrheal diseases in these regions, except for Bangladesh (37, 119, 178, 204, 206, 220, 248, 

264). To manage the future burden of diarrheal disease, which is expected to increase due to 

climate change, it is important to understand the future burden of diarrhoea under different 

climate change scenarios. So far, only seven studies project the future burden of diarrhoea 

under different climate change scenarios: the only study to do so from South Asia 

extrapolated data from other regions of the world, instead of using locally available data (83).   

In summary, this chapter shows that there is little evidence on the impact of climate change 

on infectious diseases in Nepal and there are knowledge gaps on the association between 

food-and water-borne diarrheal diseases and climate change. First, only one study has 

assessed the association between diarrhoea and climate change in Nepal (13), and the study 

only reports correlation coefficients. Although it mentions the ARIMA model in the method 

section, it does not report the estimated change in risk of diarrhoea in response to temperature 

or rainfall variation. As such, the estimated association from the study conducted in Jhapa, 

Nepal is biased and considered unreliable. It is necessary to apply advanced statistical 
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methods that account for seasonality and long-term variation along with the lagged effect of 

exposure variables (temperature, rainfall and relative humidity) on diarrheal outcome in 

Kathmandu, Nepal. Second, the projected burden of childhood diarrhoea under different 

climate change scenarios in the context of Nepal is completely unknown because no studies 

have investigated the climate attributable burden of infectious disease in the Nepalese context. 

Third, the relationship between climate change and diarrhoea caused by different pathogens is 

reported to vary, as the exposure pathway and environmental survival can vary considerably 

among different pathogens (265). Hence, it is important to estimate the association between 

rotavirus, the leading cause of diarrhoea related morbidity and mortality among children 

below five years of age in Nepal (266, 267), and climate change to both inform infection 

control planning and understand the epidemiology of rotavirus infection in response to 

climate change.  

Finally, and most importantly, climate change-related risk has not been integrated in the 

Nepalese infectious disease surveillance systems. As such, the socio-economic, institutional 

and political factors associated with infectious disease surveillance remains unknown. 

Understanding the social and political aspects of infectious disease surveillance in Nepal will 

enhance the country’s surveillance systems to enable effective prediction and future 

prevention of outbreaks of climate-sensitive epidemics such as vector-borne and food/water-

borne diseases.
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Chapter 3: Methodological and theoretical approaches 

This chapter provides an overarching summary of the methodological and theoretical 

approaches employed in the thesis. To avoid redundancy, the methodology section in each of 

the result chapters (Chapters 4, 5, 6 and 7) has been shortened intentionally and does not 

contain the actual elaborated methodology section published in the peer reviewed papers. As 

described earlier in the introduction chapter, this thesis is composed of two different parts to 

cover an ecological aspect and a social aspect of the research problems. Hence, as shown in 

the figure 3.1, a mixed method study design is employed to address the two key research 

problems that comprise this thesis. First is quantifying the association between climate factors 

and diarrhoea as well as rotavirus infection among children below five years of age in 

Kathmandu, Nepal. Two studies used quantitative methods for the purpose. Second is the 

social aspect of infectious disease surveillance in the context of climate change in Nepal. 

Hence, the study addressing the social aspect uses qualitative methods to explore the socio-

economic, institutional and political aspects of infectious disease surveillance in Nepal in a 

changing climate. These two aspects of the thesis has been linked by an opinion article 

apprising evidence on climate change and infectious disease research in Nepal. The following 

sub-sections describe in detail the methodology used in each part. 

3.1 Quantitative study design 

Two studies i.e., study 1 and study 2 use quantitative time series regression methods. Time 

series data are the series of data collected at a regular time interval such that the observations 

follow a temporal order that are equally spaced at discrete time points (268). An ecological 

time series study design was used in both the studies due to the ease of measurement of the 

exposure-response relationship at population level. Given the unavailability of disaggregated 

dataset on study variables at the individual level, the ecological time series methods best 

suited my purpose. Since the individual level characteristics — such as age, sex, gender and 

other relevant factors —are unlikely to be associated with the change in environmental 
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exposures, the inherent disadvantage of ecological study (possible bias due to the absence of 

measurement at individual level) is less likely to affect the overall findings of our studies.  

 

Figure 3. 1 Study design showing the methodology used in the analytical studies of the thesis 

 

In Study 1, the association between climate factors and diarrhoea among children below five 

years of age is estimated using a generalised linear regression equation, accounting for over-

dispersion (quasi-Poisson distribution). Estimated risk ratios from the regression equation was 

used to estimate potential impact fraction of diarrhoea to assess the proportional reduction in 

childhood diarrhoea burden under the counterfactual scenario of minimum exposure to 

maximum temperature (269). Finally, the estimated association between maximum 

temperature and diarrheal count was used to project the future burden of childhood diarrhoea 

in Kathmandu under different climate change scenarios, using the method adapted by WHO 

(270).  
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Similarly, Study 2 utilises a generalised linear regression equation fitted with distributed lag 

non-linear models (271), to estimate the association between three different temperature 

indices (maximum, mean and minimum temperature) and rotavirus diarrhoea among children 

below five years of age living in Kathmandu, Nepal. Concurrently, to estimate the burden of 

rotavirus that are attributable to different temperature indices, backward attributable risk was 

calculated utilising estimates from DLNM models (272). The distributed lag models used in 

these studies allow simultaneous exploration of exposure-lag-response between the predictor 

and outcome along a two-dimensional array of exposure and lag relationship. Based upon the 

functions used, these models allow estimation of both linear and non-linear association 

between the exposure variable and the response variables.  

3.1.1 Study setting 

Kathmandu district, the capital city of Nepal is situated at an average elevation of 1,400 

metres (4,600 ft.) above sea level and lies in a warm, temperate zone characterised by a 

subtropical highland climate (Figure 3.1). Based upon the Köppen-Geiger climate 

classification, the climate of Kathmandu is better described by the sub-category Cwb or 

subtropical highland type. The subtropical highland type of climate is characterised by a mild 

summer and relatively cooler winter, with a heavy rainfall during the monsoon season. The 

average annual temperature of Kathmandu is nearly 16.1°C and it receives an average annual 

rainfall of about 1343mm. According to the 2011 national census, the total population of 

Kathmandu district was 1,744,240 with a population density of 4,416 persons per square 

kilometre (273), which was 30 times higher than the total population density of the country at 

that time. Based upon the National Census of 2011, and data from the 2011 National Living 

Standard Survey, the Human Development Index (HDI) for Kathmandu district was estimated 

to be 0.632, which is below the average value of living standards of South Asian countries 

(274).  
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Figure 3. 2 Map of Nepal showing the study site Kathmandu district 

 

3.1.2 Data sources 

The clinical data used in study 1 and study 2 were obtained from separate sources and the 

time period as well as periodic resolution of the data varied accordingly. In study 1, monthly 

reported infectious diarrhoea cases among the children under 5 years of age living within 

Kathmandu district, over a 10 year period (2003–2013), were included as the primary 

outcome variables. Data on the monthly count of diarrheal disease were obtained from the 

Health Management Information Section (HMIS), Department of Health Services (DoHS), 

Ministry of Health and Population, Nepal. HMIS was established in 2000 and has been 

effectively managing health service information from all levels of health service delivery, 

including services provided by Female Community Health Volunteers and community level 

health workers to the tertiary care hospitals in Nepal. Clinical facilities in Nepal adhere to the 

operational definition of diarrhoea as the passage of three or more liquid stools per day (or 
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more frequent passage than is normal for the individual) as a result of an infection in the 

intestinal tract caused by bacterial, parasitic or viral organisms. The HMIS dataset does not 

record details of the specific diarrheagenic pathogens by which population members (children 

under five years of age) have been infected. As such, our analysis included the aggregated 

monthly diarrhoea count as the outcome variable in our regression model during the data 

analysis. 

In study 2, the weekly reported counts of laboratory-confirmed rotavirus cases among 

children under five years of age attending Kanti Children Hospital, Kathmandu, were used as 

the primary outcome variable, based on the illness onset date across a four year period (2013–

2016). Surveillance data on the weekly count of laboratory-confirmed rotavirus cases were 

obtained from the Public Health Research Laboratory, Institute of Medicine, Tribhuvan 

University, Nepal (275), a member site of the Asian Rotavirus Surveillance Network (276). 

All participants enrolled in the surveillance program were screened for the presence of 

rotavirus antigen in their stool samples using Enzyme-linked immune sorbent assay (ELISA) 

kits (ProSpecTTMRotavirus, Oxoid Ltd, UK), followed by confirmation via reverse-

transcription polymerase chain reaction (RT-PCR) (275). 

Meteorological data used in both the studies were obtained from the Department of 

Hydrology and Meteorology, Nepal, although their periodic resolution varied between the 

studies. Daily climate data from Kathmandu district were obtained for the study duration 

(2003-2013) and monthly means for maximum and minimum temperature, relative humidity 

and rainfall were calculated from the daily records for the study 1.  However, for study 2, 

daily climate data from Kathmandu district were obtained for the study duration (2013-2016) 

and weekly means were calculated for temperature variables (maximum, minimum and mean) 

and relative humidity. Weekly cumulative rainfall totals for the study were calculated from 

daily records. Data from Kathmandu Airport station were used for their completeness and to 

obtain a wider range of coverage for the study location. Demographic data for Kathmandu 



 

81 
 

district was obtained from the central Bureau of Statistics, Nepal. Data from the last census 

(2011) were used in both the studies. 

3.1.3 Statistical analysis 

Descriptive statistics were used to calculate the summary of study variables in the form of 

measures of central tendency, range, and standard deviation. Following the descriptive 

analysis, correlation analysis of study variables was carried out to ascertain correlation among 

study variables and determine the variables that were strongly associated with the primary 

outcome variables. Finally, a time-series Poisson regression models fitted with distributed 

lags were defined to quantify the association between the primary outcome variables and 

other predictors. The final regression models were adjusted for possible confounders, long 

term trend and seasonality using appropriate techniques. The details of statistical analysis 

used in each study has been further elaborated in the methodology sections of Chapter 4 and 

Chapter 5. 

Following the two quantitative studies (study 1 and study 2) is study 3, an opinion article on 

climate change and infectious diseases research priority in Nepal. This chapter critically 

appraises existing evidence on climate change and infectious diseases, and explains the 

rationale for the qualitative study. It links the quantitative and qualitative studies and 

maintains the flow of the thesis. 

3.2 Qualitative study design 

The original plan for my PhD candidature, was to collaborate with the authorities from EDCD 

and HIMS, Nepal and obtain disaggregated data sets on different food-and water-borne 

diarrheal diseases to estimate the effects of climate change on diarrheal diseases caused by 

various pathogens. As the project developed, apart from significant COVID-related 

disruption, I had to address several unanticipated problems, including reluctance to share 

datasets, poor data quality, absence of disaggregated dataset on diarrhoea based on pathogens, 
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sub-standard institutional infrastructure and scant literature on climate change and infectious 

diseases from Nepal. These challenges exposed the problems within infectious diseases 

surveillance systems in Nepal, which have been documented in the first three studies of this 

thesis, particularly in Chapter 6. As such, the Chapter 7 of this thesis builds upon the findings 

of preceding three studies and takes a critical social scientific approach to the research 

questions. Analysis specifically focuses on social and institutional dimensions influencing the 

surveillance of infectious diseases in the context of climate change in Nepal. Hence, I employ 

semi-structured interviews embedded in critical realism paradigm to explore social, economic 

and institutional factors associated infectious disease surveillance in Nepal. Semi-structured 

interviews were conducted with key informants from the Department of Health Services 

(Epidemiology and Disease Control Division, Health Information Management System), 

Department of Hydrology and Meteorology, WHO-Nepal and experts working on infectious 

disease and climate change in Nepal.   

I argue that to effectively examine the functioning of public health surveillance systems in the 

context of climate change may not be justifiable by solely employing a positivist 

epistemological approach that relies on statistical methods that can decontextualise the role of 

social, cultural and political factors (277). Moreover, I posit that use of quantitative survey 

tools in organisation research may fail to reveal the unique socio-political context of the 

system, as the survey response may lack sufficient depth to capture the complexity of what is 

going on socially. At the core of a health system are individuals or groups of people whose 

behaviours are influenced by their belief systems and role positions. These must be 

appreciated and described to understand functionality of a system. Thus, I chose a semi-

structured interview method embedded in critical realism to answer the final question of my 

project: how do social and institutional factors, observable within the talk of respondents, play 

a role in infectious disease surveillance in Nepal in the context of climate change? The details 
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of methods used in data collection and analysis is further elaborated in the methodology 

section of chapter 7. 

3.2.1 Qualitative theoretical perspective  

For the fourth and final study, I draw from critical realism (CR) (278). CR is a theoretical 

research approach that lies between realism and relativism on epistemological spectrum, and 

is of growing interest among health system researchers (279, 280). Critical realism is 

ontologically realist, taking the position that reality exists independent of human perception, 

yet is epistemologically constructionist in that our knowledge of reality is created and shaped 

by human experiences with the natural and social world (278). CR researchers conceive 

language to be the architect of social reality, which itself  is theorised to be shaped by human 

interaction with the natural and social world (281). Put another way, as social reality is 

constrained within a material dimension that exists independent of discursive practices, the 

material constraints impact on the meaning of the social reality constructed out of the  

discourse utilised by the actors (281, 282).  

Critical realism is the best suited philosophical position because it theoretically orients to 

infectious diseases surveillance systems as ‘real’, in the sense that these systems aim to 

prevent infectious diseases epidemic or outbreaks by performing standard set of activities — 

including timely collection of data on spatial-temporal pattern of infectious diseases, 

identifying associated risk factors and monitoring intervention measures (251). On the other 

hand, these systems are bounded by material and structural dimensions that exist 

independently of discursive practices. As such, these material constraints interact with 

socially constructed realities that are fundamentally drawn from discourses available in social 

milieus (281, 282). According to Carla Willig (282), the discourses employed by actors are 

constrained by underlying structures such as biochemical, social or economic structures, thus, 

ontological reality cannot be directly accessed but can only be inferred by analysing discourse 

in relation to these structures (page 45). 
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Critical realism has widely been utilised in climate change and public health research 

including climate change mitigation, vulnerability assessment, energy technology debates, 

stakeholders perception assessment and various other social aspects of climate change related 

outcomes (280, 283). A CR approach to qualitative data in this study enables us to take 

account of the fact that potential problems within a disease surveillance system are both 

socially constructed and influenced by structural factors independent of individuals or groups. 

For example, the ability of a surveillance system to map vulnerability of a population towards 

infectious disease exposure due to change in climatic conditions may be contingent upon data 

availability and societal need or expectations (284). Hence, a CR approach can incorporate 

influence of material — (e.g. budget), institutional (epidemiological and diagnostic capacity 

of health service providers) and discursive factors that may transform the significance of a 

problem being studied — when exploring the contextual issues of a disease surveillance 

systems in response to environmental stressors such as climate change. 

3.2.2 Reflexivity 

The term reflexivity is widely used in system and organisational research with varying 

meanings. In the context of this thesis, reflexivity is defined as an attempt to consciously 

reflect on my role as a researcher in defining the phenomenon under investigation, collecting 

and analysing data, and inferring findings from the analysis (286). In articulating my 

reflexivity, I reveal the assumptions that underpin my research process and the knowledge 

produced in the context of my professional experience and the philosophical background 

driving my research process (287).  

I identify myself as a trainee infectious disease epidemiologist with a strong background in 

clinical microbiology and fairly experienced with the operational mechanism of infectious 

disease surveillance systems in Nepal. After completion of my postgraduate degree in clinical 

microbiology in 2015, I joined the Public Health Research Laboratory in the Institute of 

Medicine, Tribhuvan University Nepal and was trained in laboratory based molecular 
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research techniques. During my tenure in the Institute of Medicine, I was a member of an 

international rotavirus surveillance network and was exposed to several international 

researcher groups. As I embarked on the journey of bio-medical research and had increased 

exposure to global health research, I realised the importance of translational research and felt 

an urgency to move to population-based research. Hence, with the aspiration to learn data 

analysis techniques and become a competent public health researcher specialising in 

infectious disease epidemiology I joined this PhD program in epidemiology. This aspiration 

has helped me to overcome technical challenges that I have encountered in my PhD 

candidature. 

My postgraduate training in clinical microbiology, and professional experience as a research 

officer in the national rotavirus surveillance program in Nepal, provided the opportunity to 

learn about the standard operating practices of a diagnostic facility and the attributes of an 

ideal infectious disease surveillance system. As such, I have employed my priories, as well as 

knowledge gained during my PhD training in infectious disease epidemiology, to reflect upon 

the research process undertaken in study 4. Throughout the research process — i.e. 

identifying the research question, designing the research, interview taking, transcription and 

data analysis — I linked my priories to explore participants understanding of the problems 

associated with the infectious disease surveillance systems and construct meaning out of 

participants’ response. 

3.3 Ethics approval 

The project was granted ethical approval by the Human Research Ethics Committee (HREC) 

of The University of Adelaide (H-2018-236), and Ethical Review Board of the Nepal Health 

Research Council (Reg. no. 560/2018). Data related to human participants used in the study 

were non-identifiable and were analysed anonymously.  
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Chapter 4 Study 1: Assessing the effect of climate factors on 
childhood diarrhoea burden in Kathmandu, Nepal 
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Abstract 

Introduction: This study was undertaken to assess the effect of climate variability on 

diarrheal disease burden among children under 5 years of age living in Kathmandu, Nepal. 

The researchers sought to predict future risk of childhood diarrhoea under different climate 

change scenarios to advance the evidence base available to public health decision-makers, and 

the Nepalese infection control division, in planning for climate impacts.  

Methods: A time series study was conducted using the monthly case count of diarrheal 

disease (2003- 2013) among children under 5 years of age living in Kathmandu, Nepal. A 

quasi Poisson generalized linear equation with distributed lag linear model was fitted to 

estimate the lagged effect of monthly maximum temperature and rainfall on childhood 

diarrhoea. The environmental framework of comparative risk assessment was used to assess 

the environmental burden of diarrhoea within this population. 

Results: A total of 219,774 cases of diarrheal disease were recorded during the study period 

with a median value of 1286 cases per month. The results of a regression model revealed that 

the monthly count of diarrhoea cases increased by 8.1% (RR: 1.081; 95% CI: 1.02-1.14) per 1 

o C increase in maximum temperature above the monthly average recorded within that month. 

Similarly, rainfall was found to have significant effect on the monthly diarrhoea count, with a 

0.9% (RR; 1.009; 95% CI: 1.004-1.015) increase in cases for every 10 mm increase in rainfall 

above the monthly cumulative value recorded within that month. It was estimated that 7.5% 

(95% CI: 2.2% - 12.5%) of the current burden of diarrhoea among children under 5 years of 

age could be attributed to climatic factors (maximum temperature), and projected that 1357 

(UI: 410-2274) additional cases of childhood diarrhoea could be climate attributable by the 

year 2050 under low-risk scenario (0.9 o C increase in maximum temperature). 

Conclusion: It is estimated that there exists a significant association (p<0.05) between 

childhood diarrhoea and an increase in maximum temperature and rainfall in Kathmandu, 

Nepal. The findings of this study may inform the conceptualization and design of early 
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warning systems for the prediction and control of childhood diarrhoea, based upon the 

observed pattern of climate change in Kathmandu.  

Key words: Diarrhoea, Children, Climate variability, Nepal 

  



 

90 
 

4.1 Introduction 

Diarrhoea remains a leading cause of death among children under 5 years of age. In 2015, 

1.31 million diarrhoea-related deaths were reported globally, and diarrheal disease represents 

the second major cause of death among children under 5 years in low and middle-income 

countries (285, 286). The average total societal cost of diarrheal disease treatment in low and 

middle-income countries has been estimated to be as high as US$101 per episode in Rwanda, 

and US$ 67.81 in Bangladesh (287, 288). In the context of Nepal, the financial burden borne 

by a family due to childhood diarrhoea is undetermined but can be speculated to be 

calamitous.  

Evidence suggests that the onset and transmission of diarrheal disease can be influenced by 

many factors including climatic parameters such as rainfall and temperature (34, 37, 112, 176, 

289). During extreme weather events such as floods and hurricanes, water sources can 

become contaminated with micro-organisms including bacteria (e.g.: Salmonella, Shigella, 

Escherichia coli, Campylobacter, Vibrio Cholerae), viruses (e.g.: Rotavirus, Norovirus, 

Adenovirus) and protozoa (e.g.: Giardia, Cryptosporidium, Cyclospora) that are capable of 

causing gastro-intestinal infections (290, 291). An increase in temperature is likely to have a 

direct effect on the spread of diarrheal diseases by altering their geographical distribution and 

encouraging bacterial growth (7).  

A national report on climate change vulnerability in Nepal projects that the mean annual 

temperature of Nepal will increase by 0.5 oC to 2.0 o C with a multi-model mean of 1.4 o C by 

the 2030s, and 1.7- 4.1 o C with a multi-model mean of 2.8 o C by the 2060s, under a high 

emission scenario (the ‘A2 scenario’ used in the third assessment report by the 

Intergovernmental Panel on Climate Change (IPCC) (292). Indeed, the 5th assessment report 

of the IPCC has predicted an increase in the magnitude of extreme weather events (including 

flood, drought and heat-waves) due to the effect of anthropogenic and natural climate change, 

which in turn is likely to result in an increased prevalence of diarrheal disease (134). 
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Kathmandu city has a high population density (4,416 people per square kilometre) (273) and 

faces an acute shortage of potable water during hot and dry summer months owing to the 

water demands of the increasingly populated Kathmandu valley (293). According to Nepalese 

Government estimates, in 2014, 83.59% of the total population in Nepal had access to basic 

water supply services,  and  70.28% had access to basic sanitation facilities (294), although 

data specific to Kathmandu city were not available . Under such conditions, people are 

compelled to consume unsafe water leading to an increased susceptibility to  diarrheal 

diseases (81). Rutkowski et al. (95) have reported a widespread use of pathogen-contaminated 

wastewater for irrigation purposes in Kathmandu city and its outskirts during dry seasons of 

low rainfall. Residents’ consumption of  vegetables and crops irrigated with waste water can 

pose a potential risk factor for infective gastroenteritis (295). Moreover, for developing 

countries like Nepal, climatic variations and employment opportunities are likely to drive 

migration of people into urban centres (296). Internal migration can lead to an increase in 

urban density, exacerbating already poor living conditions and the risk of transmission of 

diarrheal diseases among vulnerable populations (81).  

Compared to the adult population, children are more vulnerable to the effect of adverse 

environmental challenges caused, or aggravated by, climate change (297). During the 

aftermath of hurricane Maria in Puerto Rico in 2017, for instance, an upsurge of infective 

gastroenteritis was reported among children (297). Musengimana et al. (161), reported a 32% 

increase in diarrhoea among children under five years of age in Cape Town, South Africa for 

every 5 o C increase in maximum temperature. Given the higher vulnerability of children to 

the effects of global climate change, and susceptibility to diarrheal diseases (298), there 

remains an increasing concern over the endemicity of diarrheal diseases in low income 

countries like Nepal.  

In light of these concerns, the current study was undertaken to assess the effect of climate 

variability on diarrheal diseases among children under 5 years of age living in Kathmandu 
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Nepal and to predict future climate-attributable diarrhoea burden. The study seeks to advance 

the evidence for health policy decision-makers by assessing the risk of childhood diarrhoea 

under current and future climate change scenarios in Kathmandu.  

4.2 Methods 

As mentioned earlier in chapter 3, the methodology section in this chapter has been 

deliberately shortened to avoid redundancy between chapter 3 and the methods sub-section in 

each result chapters. Hence, this section as presented here, differs from the original methods 

section as published in the peer reviewed paper. A complete detail of methodology has been 

presented in chapter 3 and only the statistical analysis section, which is unique to this chapter 

has been presented here. 

 
4.2.1 Statistical analysis 

4.2.1.1 Modelling the relationship between maximum temperature, rainfall and childhood 

diarrhoea 

Pearson’s correlation analysis was carried out to assess the association between monthly 

diarrheal count and climate variables including monthly minimum temperature, maximum 

temperature, mean temperature, relative humidity and rainfall. Monthly maximum 

temperature and rainfall were used to estimate the relationship between temperature 

variability and diarrhoea count due to the positive correlation of these factors with diarrhoea. 

We conducted a time series analysis to examine the relationship between monthly diarrheal 

count, monthly average maximum temperature and total monthly rainfall using a generalized 

linear Poisson regression model, allowing for over-dispersion. Seasonality and long term 

effects not directly related to weather were adjusted in the model using natural cubic splines 

with four knots per year (degree of freedom (df)=40) (Supplementary Figure S4.1). A linear 

relation was assumed between the maximum temperature and diarrheal disease above its 

monthly average temperature, and the lag effect was modelled using unconstrained distributed 
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lag linear model using the DLNM package in software R (271). Guided by the prior research 

on the effect of climate variability on diarrheal diseases, and based upon the result of 

correlation analysis at different lag periods (Table 4.1), we set a lag period up to 1 month to 

assess the delayed effect of maximum temperature and rainfall (34, 37, 289). The 

confounding effect of relative humidity was adjusted in the model by including a natural 

cubic spline (df=3). In summary, the final model took the following form:  

Log [E(y)] = α + β1 (cbo_max_temp) + β2 (cbo_rainfall) + NS (mean_rh, df=3) + NS (time, 

df=40)  

where [E(y)] is the expected monthly case count, cbo_max_temp is the cross basis matrix for 

mean monthly maximum temperature, cbo_rainfall is the cross basis matrix for mean monthly 

rainfall, β1 & β2 are their respective regression coefficients, NS (mean_rh) is the monthly mean 

relative humidity with natural cubic spline of 3 degree of freedom, and NS (time) is the natural 

cubic spline of time with 4 degree of freedom per year. 

4.2.1.2 Calculating climate-attributable risk for diarrhoea and projecting the future 

attributable burden 

Firstly, we calculated the potential impact fraction (PIF) to assess the proportional reduction 

in childhood diarrhoea burden, assuming a counterfactual situation in which the study 

population experience the least exposure to increased temperature under the current climate 

scenario. We used the environmental framework of comparative risk assessment developed by 

World Health Organization (WHO) for assessing the environmental burden of diseases to 

compute PIF(269). 

PIF= (∑ Pi RRi- ∑Pi*RRi)/∑PiRRi 

where Pi is the proportion of the population in exposure group i, Pi* is the proportion of the 

population in the exposure group under a counterfactual situation, RRi is the relative risk for 

the exposure group. 
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Assuming the counterfactual situation of least exposure, the above PIF can be calculated 

using a simplified formula, 

PIF= ∑ Pi RRi-1/∑PiRRi 

We then estimated the future climate change-attributable increase in diarrhoea burden for 

Kathmandu district using the formulae adapted by the WHO for their climate-related 

quantitative risk assessment of disease morbidity study (270). 

n= N (exp (β * Δ T) – 1) / exp ( β * Δ T) 
                  

where n is the number of climate change-attributable average annual cases of diarrhoea, N is 

the total average annual baseline (current) diarrheal count, Δ T is the future change in 

temperature for various climate change scenarios, and β is the log linear increase in diarrhoea 

per 1 o C rise in temperature.  

4.2.1.3 Sensitivity Analysis 

Sensitivity of the model was analysed by changing the degree of smoothing (knots per year), 

in time splines and lag periods (0, 1 and 2 months) for both rainfall and maximum 

temperature. The model with lowest qAIC value was selected as the robust model 

(Supplementary Table S4.1) and used to project the climate-attributable increase in diarrhoea 

under future climate change scenarios. Further, the robustness of the model was tested by 

checking the residual autocorrelation plot and distribution of the residuals (Supplementary 

Figures S4.2 and S4.3). 

4.3 Results 

A total of 219,774 cases of diarrhoea were recorded among the children under 5 years of age 

living in Kathmandu district during the study period from 2003 to 2013. The monthly average 

diarrheal case-count for this population reported during the study period was 1,665 (Table 
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4.2). Seasonal distribution of the diarrheal cases showed a higher burden between the months 

of June-August (Figure 4.1).  

Table 4. 1 Pearson's correlation coefficient of the diarrhoea and maximum temperature at 

different lag periods. 

Climate variables Pearson’s correlation coefficient (r) p-value 

Maximum temperature (Lag 0) 0.7591 <0.001 

Maximum temperature (Lag 1) 0.5465 <0.001 

Maximum temperature (Lag 2) 0.2795 <0.001 

Rainfall (Lag 0)  0.6832 <0.001 

Rainfall (Lag1)  0.3169 <0.001 

Rainfall (Lag 2)  -0.1124 0.199 

 

Table 4. 2 Distribution of meteorological data (monthly average) and diarrheal count in 

children under 5 years in Kathmandu district 2003-2013. 

 

4.3.1 Relationship with maximum temperature 

We estimated an  8.1% (RR: 1.081; 95% CI: 1.02-1.14) increase in risk of diarrhoea cases 

among children under 5 years of age per 1 oC increase in maximum temperature above the 

monthly average recorded within that month. (Figure 4.2). The effect of maximum 

temperature on diarrhoea was not significant at the lag period of 1 month (refer to 

Supplementary Figure S4.4 for the estimated relationship between mean temperature and 

diarrhoea). 

Study variables Lowest 1st quartile Median Mean 3rd quartile Highest 

Maximum temperature (o C) 17.46 23.28 28.08 26.33 29.25 31.91 

Rainfall (mm) 0 15.45 73.05 149.94 261.52 735.70 

Relative humidity (%) 58.03 72.75 78.72 76.73 82.40 90.21 

Under 5 Diarrheal count 100 621 1286 1665 2676 4232 
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Figure 4. 1 Trend of meteorological data and monthly diarrheal count in children under 5 in 

Kathmandu district 2003-2013. 

 
Note:Adjusted relation indicates all the climate variables that were included in the model and adjusted for 

seasonality, long term variation and the  effect of relative humidity; CI: confidence interval; *p value siginificant 

at <0.05. 

Figure 4. 2 Effect estimates of maximum temperature and rainfall on monthly diarrhoea cases 

at different lag periods showing crude and adjusted relationship. 
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4.3.2 Relation with rainfall 

We estimated a 0.9% (RR; 1.009; 95% CI: 1.004-1.015)  increase in risk of diarrhoea cases 

among children under 5 years of age per 10 mm increase in rainfall above the monthly 

cumulative value recorded within that month (Figure 4.2). Similar to the effect of maximum 

temperature, the effect of rainfall was not significant at the lag period of 1 month.  

4.3.3 Estimation of current potential impact fraction (PIF) and climate attributable 

diarrhoea burden  

According to the National Census carried out in the year 2011, the total population of 

Kathmandu district was 1,744,240 and the population of children under five years of age was 

111,600 (273). We assumed all children under 5 years of age were exposed to the risk factor 

(maximum temperature), and estimated the potential impact fraction to be 0.075. We 

estimated, 7.5% (95% CI: 2.2% - 12.5%) of the current burden of diarrhoea among children 

under 5 years of age to be attributable to the climatic factor (maximum temperature). 

4.3.4 Projection of climate-attributable diarrhoea count in future climate change 

scenarios 

We conducted a literature search to identify studies that have projected future increases in 

maximum temperature for Kathmandu district under different climate change scenarios 

(Supplementary Table S4.2), and used the estimated increase in temperature range (0.5 o C to 

3.7 o C) for different time slices under future climate change scenarios (Table 4.3). We 

calculated the mean annual count of diarrhoea in children under 5, taking the summation of 

monthly diarrhoea counts for each year (2003 to 2013), and estimated the baseline diarrheal 

count to be 20,019. Due to the unavailability of data on the projected population of children 

under 5 years of age in the Kathmandu district, we assume no significant change in study 

population when projecting the future burden.  Under the low risk scenario and the most 

conservative estimate, we projected 766 (228 to 1297) (refer to Supplementary Table S4 for 
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calculation details) additional annual diarrhoea cases attributable to climate change by the 

year 2020 (Figure 4.3). 

 

Figure 4. 3 Projected increase in diarrheal count attributable to climate change in children 

below 5 years of age. * Baseline   annual count of diarrhoea used for prediction was 20,019 

[calculated by summation of monthly diarrhoea count for each year (2003-2013)].
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Table 4. 3 Estimates of predicted temperature increase for Kathmandu valley informing projection of future increase in climate-attributable childhood 

diarrhoea under different climate change scenarios. 

Study Projection 
coverage 

Climate 
model used 

Scenarios Baseline 
data used 
(years) 

Projection 
years 

Projected increase in 
temperature (ΔT in ºC)  

Remarks Risk category 

Babel et 
al. 2014 
(299). 

Kathmandu 
district 
(Baghmati 
river Basin) 

5 GCM 
tested and 
HadCM3 
was selected 
because of 
best fit 

A2 based 
on SRES 

1970-1999 2020s 0.5 Projection made 
for maximum 
temperature and 
GCM was 
downscaled 

Low risk 
1970-1999 2050s 1.1 
1970-1999 2080s 2.1 

B2 based 
on SRES 

1970-1999 2020s 0.5 
1970-1999 2050s 0.9 
1970-1999 2080s 1.5 

NCVST 
2009 
(292). 

Nepal 
(central 
Nepal, 
which 
includes 
Kathmandu 
district) 

15 GCMs 
with details 
of name of 
all the 
models used 
in projection 
and 2 RCM 
models 
(PRECIS and 
RegCM3) 

A2 based 
on SRES, 
due to 
closest 
match to 
observe 
emission 
for region 
since 
2000. 

 Nepal Central 
Nepal 

RCM model used 
to make projection 
for central Nepal, 
which includes 
Kathmandu 
district. 

Medium risk 

1970-1999 2030s 1.4 (0.5-2) 1.4 (0.9-2) 

1970-1999 2060s 2.8 (1.7-
4.1) 

3.0 (1.7-4.1) 

1970-1999 2090 4.7 (3-6.3) 4.9 (3.0-6.3) 

Jha 2012 
(300). 

Kathmandu 
valley 

21 GCMS 
available in 
SimCLIM 
software and 
IPSL-CM40 
used for 
projection 

A1F1 
based on 
SRES 

1980-2009 2030s 1.8 – 1.9 1980-2009 Temperature type 
not mentioned 

High risk 

1980-2009 2050 3.7 – 3.8 1980-2009 

1980-2009 2100 9.3 – 9.7 1980-2009 
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4.4 Discussion 

This study is one of the few epidemiological studies conducted in Kathmandu, Nepal that uses 

the national disease surveillance dataset to comprehensively quantify the association between 

childhood diarrhoea and climate variability after adjusting for the long-term effects and 

seasonal pattern of the disease. The findings of our study showed that the onset and 

distribution of diarrhoea among children under 5 years of age in Kathmandu, Nepal is highly 

associated with climate variability. We estimated that an increase in both maximum 

temperature and rainfall intensity is likely to increase the burden of climate change-

attributable childhood diarrhoea in Kathmandu for different projected time slices in future.  

The positive association between diarrhoea incidence and temperature observed in our study 

mirrors the findings of similar studies conducted in Asia, Pacific islands and Latin America, 

which have reported a 5% to 13% increase in diarrhoea cases per 1 o C increase in ambient 

temperature (34, 37, 71, 176, 289, 301). These studies, however, used weekly or daily mean 

temperature as a predictor variable, compared to maximum temperature as used in our study. 

We used daily maximum and minimum temperature data to compile monthly average 

temperature measures, which may fail to capture the discrete effect of extreme short-term 

variability in temperature, and may harmonize the effect of diurnal or weekly variability in the 

maximum temperature measure. Despite the use of a different temperature index, the 

significant association observed between maximum temperature and diarrhoea count in our 

study resonates with findings of studies from Pacific islands, Latin America and other Asian 

countries (34, 37, 176, 289). Along with mean temperature, maximum temperature is also 

considered a suitable index of temperature exposure, and has been increasingly used as the 

index of choice by epidemiologists in recent years (36, 302). Barnett et al. (303), in their 

seminal paper entitled “What measure of temperature is the best predictor of mortality?” have 

concluded that the choice of temperature measure between mean and maximum temperature 

can be made on the basis of practical concern as these indices have the same predictive ability 
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in terms of exposure risk estimation. We observed an immediate effect of temperature 

increase on childhood diarrhoea in our study, which can be explained by the fact that the 

incubation period for most of the entero-pathogens is under a few weeks (304). Our findings 

indicate a low risk effect of maximum temperature on diarrhoea incidence beyond the lag 

period of 1 month, which is consistent with the findings of previous works from Bangladesh, 

Japan and Australia (37, 305, 306). Our study did not include the adult population, however a 

study from Bangladesh has reported a lack of evidence on the differential effects of 

temperature on diarrhoea incidence by individual characteristics such as age and gender (37). 

Although an overall non-significant effect of diarrhoea risk and age was reported in the study, 

their age-stratified analysis did show a significant increment in risk of diarrhoea among 

children in the age group <14 years compared to the age group >30 years. Compared to the 

adult population, children can be assumed to be more vulnerable to diarrheal risk under 

climate change owing to their comparatively weaker immune system and lack of control over 

their exposure to contaminants, potential pathogens and other risk factors (297) 

Several plausible explanations have been proposed to elucidate the underlying mechanisms 

affecting the association between an increase in temperature and higher onset and 

transmission of diarrhoea (35). Diarrhoeagenic pathogens such as Shigella, spp. have been 

reported to express virulent gene coding for toxin-causing inflammation of intestinal linings 

resulting in fluid loss in response to the increase in temperature from 30 o C to 37 o C (80). 

Likewise, an increase in temperature may result in higher survival and increased load of 

diarrhoeagenic pathogens (especially, bacteria and protozoa) in their zoonotic host, 

facilitating the prolonged transmission of the pathogens (79). In addition, scarcity of water 

during dry summer months has been reported to facilitate transmission of waterborne 

diarrhoeagenic pathogens due to the compromised hygiene and altered feeding behaviours of 

the human host (35). Chronic scarcity of water in Kathmandu district during the dry summer 

seasons (293) could be therefore be one factor contributing to the higher risk of diarrhoea 
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during the period of increased maximum temperatures (81). Likewise, compromised hygienic 

practice among the parents and care-givers during Kathmandu’s dry and hot conditions might 

have favoured the increased transmission of pathogens to the children in our study. Although 

data on specific pathogens causing diarrhoea among children were not available, children 

below the age of 5 years have been reported to be more prone to infection with foodborne 

bacterial pathogens such as Salmonella spp., Escherichia coli, Norovirus genogroup I (GI) 

and II (GII) and Campylobacter when the ambient temperature is high (307-309), leading to 

increased hospitalization due to diarrhoea. In the context of Nepal, the diagnostic laboratories 

at public hospitals and community health care centres are generally not funded financially to 

test the viral aetiology of diarrhoea on a routine basis. Nor are pathology labs at community 

health care centres well equipped to carry out routine analysis of stool samples for the viral 

aetiology of diarrhoea. As such, cases of Rotavirus, Norovirus and other viruses causing 

childhood diarrhoea are under reported, which might have resulted in the distinct summer 

peak (Figure 4.1) of diarrhoea in our study compared to the bimodal distribution (summer and 

winter peak) of diarrhoea reported in some other studies analysing the effect of climate 

variation on paediatric diarrhoea (305). 

In addition to maximum temperature, our findings also revealed a significant association 

between monthly average rainfall and diarrhoea burden among the children in Kathmandu 

district, Nepal with an estimated, 0.9% increase in diarrhoea burden for every 10 mm increase 

in rainfall within the same month. This result is in concordance with studies conducted in 

Bangladesh and Mozambique which have reported 5.1%, and 1.04 % increases in diarrhoea 

within four weeks of a heavy rainfall (37, 310). Our estimate of a 0.9% increase with each 10 

mm increase in rainfall is slightly lower than the findings of a study in Bangladesh (37). This 

may be explained by the fact that Dhaka has been reported to have experienced several 

diarrheal epidemics during flooding episodes caused by excessive rainfall in the context of a 

monsoon (311). Regular flooding in Dhaka plays an important role in the contamination of 
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water sources with pathogenic bacteria, giving rise to a higher incidence of diarrhoea during 

heavy rainfall events when compared to Kathmandu district, which has not recorded severe 

flooding for over 30 years. Rainfall can cause a flushing action, sending pathogens into 

surface and ground water sources through the infiltration of bacteria and protozoan oocysts 

deposited in soil by their zoonotic hosts and flushing out bacteria from fertilizers, leading to 

the contamination of water sources (35). This phenomenon has been previously reported for 

Kathmandu where, in addition to zoonotic sources, the seepage of waste water and the 

leakage of sewers from improperly constructed septic tanks have resulted in increased 

microbial contamination of water sources following the events of heavy rainfall (312). 

We sought to quantify the burden of climate-attributable childhood diarrhoea in Nepal under 

future climate change scenarios for various time slices in the near (2030) and far future 

(2050).  The outcomes of this study will serve to inform mitigation and adaptation policy in 

the management of the projected additional burden of childhood diarrhoea in Kathmandu 

under future climate change scenarios, as well as to inform strategies for resilience against the 

impacts of climate change. For the purposes of projecting climate change-attributable 

diarrhoea, we selected 3 different studies that have predicted the future increase in maximum 

temperature, under different climate change scenarios (Table 4.3), for Kathmandu district 

(292, 299, 300). These studies were classified as low, medium and high risk based upon the 

results of the future climate projections for the study site. We also included the 50th percentile 

of the climate projection for the South Asian region ( 1.5 o C; 0.5-2 o C ) under the 

Representative Concentration Pathway 2.6 (RCP), reported in the IPCC 5th assessment report 

(134), as a standard reference for the study region. To the best of our knowledge this is the 

first study that has attempted to project the future burden of climate-attributable diarrhoea 

among children. Our study estimated a substantial increase of 700 to 5000 cases of climate-

attributable diarrhoea among children in the Kathmandu district in the near (2030) and longer-

term (2050) future. This finding highlights the imperative that the infection control and 
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prevention division in Nepal prepare and enhance their capacity to respond to the increased 

prevalence of diarrhoea, whilst underscoring the risk of future climate change-related health 

impacts on children (298). The United States Centre for Disease Control and Prevention 

(CDC) has developed the Building Resilience Against Climate Effect (BRACE) framework to 

assist health officials in the development of strategies and programs to protect public health 

against the adverse effects of climate change (260). Out of the five sequential steps advocated 

by the BRACE framework (vulnerability assessment, projection of disease burden, 

assessment of public health interventions, development and implementation of adaptation 

plans, and evaluation of the impact of interventions), ‘projection of the disease burden’ is key. 

We anticipate that our childhood diarrhoea burden projection estimates will facilitate health 

officials in Nepal to design the subsequent phases of BRACE framework for the control of 

climate-attributable childhood diarrhoea.  

Our findings can be utilized to inform the conceptualization and design of early warning 

systems for the prediction and control of childhood diarrhoea in Kathmandu based upon the 

observed variation in climate patterns in this area. These results can support evidence-based 

decision-making around the existing childhood diarrhoea control program via the inclusion of 

climate change adaptation perspective. The inclusion of climate change adaptation measures 

can further improve the efficacy of the Control of Diarrheal Disease (CDD) program, 

implemented under the Integrated Management of Childhood Illness (IMCI) by the Child 

Health Division of Ministry of Health and Population, Nepal.  

 At the same time, these findings should be interpreted with caution given the caveats 

associated with the study. Firstly, data used in this study was monthly-aggregated data on 

diarrhoea among children under 5 years of age, which limits the possibility of estimating the 

precise short-term effect of the exposure-response relationship that may vary within the span 

of a day or a week. Secondly, weak surveillance systems in low and middle-income countries 

like Nepal can lead to an under-estimation of the burden of disease due to under-reporting of 
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cases, as well as a lack of the resources required to diagnose the precise aetiology of diarrhoea 

at the community level. Finally, the projection of diarrhoea counts was based on data 

published in peer reviewed studies that have made predictions with regard to future 

temperature changes, which might limit our ability to endorse their findings. In addition, these 

studies have used obsolete scenarios (SERS) in projecting future temperature increases, 

instead of the RCP-based scenarios endorsed by IPCC’s 5th assessment report. Also, our 

assumption of no significant change in the study population during the estimation of disease 

projection may fail to reflect the role of change in population size, especially considering the 

massive demographic changes and mobility of people due to climate change.  

In conclusion, our analysis demonstrated a strong association between diarrheal disease 

among children under 5 years of age and increases in maximum temperature and rainfall in 

Kathmandu, Nepal. Although these findings highlight the effect of regional climate impacts 

on childhood diarrhoea in Kathmandu, the precision of future predictions can be improved by 

analysing the short-term association between climate and disease data collected on a daily or 

weekly basis. Future research in environmental and infectious disease epidemiology in Nepal 

will produce impactful outcomes if disease morbidity and mortality data are reported on time, 

and systematically centralized in an electronic database and shared among researchers and 

policy makers.  
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Supplementary materials 
 

Supplementary table S4. 1 Model sensitivity testing for different lag periods and degree of 

freedom. 

Model description df. estimates (β) p value qAIC 

Model with lag of 1 month for both maximum 
temperature and rainfall. 
  

3 0.09 0.006   21109.7 
4 0.08 0.022    21066.6a 
5 0.09 0.037  22920.2 
6 0.08 0.142 24373.5 
7 0.06 0.424 26373.5 

Model with lag of 2 months for maximum 
temperature and lag 1 for rainfall.  

3 0.08 0.011   21464.1 
4 0.09 0.025   22032.8 
5 0.10 0.031   22077.0 
6 0.09 0.147 22868.7 
7 0.15 0.089 23096.9 

Model with lag of 2 months for both maximum 
temperature and rainfall.  

3 0.11 0.092  21291.2 
4 0.10 0.075   21377.1 
5 0.10 0.034   21818.3 
6 0.03 0.563 22778.1 
7 0.11 0.213 22740.0 

   

 a Model with the lowest qAIC value was selected as the best fit and used for projection of  
climate attributable future increase in diarrhoea count. 
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Supplementary table S4. 2 Results of the literature search of the research work that have projected future increase in temperature for Kathmandu valley under 

different climate change scenarios. 

Study Projection 
coverage 

Climate model used Scenarios Projection 
years 

Projected increase in 
temperature (ΔT in ºC)  

Remarks 

Babel et al. 
2014. 

Kathmandu 
district 
(Baghmati 
river 
Basin) 

5 GCM tested and 
HadCM3 was 
selected because of 
best fit 

A2 based 
on SRES 

2020s 0.5 Projection made for maximum temperature 
and GCM was downscaled 2050s 1.1 

2080s 2.1 
B2 based 
on SRES 

2020s 0.5 
2050s 0.9 
2080s 1.5 

Jha 2012. Kathmandu 
valley 

21 GCMS available 
in SimCLIM 
software and IPSL-
CM40 used for 
projection 

A1F1 
based on 
SRES 

2030s 1.8 – 1.9 Temperature type not mentioned. 
2050 3.7 – 3.8 
2100 9.3 – 9.7 

McSweeney 
et al. 2006 

Nepal 15 GCMs used to 
pool the estimates 

A2 2030s 0.8-1.9 Mean annual temperature  
2060s 1.8-3.8 
2090s 3.4-5.8 

A1B 2030s 0.9-2.2 
2060s 2.0-3.7 
2090s 2.9-5.2 

B1 2030s 0.8-1.7 
2060s 1.3-2.8 
2090s 1.8-3.9 

A2 2030s 0.7-2.8 
2060s 1.8-4.3 
2090s 3.6-6.5 
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WHO 2015 Nepal GCMs from CMIP3 
ensemble used to 
pool the estimate for 
2 different scenarios 
under IPCC 5th 
assessment report. 

RCP 8.5 2100 6 Mean annual temperature 

RCP 2.6 2100 1.6 

IDS-Nepal 
et al. 2014. 

Kathmandu 9 models using 
downscaled data by 
climate system 
analysis group 
university of cape 
town 

A2 2050 2-3 Mean annual temperature 

NCVST 
2009 

Nepal 15 GCMs with 
details of name of all 
the models used in 
projection and 2 
RCM models 
(PRECIS and 
RegCM3) 

A2 based 
on SRES, 
due to 
closet 
match to 
observe 
emission 
for region 
since 
2000 

Years Nepal Central Nepal RCM model used to make projection for 
central Nepal that includes Kathmandu 
district. 

2030s 1.4(0.5-2) 1.4 (0.9-2) 

2060s 2.8(1.7-4.1) 3.0 (1.7-4.1) 

2090 4.7(3-6.3) 4.9 (3.0-6.3) 
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Supplementary table S4. 3 Calculation of projected increase in climate attributable diarrhoea burden among children under 5 years of age. 

 

 

Where, N= 20,019; A= e^ (Δ T * β); B= (e (β * Δ T) – 1) and C= (e (β * Δ T) – 1) / e^ (Δ T *β)

Risk 
scenarios 

Projection 
by year 

Δ T 
(projected 
temperature 
increase) 

Lower estimate (β =0.023) Projected count (β =0.078) Upper count (β =0.134) 
Count =  N (e (β * Δ T) – 1) / 
                       e ( β * Δ T)  

 A B C A B   C   A B C 
Lower 
estimate 

Projected 
count 

Upper 
count 

Low risk 
scenario 

2020  0.5 1.012 0.012 0.011 1.040 0.040 0.038 1.069 0.069 0.065 228 766 1297  

2050  0.9 1.021 0.021 0.020 1.073 0.073 0.068 1.128 0.128 0.114 410 1357 2274  

Medium risk 
scenario 

2030  1.4 1.033 0.033 0.032 1.115 0.115 0.103 1.206 0.206 0.171 634 2071 3424  

2060  3.0 1.071 0.071 0.067 
1.264 

0.264 0.209 1.495 0.495 0.331 1335 4177 6627  

High risk 
scenario 

2030  1.8 1.042 0.042 0.041 1.151 0.151 0.131 1.273 0.273 0.214 812 2622 4290  

2050  3.7 1.089 0.089 0.082 1.335 0.335 0.251 1.642 0.642 0.391 1633 5019 7826  

Reference 2065  1.5 1.035 0.035 0.034 1.124 0.124 0.110 1.223 0.223 0.182 679 2210 3645  
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Supplementary Figure S4. 1 Smoothing the diarrheal diseases time series using natural cubic 

spline of 4 knots per year (df =4/year). 

 

 

Supplementary Figure S4. 2 Autocorrelation plot of the residuals of the final model showing 

no positive residual autocorrelation. 
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Supplementary Figure S4. 3 Histogram of the residuals of the final model shows normal 

distribution. 

 

Supplementary Figure S4. 4 Effect estimates for mean temperature and monthly childhood 

diarrhoea cases at different lag periods/months (Lag 0 and Lag 1), with reference to monthly 

average value of mean temperature. 
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Chapter 5 Study 2: Non-linear effect of temperature variation on 
childhood rotavirus infection: A time series study from 
Kathmandu, Nepal 
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Abstract 

Introduction: This study aimed to investigate the effects of temperature variability on 

rotavirus infections among children under five years of age in Kathmandu, Nepal. Findings 

may inform infection control planning, especially in relation to the role of environmental 

factors in the transmission of rotavirus infection. 

Methods: Generalized linear Poisson regression equations with distributed lag non-linear 

model were fitted to estimate the effect of temperature (maximum, mean and minimum) 

variation on weekly counts of rotavirus infections among children under five years of age 

living in Kathmandu, Nepal, over the study period (2013 to 2016). Seasonality and long-term 

effects were adjusted in the model using Fourier terms up to the seventh harmonic and a time 

function, respectively. We further adjusted the model for the confounding effects of rainfall 

and relative humidity.  

Results: During the study period, a total of 733 cases of rotavirus infection were recorded, 

with a mean of three cases per week. We detected an inverse non-linear association between 

rotavirus infection and average weekly mean temperature, with increased risk (RR: 1.52; 95% 

CI: 1.08-2.15) at the lower quantile (10thpercentile) and decreased risk (RR: 0.64; 95% CI: 

0.43-0.95) at the higher quantile (75th percentile). Similarly, we detected an increased risk 

[(RR: 1.93; 95%CI: 1.40-2.65) and (RR: 1.42; 95%CI: 1.04-1.95)] of rotavirus infection for 

both maximum and minimum temperature at their lower quantile (10th percentile). We 

estimated that 344 (47.01%) cases of rotavirus diarrhoea among the children under five years 

of age were attributable to minimum temperature. The significant effect of temperature on 

rotavirus infection was not observed beyond lag zero week. 

Conclusion: An inverse non-linear association was estimated between rotavirus incidence 

and all three indices of temperature, indicating a higher risk of infection during the cooler 

times of the year, and suggesting that transmission of rotavirus in Kathmandu, Nepal may be 

influenced by temperature. 
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5.1 Introduction 

Rotavirus infection was globally responsible for 29.3% (146,500 deaths) of all diarrhoea-

related deaths among children below five years of age in 2015 (313), and 128,500 deaths 

among the same population in the following year (266). In the context of Nepal, rotavirus 

infection has been estimated to cause 50-100 deaths per 100,000 infection cases reported each 

year among children under five years of age (267). The worldwide distribution of rotavirus 

infection, regardless of the hygiene levels, socio-economic status, and food and air quality, 

highlights the important role of weather factors in the transmission of rotavirus diarrhoea 

(237, 314, 315). Rotavirus infection has been reported to show distinct seasonality with a 

winter peak in temperate regions, while a less pronounced seasonality has been observed in 

tropical regions where the infection prevails all year round (316) . In addition to tropical 

countries, year-round prevalence of rotavirus infection has been reported in several South 

Asian countries, including Bangladesh (316-319).  

Kathmandu city lies in a warm, temperate zone, situated at an average elevation of 1,400 

metres above sea level, and is characterised by a subtropical humid to subtropical highland 

climate. The annual average summer temperature varies from 28 °C to 30 °C, with the 

average winter temperature varying between 8 °C and 10 °C. The city receives monsoon 

rainfall with an average of 1,407 mm of rain per annum. According to the census of 2011, the 

total population of Kathmandu district was 1,744, 240 with a population density of 4,416 per 

sq. km. The population of the under five year age group was 111, 600 (320). With a low 

Gross National income of around US$2,472 and a lower Human Development Index (0.578), 

the socioeconomic development status of people living in this region is below the average 

value for South Asia countries (321). It is estimated that nearly 350 MLD (million litre per 

day) of waste water is produced in Nepal, of which only 5% is being treated currently (322). 

Direct discharge of untreated waste water and sewage into the water bodies is a common 

practise in Kathmandu that has led to transformation of water bodies into open sewage with 
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contaminant and entero pathogens. In context of Kathmandu, a waste water treatment plant of 

capacity 17.3 MLD is partially in operation to clean up a major water body i.e., Bagmati river 

(322). 

A hospital-based program of rotavirus infection surveillance was initiated in 2005 at Kanti 

Children Hospital, Kathmandu, through a collaboration between the Institute of Medicine, 

Tribhuvan University, Nagasaki University, and the University of Liverpool (323). This 

program was later integrated into the Asian Rotavirus Surveillance Network to continue 

rotavirus monitoring in Kathmandu, Nepal(276). Over the last decade, the annual prevalence 

of rotavirus infection among children under five years in Kathmandu has been reported to be 

between 22.2% and 33%. Infections occur year-round, with a higher incidence during the 

winter months (275, 323-325). A number of studies have used rigorous statistical methods to 

estimate the effects of climatic factors on rotavirus infections, while controlling for 

confounding variables and seasonal and long-term variation (103, 204, 237, 242, 243, 326, 

327). However, few studies have been carried out in a warm, temperate region like 

Kathmandu city.  

Given the lack of a unifying explanation for varying degrees of rotavirus seasonality across 

the world (328), investigating the role of local climatic conditions may provide insights into 

the transmission and epidemiology of rotavirus infection for a given location (314), especially 

for the city of Kathmandu with its unique climatic and socioeconomic characteristics. 

Although rotavirus burden has been consistently substantial over the past few decades, a 

rotavirus vaccine has not been introduced into the National Immunization Program of 

Nepal(275). As such, better understanding of the role of climatic factors and seasonal patterns 

in the spread of rotavirus in Kathmandu may support the implementation of effective vaccine 

intervention programs in the future(242). Discerning the role of environmental factors in virus 

transmission may help public health authorities design a more systematic plan for the 

prevention of rotavirus infection in Kathmandu during high risk periods. Furthermore, it may 
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facilitate exploration of the broader effects of climate variation and climate change on 

rotavirus transmission in the Nepalese context (315). Thus, this study aims to explore the 

association between climatic factors and rotavirus infections among children younger than 

five years in the warm temperate zone of Kathmandu, Nepal, and to provide scientific 

evidence to local health authorities to support the design of an appropriate intervention 

program for the prevention of rotavirus infections in the context of a changing climate. 

5.2  Methods 

As mentioned earlier in Chapter 3 and Chapter 5, the methodology section in this chapter has 

been deliberately shortened to avoid redundancy between Chapter 3 and the methods sub 

section in each result chapters. Hence, this section as presented here, differs from the original 

methods section as published in the peer reviewed paper. A complete detail of methodology 

has already been discussed in the chapter 3 and only the statistical analysis section, which is 

unique to this chapter has been presented here. 

5.2.1 Statistical analysis 

Spearman’s correlation analysis was carried out to assess the association between weekly 

rotavirus infections and climatic variables including temperature (maximum, mean and 

minimum), mean relative humidity and rainfall over the study period (Supplementary figure 

S5.1). We conducted a time series regression analysis to examine the relationship between the 

weekly average of climate variables and rotavirus infection count using a generalised Poisson 

regression model. We first checked the distribution of the weekly rotavirus count for over-

dispersion using a regression-based test for the Poisson regression model (329) to ensure the 

data were not over-dispersed (Supplementary figure S5.2). We then carried out the univariate 

regression analysis for all climatic variables against the outcome variable i.e., total weekly 

count of rotavirus infection among children (<5 years). Three different indices of temperature 

(mean, maximum, and minimum) were the only variables significantly associated with 

rotavirus infection in the univariate models. Hence, to avoid multicollinearity, we finally 
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defined three separate multivariable regression models for each temperature index by 

adjusting the possible confounding effects of relative humidity and rainfall. Seasonality and 

long-term effects were also adjusted in the model using Fourier terms up to the seventh 

harmonic and a function of time, respectively. We used distributed lag non-linear models 

using the DLNM package in software R (271) to model the non-linear and  possible lagged 

effects of temperature on rotavirus infection. The DLNM model facilitates simultaneous 

exploration of the exposure-lag-response relationship between the predictor and outcome 

along a two-dimensional array of exposure and lagged effect (271). Using the DLNM package 

we modelled the effect of temperature with natural cubic splines of 3 degrees of freedom. 

Guided by previous research on the effect of climate variation on rotavirus infection (204, 

237, 242), we set a lag period of 4 weeks to model the delayed effect using natural cubic 

splines of 3 degrees of freedom. The selection of spline type for both exposure and lag 

function was based upon the Akaike Information Criterion (AIC). The confounding effects of 

both rainfall and humidity were adjusted using the natural cubic spline of 3 degrees of 

freedom. Risk ratios of rotavirus infection in response to temperature variation were estimated 

with reference to the weekly median temperature value. In summary, the final model took the 

following form: 

Log [E(y)] = α + (cbo_temperature) + time (Fourier, 7 harmonics/year) + NS (mean_rh, 

df=3) + NS (rainfall, df=3) + f (time) 

where, E(y) is the expected weekly case count, cbo temperature is the cross basis matrix for 

three different indices of temperature, Fourier represents the Fourier (trigonometric) terms, NS 

(mean_rh) and NS (rainfall) are the weekly average humidity level and weekly cumulative 

rainfall total with natural cubic splines of 3 degrees of freedom, and time is the linear function 

of time. 
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The sensitivity of the model was analysed by changing the number of Fourier harmonics from 

3 to 9 harmonics per year. The model with lowest AIC value and low (partial) autocorrelation 

was selected as the robust model (Supplementary table S5.1 and figure S5.3). 

5.2.1.1 Attributable risk estimation for rotavirus infection cases 

We calculated the attributable risk of rotavirus infection against temperature exposure 

(maximum, mean and minimum) from risk estimates of a distributed lag non-linear model, 

using “attrdl.R” function in software package R, as previously described (272). Briefly, the 

backward attributable fraction and attributable number were calculated using risk estimates 

obtained from the dlnm model with reference to a counterfactual scenario of minimum 

exposure, indicated by the lowest relative risk, for maximum temperature, mean temperature 

and minimum temperature respectively.  

5.3 Results 

During the study period (2013-2016), a total of 733 cases of rotavirus infection were recorded 

among children under five years of age attending Kanti Children’s Hospital, Kathmandu, 

Nepal. The average weekly number of cases of rotavirus infection among children younger 

than five years reported during the study period was three (Table 5.1).  

Table 5. 1 Distribution of weekly average of meteorological data and Rotavirus infections 

among children under five years of age in Kathmandu, Nepal (2013-2016). 

Study variables Lowest 1st quartile Mean Median 3rd quartile Highest 

Maximum 

temperature (o C)  

16.50 22.25 26.07 27.70 29.52 33.10 

Mean 

temperature (o C)  

7.90 14.80 19.52 20.40 24.30 26.10 

Minimum 

temperature (o C) 

-0.80 7.675 12.957 12.95 19.40 21.20 

Relative 

humidity (%) 

34.80 71.50 75.61 78.10 83.60 89.10 

Rainfall (mm) 0 0 31.18 7.40 47.40 239.20 

Rotavirus count 1 2 3 3 5 11 
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The overall distribution pattern of rotavirus infection cases during the four year period 

showed year-round prevalence with a minimum of one case and a maximum of 11 cases 

reported during the total 212 weeks included in study (Figure 5.1). Age-specific distribution 

patterns of the cases and different variables recorded during the study period have been 

published elsewhere (275). 

Figure 5. 1 Trend of meteorological data and weekly Rotavirus infection among children 

under five years of age in Kathmandu, Nepal 

 
5.3.1 Relationship with maximum temperature 

We estimated an inverse nonlinear association between rotavirus infection among children (<5 

years) and maximum temperature, with an increased risk (RR: 1.93; 95% CI: 1.40-2.65) at the 

lower quantile (10th percentile) and decreased risk (RR: 0.95; 95% CI: 0.84-1.11) at the higher 

quantile (75th percentile) (Figure 5.2 & 5.3). The risk of rotavirus infection appears to increase 

at the 99th percentile of the temperature data, but the effect was not significant (Figure 5.2). The 

effect of maximum temperature on rotavirus was not significant beyond the lag period of zero 

weeks (Supplementary figure S5.4). 
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Figure 5. 2 Three dimensional plot and overall cumulative plot of risk ratio of rotavirus for 

maximum temperature (A), mean temperature (B) and minimum temperature (c). 
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Figure 5. 3 Cumulative Risk Ratio of Rotavirus at different percentiles of temperature. 

 

5.3.2 Relationship with mean temperature 

As per the effect of maximum temperature, we also observed an inverse nonlinear relationship 

between mean temperature and rotavirus infections, with an increased risk (RR: 1.52; 95% 

CI: 1.08-2.15) at the lower quantile (10th percentile) and decreased risk (RR: 0.64; 95% CI: 

0.43-0.95) at the higher quantile (75th percentile) (Figure 5.3). Akin to the effect of maximum 

temperature, the effect for mean temperature did not persist beyond the lag period of zero 

weeks (Supplement figure S5.4). 

5.3.3 Relationship with minimum temperature 

There was an inverse relationship between minimum temperature and rotavirus infection 

among children (<5 years), with increased risk (RR: 1.42; 95% CI: 1.04-1.95) at the lower 

quantile (10th percentile) and decreased risk (RR: 0.60; 95% CI: 0.46-0.78) at the higher 

quantile (75th percentile). Unlike maximum temperature, the protective effect of increased 

temperature against rotavirus infection continued beyond the 99th percentile (Figure 5.2). 

Similarly, the effect of minimum temperature on rotavirus infection was also not observed 

beyond the lag period of zero week (Supplementary figure S5.4). 
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Overall, an inverse nonlinear association was detected between all three indices of temperature 

and rotavirus infection, with an increased risk of infection at the lower quantile and decreased 

risk at the higher quantile (Figure 5.2). Relative humidity and rainfall were not found to be 

associated with rotavirus infection among children (<5 years). 

5.3.4 Rotavirus infection risk attributable to temperature 

The estimates of total backward attributable risk (attributable number and attributable 

fraction) of rotavirus infection specific to different temperature indices are reported in Table 

5.2. As outlined in the table, 47% (eCI: 24-60) of cases of rotavirus diarrhoea among the 

children under 5 years of age were attributable to minimum temperature.  

Table 5. 2 Attributable risk (backward) of rotavirus infection among children (<5 years), 

specific to maximum temperature, mean temperature and minimum temperature, reported as 

attributable number and attributable fraction. 

 

Temperature indices  Total attributable number Attributable Fraction [%] (eCI) 

Maximum temperature 131  17.86(3.44 -27.62) 

Mean temperature 319  43.59(13.62-64.80) 

Minimum temperature 344 47.01(26.66-61.05) 

 

6.4 Discussion 

We have used the state of art modelling technique (distributed lag nonlinear model), widely 

used in environmental epidemiology, to assess the short-term effect of temperature variability 

on the risk of rotavirus infection in Kathmandu, Nepal, while adjusting for seasonality, long-

term variation, lag-effect and other possible meteorological factors such as rainfall and 

humidity. Despite the year-round detection of rotavirus infection, our study has found that 

lower temperature poses a higher risk of rotavirus diarrhoea incidence among children under 5 

years of age in Kathmandu, demonstrating an inverse non-linear relationship with all three 

indices of temperature. Our findings with regard to the increased risk of rotavirus 
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transmission on colder days of the year in Kathmandu supports public health practitioners and 

health policy-makers to design and deploy effective intervention programs for the prevention 

of rotavirus infection in Nepal, considering the climatic aspect of virus transmission. The 

Epidemiology and Disease Control Division of Nepal, in coordination with electronic and 

print media, might usefully broadcast special alerts to promote precautionary measures during 

winter high-risk periods, such as improved hygiene practices (e.g., hand washing, proper 

dispensing of baby diapers), and advice to reduce unnecessary physical interaction with 

children to prevent rotavirus transmission form carrier to susceptible children (104). In the 

absence of mandatory rotavirus vaccinations in Nepal, these findings further highlight the 

importance of identifying specific pathways (interactions between host and environmental 

factors) through which a higher risk of rotavirus transmission is mediated during colder days 

in Kathmandu.  

Apart from the increased survival duration of viral particles at low temperatures, the 

biological reasons behind the higher transmission rate of rotavirus infection at lower 

temperature remains unclear (328). A plausible explanation for the increased risk of rotavirus 

infection at lower temperatures could be a due to poorer hygienic practices in cooler 

conditions, for example, reduced hand washing frequency during cold weather, which may 

increase chances of faecal-oral transmission of rotavirus (330). We speculate that the 

reluctance of people to leave a warm place, or the irregular availability of warm water in high-

risk areas of sub-Saharan Africa and South Asia, may compromise the hand hygiene practices 

of mothers and caregivers during cold weather. In the context of Kathmandu district, 58.7% 

of households live in rental housing (331), and the average number of rooms per household in 

Nepal is 4.4 (332). Given the higher population density (4,416 person per sq.km) of 

Kathmandu district (320), and the lower number of rooms per household, it is highly likely 

that  residents living in rented houses are living in overcrowded conditions. Indeed, an 

increased risk of rotavirus transmission in cold weather due to the overcrowding of people in 
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rented households has been previously reported in England and Wales (237, 333). Hence, 

increased proximity among people living in overcrowded conditions is likely to cause more 

frequent physical interaction between individuals, especially between susceptible children and 

their caregivers, which may be a key facilitator of the transmission of rotavirus in Kathmandu 

city during cold weather. Similarly, the increased physical interaction between children and 

their caregivers during cold weather, facilitating airborne droplet-mediated transmission of 

rotavirus from asymptomatic adults to children, could be another plausible cause of virus 

transmission during these conditions (330).  Meanwhile, some research has indicated that the 

higher transmission of rotavirus in colder conditions may not be directly related to lower 

temperatures per se, but rather, be the result of unfavourable conditions for rotavirus 

transmission during hot summer days, given the lower survival rate of rotavirus at higher 

temperatures and in higher humidity (314, 334).  

The inverse association between rotavirus infection and temperature observed in our study is 

consistent with previous studies conducted in the Netherlands and Great Britain (237, 243), 

Spain(326), Australia (242), Turkey (245), Hong Kong (327) and Indonesia (234). These 

studies were conducted in a diverse climatic zones, ranging from cool temperate, dry 

temperate, sub-tropical coastal to a humid tropical, and spanned diverse socio-economic 

contexts, yet have reported similar findings to our results recorded in a sub-tropical highland 

climate, strengthening evidence for the negative association between rotavirus infection and 

temperature irrespective of the climate type. A multisite study including Bhaktapur city, 

Nepal, also reported an inverse association between rotavirus infection and temperature (103). 

Bhaktapur city shares its boundary with Kathmandu city, and both cities have similar climatic 

characteristics. Colston et al, (103), however, have adjusted for additional variables including 

soil moisture, solar radiation and specific humidity in their final model while estimating the 

effect of daily mean temperature on rotavirus infection in Bhaktapur city.  
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Two separate systematic reviews and meta-analyses on the seasonality of rotavirus in South 

Asian and Tropical countries have reported a 1.3% and 10% (95% CI: 6-13%) decrease in 

rotavirus infection respectively, with a 1°C increase in mean temperature (232, 314). These 

studies have only used mean temperature as the primary exposure variable, but we have used 

all three temperature indices to measure the exposure-response relationship between 

temperature and rotavirus incidence in our study. In addition, most of these studies have 

assumed a linear relationship between rotavirus and temperature except for one study in the 

Netherlands (243, 314). In contrast, we have used a distributed lag non-linear model to 

estimate non-linear and possible lag association between temperature exposure and risk of 

rotavirus infection, as the use of conventional modelling strategy using splines and an 

unconstrained distributed lag model to account for non-linearity may result in imprecise 

estimates with wider confidence intervals due to a higher correlation between lag terms used 

in the model (268). 

Contrary to the findings of a majority of previous studies, a study from Bangladesh reported 

that a higher temperature (mean temperature) above a threshold (29 °C) was positively 

associated with an increased risk of rotavirus infection (204). For this reason, most of the 

high-temperature weeks coincided with heavy rainfall in the study site (Dhaka), a complex 

interaction of several climatic factors which might have driven the temperature-dependent 

effect modification on rotavirus infection in this study (237) . Intriguingly, in our study, the 

risk of rotavirus infection appeared to increase with the increase in maximum temperature 

towards the 99th percentile; however, the result was not statistically significant and showed a 

very wide confidence interval, which could have stemmed from the relatively smaller sample 

size of rotavirus positive cases. Consequently, we checked for the weeks with a maximum 

temperature above 31 °C in our dataset, and discerned that mean relative humidity during 

these weeks was below the first quantile and that these weeks were dry with low rainfall (10 

weeks out of the 14 weeks had cumulative rainfall <2.5 mm), suggesting that dry weather 
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conditions with low humidity could have been responsible for the observed pattern of 

increased risk towards the higher percentile of maximum temperature. Several 

epidemiological and laboratory based studies have reported that low relative humidity and dry 

conditions can be conducive for insitu survival and higher transmission rate of rotavirus (232, 

314, 334), which may explain the aberrant observation of an increased slope of exposure risk 

curve for maximum temperature, towards the 99th percentile in our study. 

Besides the use of a distributed lag non-linear model, another strength of our study is the 

inclusion of minimum temperature as an exposure variable. Given the observed negative 

association between temperature and the winter peak of rotavirus infection in Kathmandu 

over the past decade (243, 275, 323, 325), it is essential to identify the minimum temperature 

range that poses a higher risk of infection among the exposed population. As observed in our 

findings, the risk of developing rotavirus infection is significantly higher at the lower 

quantiles (10th percentile as well as the 25th percentile) of the minimum temperature with 

reference to its median value. This observation implies that days with a minimum temperature 

between 4.2 °C to 7.8 °C represent high risk days for rotavirus infection among children in 

Kathmandu. Following this observation, to quantify rotavirus infection cases that could have 

been reduced with reference to the counterfactual scenario of lowest risk exposure (specific to 

minimum temperature), we used a backward attributable risk perspective and calculated 

attributable risk. From among the estimates of “dlnm” model, the lowest risk i.e., RR: 0.48 

(95% CI: 0.29-0.78), corresponding to 21 °C (minimum temperature) was used as a reference 

value. We observed that the attributable fraction of rotavirus infection specific to minimum 

temperature exposure was 47.01%, which means that nearly half of the cases of rotavirus 

infection can be attributed to minimum temperature. This finding implies that, among the 

temperature indices used in our study, minimum temperature is an important predictor of 

rotavirus infection in Kathmandu.  This information is crucial in minimizing the risk of 



 

130 
 

rotavirus infection among children through the adoption of safe food handing and hand 

hygiene practices (104). 

We observed an acute effect of temperature variation on rotavirus infection among children at 

different percentiles of all three indices of temperature. This finding  may be related to the 

fact that rotavirus is a self-limited diarrheal illness (among immune competent hosts) that 

lasts only a few days and has a relatively short incubation period i.e., approximately 2 days, 

and usually less than 48 hours (104).  Due to the unavailability of daily count data, we only 

used the weekly count of rotavirus infection cases, and the risk of rotavirus infection for 

different percentiles of temperature indices in our study was not significant at lag one or at 

subsequent weeks up to the fourth week (Supplement figure S5.4). Similar results indicating 

the acute effect of temperature on rotavirus infection have been reported in previous studies, 

including one from Nepal (103, 204, 237, 242). Atchison et al. (237), however, reported a lag 

effect of up to four weeks for the reported count of rotavirus, and an immediate effect for 

infection-rate parameters in their study conducted in the Netherlands and Great Britain. This 

prolonged lag effect could have been due to patients’ inaccurate recall, or recall bias, 

regarding the precise date of diarrhoea onset when attending clinical facilities for treatment of 

diarrhoea (335). However, the biological plausibility (if any exists) behind the prolonged lag 

effect of temperature in their study remains unexplained. 

Apart from temperature, we did not find a significant association between rotavirus infection 

and other meteorological variables i.e., mean relative humidity and total weekly rainfall. 

These findings mirror the results of studies from Great Britain, the Netherlands and Turkey 

(237, 245), and resonate with the findings of other epidemiological studies and laboratory 

based evidence (232, 314, 334). However, our findings did differ from those conducted in 

Australia (242), Bangladesh (204) and Hong Kong (327). Such differences could be due to 

geographical location, heterogeneities in socioeconomic conditions, demographic factors, 
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behavioural factors or other environmental factors that may interact with climatic factors, 

complicating the dynamics of disease epidemiology at a local level (336). 

The use of data from a single sentinel surveillance site may be a limitation of our study, as 

surveillance data only captures the proportion of cases seeking medical attention at the given 

facility. Hence, it is highly likely that rotavirus burden in Kathmandu is much higher, and the 

data analysed in our study may not necessarily represent all cases. Likewise, the use of 

weekly data spanning the period of four years for the purpose of a time series analysis may be 

another limitation of our study. We carried out subgroup analysis for gender, different age 

groups (stratified by months) and degree of dehydration to see if they are differentially 

associated with the exposure variables. Probably, due to the small sample size of our study, 

we could not find a significant association among gender, age groups and degree of 

dehydration with any of the exposure variables (maximum, minimum and mean temperature) 

used in the multivariate analysis (results not shown). Ideally, for trend analysis on the short-

term effect of exposure-response relationships in environmental epidemiology, daily data for 

a considerably longer time period is desired. Rotavirus is a highly contagious disease with an 

increased likelihood of transmission from person-to-person contact. As such, failure to 

include a Susceptible-Infected-Recovered (SIR) model in our analysis may undermine the 

influence of host immunity on rotavirus transmission in our ecological model (337). A 

common problem associated with conducting epidemiological studies in low- and middle-

income countries is the unavailability of updated information on demographic characteristics 

of the study population. The unavailability of this data, and other relevant health information, 

constrained us from conducting regression analysis using SIR parameters in our time series 

model. Despite these limitations, the major strengths of our study are the use of laboratory-

confirmed cases on rotavirus infections furnished by a member laboratory of the Asian 

Rotavirus Surveillance Network, and the use of a distributed lag non-linear model for 

estimation of the exposure-response relationship. 
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In conclusion, our analysis demonstrated an inverse non-linear association between rotavirus 

incidence and all three indices of temperature, indicating a higher risk of infection during the 

cooler times of the year, and lower risk during the hotter times, in Kathmandu, Nepal.  
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Supplementary materials 
 

Supplementary table S5. 1 Model sensitivity test with different pair  of harmonics. 

 

 

Predictor 

variable 

Number of 

Harmonics 

Cumulative RR for 

10th percentile of 

temp. 

Cumulative RR for 

25th percentile of 

temp. 

Cumulative RR for 

75th percentile of 

temp. AIC 

mean_temp 3 1.35(0.97-1.88) 1.24(0.90-1.70) 0.64(0.44-0.93) 844.2 

mean_temp 4 1.44(1.02-2.02) 1.29(0.93-1.78) 0.59(0.40-0.86) 842.6 

mean_temp 5 1.45(1.03-2.04) 1.31(0.95-1.82) 0.64(0.43-0.95) 844.4 

mean_temp 6 1.47(1.04-2.07) 1.30(0.94-1.81) 0.65(0.43-0.97) 846.0 

mean_temp 7 1.52(1.08-2.15) 1.35(0.97-1.88) 0.64(0.43-0.95) 841.1 

mean_temp 8 1.53(1.08-2.15) 1.35(0.97-1.88) 0.63(0.42-0.94) 844.8 

mean_temp 9 1.53(1.08-2.16) 1.35(0.97-1.88) 0.64(0.43-0.95) 848.3 

max_temp 3 1.66(1.24-2.24) 1.64(1.12-2.13) 0.94(0.83-1.06) 847.5 

max_temp 4 1.80(1.30-2.57) 1.61(1.16-2.22) 0.95(0.80-1.04) 847.5 

max_temp 5 1.78(1.31-2.43) 1.62(1.17-2.24) 0.95(0.83-1.08) 846.3 

max_temp 6 1.87(1.36-2.56) 1.69(1.22-2.36) 0.98(0.86-1.13) 846.9 

max_temp 7 1.93(1.40-2.65) 1.73(1.25-2.42) 0.97(0.84-1.11) 844.0 

max_temp 8 1.94(1.41-2.67) 1.74(1.25-2.42) 0.97(0.84-1.11) 847.3 

max_temp 9 1.94(1.41-2.67) 1.73(1.24-2.41) 0.97(0.84-1.12) 851.0 

min_temp 3 1.27( 0.94-1.71) 1.20(0.95-1.52) 0.61(0.47-0.78) 842.1 

min_temp 4 1.38(1.01-1.88) 1.31(1.02-1.68) 0.57(0.44-0.74) 840.9 

min_temp 5 1.36(0.99-1.85) 1.29(1.01-1.66) 0.59(0.45-0.76) 841.8 

min_temp 6 1.36(0.99-1.18) 1.28(0.99-1.64) 0.59(0.46-0.77) 843.1 

min_temp 7 1.42(1.04-1.95) 1.29(1.03-1.67) 0.60(0.46-0.78) 839.2 

min_temp 8 1.42(1.04-1.95) 1.29(1.02-1.72) 0.60(0.37-0.76) 842.6 

min_temp 9 1.42(1.04-1.95) 1.30(1.01-1.67) 0.59(0.46-0.77) 846.6 
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Supplementary Figure S5. 1 Spearman's correlation plot of the study variables. 

 

 

Supplementary Figure S5. 2 Histogram and QQ plot of the residual vs. simulated distribution 

shows data are not over dispersed. 
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Supplementary Figure S5. 3 Autocorrelation and partial autocorrelation plots of model for 

maximum temperature (A), mean temperature (B) and minimum temperature (c
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Supplementary Figure S5. 4 Lag specific effects of rotavirus risk at 10th, 25th, 75th and 99th percentiles of maximum temperature with reference 
to the median value. 
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Supplementary Figure S5. 5 Lag specific effects of rotavirus risk at 10th, 25th, 75th and 99th percentiles of mean temperature with reference to the 
median value 
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Supplementary Figure S5. 6 Lag specific effects of rotavirus risk at 10th, 25th, 75th and 99th percentiles of minimum temperature with reference 
to the median value
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Chapter 6 Study 3: Climate change and infectious disease 
research in Nepal: Are the available prerequisites supportive 
enough to researchers? 
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Abstract 

Although Nepal has been identified as a country highly vulnerable to adverse health and 

socioeconomic impacts arising from climate change, extant research on climate sensitive 

infectious diseases has yet to develop the evidence base to adequately address this threat. In 

this opinion paper, I identify and characterise basic requirements that are hindering the 

progress of climate change and infectious disease research in Nepal. My considered view is 

that immediate attention should be given to strengthening Nepal’s public health surveillance 

system, promoting inter-sectoral collaboration, improving public health capacity, and 

enhancing community engagement in disease surveillance. Moreover, I advocate for greater 

technical support of public health researchers, and data sharing among data custodians and 

epidemiologists/researchers to generate salient evidence to guide relevant public health policy 

formulation aimed at addressing the impacts of climate change on human health in Nepal. 

International studies on climate variability and infectious diseases have clearly demonstrated 

that climate sensitive diseases, namely vector-borne and food/water-borne diseases, are 

sensitive to climate variation and climate change. This research has driven the development 

and implementation of climate-based early warning systems for preventing potential 

outbreaks of climate-sensitive infectious diseases across many European and African 

countries. Similarly, I postulate that Nepal would greatly benefit from a climate-based early 

warning system, which would assist in identification or prediction of conditions suitable for 

disease emergence and facilitate a timely response to reduce mortality and morbidity during 

epidemics.   

Key words: climate change, infectious diseases, public health, Nepal 
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6.1 Introduction 

Although the role of climatic variables and associated environmental factors in exacerbating 

the spread of infectious diseases has been known for centuries, extensive research 

investigating the impacts of climate variability on infectious diseases soared towards the end 

of the twentieth century (51, 338, 339). Abundant literature on climate variations and 

infectious diseases published over the last two decades has clearly demonstrated that climate-

sensitive diseases, namely vector-borne and food/water-borne diseases, are highly affected by 

climate variability and climate change (47, 340, 341). Based on the evidence generated from 

extensive epidemiological studies, several American, European and some of the African 

countries have envisaged and implemented climate-based early warning systems for 

preventing potential epidemics of infectious diseases in the near future (342-345).  

In the context of Nepal, despite a high prevalence of climate sensitive infectious diseases, 

limited evidence is available on the effect of climate change on infectious diseases 

transmission. A systematic review on climate change and vector borne disease in Nepal 

published in 2015 identified eight studies that have examined the association between vector 

borne diseases and climate variables (14). However, most of these studies were entomological 

studies that explored spatiotemporal distributions of disease vectors and offer little 

epidemiological insights on the risk of infectious disease incidence in changing climate. 

Although the primary objective of this paper is not to synthesise current evidence on climate 

variability and infectious disease in Nepal, a brief summary of updated evidence is presented 

in table 6.1.   

In this opinion paper, we identify challenges with basic prerequisites that might be hindering 

the progress of climate change and infectious disease research in Nepal. We highlight key 

problems in the public health agency that need immediate attention, to support public health 

researchers in generating evidence to guide relevant public health policy formulation for 

mitigating the impacts of climate change on human health in Nepal. 
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6.2 Climate change vulnerability in Nepal 

The land topography of Nepal is highly variable, ranging from high altitudes in the Himalaya 

Mountains in the north-western border area, to the low south-eastern plain at around 300 

metres above sea level (16). This range of altitudes strongly influences climate variability 

across the country, which has a total surface area of 14,7181km2 and extends across a narrow 

latitudinal distance, an average north–south width of 140km (Figure 6.1). The lowland region 

of the south-eastern plains has a warm and humid subtropical climate with summer 

temperature between 22–27°C, dropping to 10–15°C in winter. The high hills in the northern 

belt are considerably colder, ranging between 5–15°C during the summer with winter 

temperature dropping below zero (346). A vulnerability assessment report on climate change 

effects in Nepal suggests that mean annual temperature of Nepal will increase by 0.5°C to 

2.0°C by the 2030s and 1.7°C to 4.1°C by the 2060s, under a high emission scenario (292). 

The rate of warming in the Himalayan region has been reported to be greater by 0.06°C per 

year than the average warming rate at global scale (347).  A recent landmark report on the 

assessment of climate change impacts on the Hindu Kush Himalaya region has highlighted 

that the livelihood of almost two billion people (including 30 million Nepali people) 

inhabiting this region is under serious threat as a consequence of natural and anthropogenic 

climate change (348). The report highlighted increased environmental, social and economic 

vulnerability among people living in this region. In the context of Nepal, issues like rapid 

melting of the Himalayan glacier, poor nutrition, food insecurity and increased frequency of 

extreme rainfall events (an increment of 31% by 2021-2050 for Representation Concentration 

Pathway 4.5 and 88% by 2071-2100 for Representation Concentration Pathway 8.5, for 

Langtang basin of  Nepal) were identified a major concerns (348). 
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Figure 6. 1 Cross-section of Nepal’s topography with corresponding climate types. 

 

With a Human Development Index (HDI) score of 0.578 and a Gross National Income of 

US$2,472 per capita, the socioeconomic development status of Nepal is below the average 

value for South Asian countries (HDI= 0.638) and only above Pakistan (HDI= 0.562) and 

Afghanistan (HDI = 0.498) among countries in the Hindu Kush Himalaya region (321). Given 

the unique geophysical condition of Nepal in the Hindu Kush Himalaya region (the so called 

‘third pole’ of the planet), its highly diverse climatic conditions (tropical to tundra), rapid 

population growth, unplanned migration to urban cities and a high level of poverty, climate 

change is likely to exacerbate the burden of climate-sensitive infectious diseases in Nepal 

(274, 349). 
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Table 6. 1 Summary of updated evidence on the impacts of climate change on infectious disease in Nepal. 

 

Study  Study site Study period Disease Methods Evidence on climate change impacts 

Bhandari et al. 2012 (13) 
Jhapa 
district 

 
 
1999-2008 Diarrhoea Time series (ARIMA model) 

Despite a significant correlation, 
temperature was not found to be a predictor 
for diarrhoea incidence. 

      

Acharya et al.  2018 (31) Nepal 

 
Not 
mentioned Dengue 

Spatiotemporal analysis (maximum 
entropy ecological niche modelling) 

Under the different climate change 
scenarios, dengue in Nepal is likely to shift 
towards higher elevation region. 

      

Tuladhar et al. 2019b 
(28) 

Chitwan 
district 

 
 
 
2010-2017 Dengue 

Time series (negative binomial 
models) 

The incidence rate ratio of dengue cases 
was found to rise by more than 1% for 
every 1°C increase in minimum 
temperature. 

      

Tuladhar et al. 2019a 
(29) 

Upland 
hilly and 
lowland 
terai 

 
 
2015-2016 Dengue 

vectors 
Entomological survey (gamma 
regression) 

Temperature and rainfall effect showed a 
more significant influence on vector indices 
compared to humidity. 

      
      

Bhandari et al. 2020 
(350) 

Kathmandu 
district 

 
 
 
 
2003-2013 Under 5 

diarrhoea 

Time series (Quasi-Poisson 
regression with distributed lag linear 
model) 

Maximum temperature and rainfall were 
found to be significantly associated with 
childhood diarrhoea, with an additional 
1357 (UI: 410-2274) climate attributable 
diarrhoea cases projected by the year 2050 
under low-risk scenario of climate change. 
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6.3    Climate sensitive infectious disease: knowledge gaps 

Nepal is afflicted by various climate-sensitive infectious diseases including malaria, dengue, 

visceral leishmaniasis, Japanese encephalitis and infectious diarrhoea caused by pathogens 

including bacteria, parasites and viruses (22). Although Nepal’s National Adaption Programme of 

Action to Climate Change in 2010 (349) highlighted inadequacy of research on the impacts of 

climate change on infectious diseases transmission to inform evidence-based decision making, no 

significant progress has been achieved over last eight years (20). The National Adaption 

Programme of Action identified the public health sector as one of the sectors vulnerable to future 

climate change related events. In an effort to promote climate change research in Nepal, the 

National Adaption Programme of Action recognised the importance of an integrated network of 

resources and links to meteorological databases from various sources, and this led to the 

establishment of the Nepal Climate Change and Development portal. However, the portal in its 

current configuration may support environmental aspects of climate change research, but does not 

offer the necessary support to epidemiologists and public health researchers, as it does not 

include links to major infectious diseases databases and demographic data sets in Nepal (351). 

The recent unprecedented outbreak of dengue fever in Nepal, killing six people and hospitalising 

more than 8,000 (between June–September 2019), demonstrated that Nepal lacks preparedness 

and resources to manage the threat of climate-sensitive infectious diseases (352). Dengue fever 

was reported in Nepal for the first time in 2004, and since then it has been reported every year 

during the monsoon season, which indicates that rainfall can be an important predictor for dengue 

infection. The existing infectious diseases control approach in Nepal focuses on disease-specific 

vertical programs, and has ignored the opportunity to design and utilise a climate-based early 

warning system for prevention and control of infectious diseases. Hence, it is important to 

conduct public health research to assess the health risk of climate change on vector-borne and 

food/water-borne diseases in Nepal, identify the attributable contributions from climate change, 
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project the future challenges due to climatic and demographic changes, and improve the capacity 

of existing health care system in Nepal to deal with such challenges. 

6.3.1 Infectious diseases data sources 

The Nepalese Department of Health Services, under the Ministry of Health and Population, has 

dedicated divisions to collect infectious diseases data and maintain a national registry of 

infectious diseases in Nepal (353). The Integrated Health Management Information Section and 

the Epidemiology and Disease Control Division work in tandem to collect data and relevant 

information on infectious diseases from public health facilities and some private facilities (<50% 

coverage) across the nation. The Epidemiology and Disease Control Division in particular is 

responsible for carrying out routine hospital-based sentinel surveillance of major notifiable 

diseases (malaria, kala azar, dengue, scrub typhus, acute gastroenteritis, cholera, and severe acute 

respiratory infection), across public health facilities participating in the surveillance system 

through a weekly reporting mechanism (average coverage rate is above 80%). Besides this, an 

Early Warning and Reporting System and active syndromic surveillance of diseases are deployed  

after disaster events by the Epidemiology and Disease Control Division (354). In addition to 

these potential sources of infectious diseases data that are gathered by Epidemiology and Disease 

Control Division, several vertical surveillance programmes especially for immunization 

preventable diseases are in operation, mainly regulated by the World Health Organisation 

Immunization Preventable Disease division. Likewise, vertical surveillance of several other 

diseases of interest (i.e. of interest to funding agencies) are carried out, mainly regulated by 

research and academic institutes in collaboration with external donor/funding agencies or foreign 

universities (10).  
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6.4 Challenges for public health researchers 

Unlike in developed nations, epidemiologists and public health researchers in low-income 

countries like Nepal face several challenges when conducting studies related to climate change 

and human health (355). Besides the underperforming economy, inadequate funding, political 

instability, shortage of trained staff and inadequate provision of capacity-building opportunity for 

public health researchers, there is an additional barrier — poor quality infectious diseases 

datasets — that epidemiologists and public health researchers in Nepal have to overcome (355). 

6.4.1 Infectious diseases data–related challenges: In order to shift from a surveillance and 

response strategy to a prevention strategy through establishment of a climate-based early warning 

system, an effective mechanism to systematically collect, analyse and interpret infectious disease 

data is indispensable (256). Among several intrinsic challenges commonly experienced in low 

and middle-income countries, public health data quality-related issues are a major hindrance to 

the progress of climate change and human health research in Nepal. Moulton et al. (250), in their 

recent assessment of the strengths of public health agencies in the United States, identified four 

core components of public health surveillance systems, which support climate change and health-

related research and, adaptation to climate change. These are: appropriate indicators and data 

availability; an electronic system or network for data sharing and analysis; a skilled workforce; 

and supportive policies. They regarded good quality public health data to be the back bone of an 

effective public health system. In the context of Nepal, several aspects of a utilitarian public 

health database are substandard or missing in certain cases. Environmental epidemiologists and 

researchers utilising these datasets for research and health intervention purposes have to contend 

with issues such as: a lack of a centralised electronic database on infectious disease burden 

(which is routinely collected and dis-aggregated, daily or weekly); the unavailability of long-term 

historical data on infectious diseases epidemiology; poor quality existing health data; a lack of 
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spatial data on disease incidence cases; and a lack of data linkage and sharing among data 

custodians and researchers (356, 357). 

The Epidemiology and Disease Control Division regularly dispatches reports on infectious 

disease epidemiology in the form of weekly bulletins with an objective to support decision-

makers in identifying public health priorities and resource allocation. However, data made 

available through these reports are of limited use for secondary analysis by public health 

researchers and environmental epidemiologist, as the reports simply mention aggregated counts 

on disease burden. They have insufficient information on: disease onset dates, socio-economic 

and demographic characteristics, detailed spatial information, and the water quality or hygiene 

status of disease incidence locations. The best approach to identify climatic drivers of infectious 

diseases and estimate the effects of climate change on infectious diseases dynamics is 

epidemiological studies using empirical or mechanistic (process-based simulation) statistical 

models (255, 358). However, the publicly available information on infectious diseases in Nepal 

does not support sophisticated statistical analysis of infectious disease patterns in relation to 

climatic drivers, to generate sufficient evidence and to guide climate change and human health-

related policy formulation. Similarly, sources of data on immunisation coverage, vector density, 

and rodent density surveillance are limited to ad hoc surveys and research work carried out by the 

private sector, and are not easily accessible by public health researchers and policy makers. 

6.4.2 Financial/Economic Challenges: Nepal has been heavily dependent on international donor 

agencies and philanthropic organisations for the conduct of health research since the 

commencement of the first-ever health research undertaken in Nepal in 1952 (10). In the fiscal 

year 2018–19, the cluster-wise allocation of budget in the health sector for the Health 

Management Information System, disease survey/surveillance, and health research combined was 

1% of the total NPR56.41 billion (1 NPR~ 0.0091 USD) budget allocated for the Ministry of 
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Health and Population (359). Given the low financial capacity of the state to invest in health 

research and given also the absence of adequate research-based evidence on the health impacts of 

climate change in Nepal, Nepalese researchers are forced to try to attract international donors to 

invest in climate health research, which is challenging (355).  

6.4.3 Public health capacity-related challenges: Public health professionals in Nepal are deprived 

of knowledge related to recent advancements in techniques and skills in the environmental health 

sector due to the lack of opportunity to upgrade their skills through appropriate training, 

including by attending international conferences (360). Institutions in Nepal only offer general 

public health training, so that professionals and researchers interested in a specific field of public 

health, such as environmental epidemiology, will have to partially rely on the free sources of 

information, such as internet, in their attempt to compensate for inadequate training opportunities 

(360). In addition, Nepal faces a shortage of skilled researchers capable of carrying out trans-

disciplinary public health research (355), primarily due to the preference of highly trained native 

researchers to settle in developed countries (361).  

6.4.4 Political challenges: Like any other aspect of the health sector, promotion of public health 

research in Nepal has been impeded by Nepal’s ever changing political landscape (362). Frequent 

changes in government have interfered with several national priorities, including public health 

policies such as promotion of the Planetary health in Nepal program established after the 2015 

Gorkha earthquake (that resulted in 9000 deaths and left 18,000 injured) (363). Although the 

Nepalese government has recognised the potential impacts of climate change on health in 

developing several policies and plans such as the NAPA, the Climate Change policy in 2011, and 

several other documents (20), implementation of these policies remains uncertain given that the 

country has continued to grapple with political uncertainties and frequent changes in government 

over the past two decades.  
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Despite these challenges, a handful of entomological and time series studies have attempted to 

estimate the association between climate change and infectious diseases in Nepal (13, 364, 365). 

These studies have clearly demonstrated that vector-borne diseases such as malaria, lymphatic 

filariasis, and dengue, as well as food and waterborne diarrheal diseases, are highly associated 

with climate change (28, 350, 364, 365). However, attribution of these observations to climate 

change is still awaiting confirmation, which can only be achieved by carrying out well-designed 

epidemiological studies utilising long-term surveillance data. Furthermore, the compounding 

effect of demographic changes and other non-climatic factors (social, economic and other 

environmental factors), along with climatic variation are likely to play important roles in future 

transmission of these diseases. Hence, future studies estimating the projected burden of these 

climate-sensitive diseases are necessary to allocate adequate resources for infection control and 

planning effective adaptation policy. 

6.5  Future directives and priorities to promote climate change and infection disease 
research in Nepal 

The latest Lancet countdown report (2019) on health and climate change reported future climate 

scenarios to be more conducive and suitable for transmission of climate sensitive infectious 

diseases like dengue, malaria and cholera (26). Given, the increasing threat of climate sensitive 

infectious disease and a paucity of epidemiological evidence to support public health decision 

makers in Nepal, we argue that following priorities should be addressed within next five to ten 

years to support public health researchers in generating evidence to guide relevant public health 

policy formulation in the context of climate change on human health. 

6.5.1 Strengthen Public Health Surveillance systems: We believe evaluation of the infectious 

diseases surveillance system, as well as a relevant public health data collection system, is 

necessary. Stakeholders, including the infection control division, the environmental health 

division, the national planning commission, researchers, and policy makers working in the public 
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health sector of climate change and human health, should be consulted to identify their needs 

from the surveillance systems. Particularly, the quality of surveillance data and periodicity of data 

collection should be revised such that data available from these sources meets the minimum 

requirements for exploring attributable risk of infectious diseases to climate change, projection of 

future burden of diseases attributable to climate change, and the establishment of a climate-based 

early warning systems. Apart from disease surveillance, the system should extend its service to 

routine surveillance of arthropod vectors and effective vector control program to check 

spatiotemporal distribution of vectors. The public health division should encourage inter-sectoral 

collaboration and linkage of data from various sources to share information and data (health, 

meteorological, demographic, and socioeconomic data) between the data custodians, researchers, 

and policy makers. 

6.5.2 Inclusion of additional climate sensitive infectious disease under the notifiable disease 

category: Given that it is feasible from a financial and technical point of view, we believe it is 

desirable to include information on additional epidemic-prone and climate-sensitive diseases such 

as salmonellosis, campylobacteriosis, meningococcal meningitis, enterohemorrhagic E. coli, 

shigellosis and viral causes of diarrheal and respiratory infections, in the routine surveillance 

system in order to better understand the impacts of climatic factors on infectious disease in 

Nepal. 

6.5.3 Establishment of an integrated digital network of interdisciplinary experts to support data 

sharing and inter sectoral collaboration for public health research on climate change: In 2009, 

the European Centre for Disease Prevention and Control  proposed an integrated network of 

epidemiologists, meteorologists, remote sensing experts, and entomologists to facilitate public 

health research in the climate change and human health sectors, and this led to the formation of 

the European Environment and Epidemiology (E3) Network (342). Similarly, the US Center for 
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Disease Control and Prevention set up the National Environmental Public Health Tracking 

Network to support environmental health researchers by providing access to health data and 

environment data through a single platform (366). Establishment of such a network in Nepal 

could promote environmental health research and generate key evidence to guide policy on 

climate change and human health. As the Nepal Climate Change and Development portal is 

already in existence, linking data from Epidemiology and Disease Control Division, Integrated 

Health Management Information Section and the Central Bureau of Statistics to the portal could 

be a viable solution to some of the problems faced by public health researchers. 

6.5.4 Public health capacity building, international co-operation and aid, and increasing 

funding sources: We believe public health courses in Nepalese academic institutions should 

switch their focus from a general Masters in Public Health programme to more specific fields 

such as environmental and occupational health, biostatistics and epidemiology, and health 

promotion to institutionalise climate change and human health adaptation research (360). 

Provision of adequate training (for faculty staff from major health institutes of Nepal, for public 

health professionals and researchers from the Department of Health Services and the Nepal 

Health Research Council) should be arranged on a regular basis through faculty exchange 

programs with reputable universities in developed countries. Budget allocations for health 

research need a significant boost and the health sector budget allocation needs to be prioritised 

similarly to that of programs including environmental health research and infectious diseases 

surveillance. Inadequate funding from the state for research on environmental health and diseases 

surveillance can be compensated for to some extent by planning collaborative studies with 

universities in other countries on relevant climate change and human health projects based in 

Nepal. 
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6.5.5 Engaging community in infectious disease surveillance and climate change research 

programs: Evidence from previous studies on community engagement in public health 

surveillance and climate change research programs has highlighted the importance of social and 

cultural factors along with local knowledge in disease detection/reporting and adaptation 

strategies to deal with the effects of climate change (367, 368). Nepal has a strong community 

health volunteer network that has been successfully used to achieve several public health goals, 

including: improved maternal and child health outcomes; effective implementation of 

immunisation programs and; control of non-communicable diseases. This existing network of 

community health workers can be trained and deployed in surveillance of infectious diseases, in 

conjunction with epidemiologists. In our opinion, involvement of community members who are 

directly bearing the health effects of climate change in research can help generate enhanced 

localised evidence to improve adaptation policy in a specific context 

6.6  Concluding perspective  

 As envisioned in the 2013 World Health Report by the World Health Organisation, in order to 

achieve health goals and sustainable development goals, particularly the goal to take action to 

combat climate change and its impacts (Sustainable Development Goal 13), all countries 

including low and middle-income countries should be both consumers and producers of research 

(369). Given a quarter of the global burden of diseases can be attributed to various environmental 

risk factors (370), and given also the vulnerability of the Nepalese population to adverse impacts 

of climate change, promotion of epidemiological studies assessing the impacts of climate change 

on infectious diseases in Nepal is urgently needed. The difficulty of generalising about health 

outcomes from one setting to another, when many diseases have important local transmission 

dynamics that cannot easily be represented in simple relationships, further highlights the 

importance of conducting such studies in vulnerable countries like Nepal. 
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 Impediments to the conduct of environmental health research in Nepal, such as political 

instability, can be expected to be overcome by the establishment of a stable government under the 

recently adopted federal system. Meanwhile, issues related to public health agencies, health care 

workforce capacity, and funding agencies need to be addressed urgently, to foster climate change 

and health research in Nepal and generate sufficient and updated evidence to guide health policy, 

which accounts for the impact of climate change. To reiterate, evaluation of current notifiable 

diseases surveillance practice is desirable to improve the quality of infectious disease data so that 

this rich data source can be used by public health researchers and stakeholders. It would be 

advisable to also review: the frequency of reporting (preferably daily); completeness of reporting; 

inclusion of more public and private health service providers; and the possibility of collection of 

dis-aggregated data on the socio-economic, spatial, and demographic characteristics of cases.  

South Asia (Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan and Sri Lanka) 

bears a significant proportion of the global burden of infectious diseases, which can be attributed 

to factors such as: a weaker health system capacity, rapid urbanization and land use, poor 

sanitation and hygiene, high population density, low socioeconomic status and a higher 

vulnerability to climate change (371, 372). The institutional capacity of this region, including its 

diagnostic laboratories and surveillance systems, are under resourced and often fragmented; 

hence they are less organised to support the establishment of early warning systems for epidemic-

prone and climate-sensitive infectious diseases(371, 372). Advancement in epidemiological 

techniques (in statistical and mathematical models) have led to optimism about holistic 

investigation and prediction for climate-sensitive infectious diseases, by making use of high 

quality observational data on climatic variables, disease incidence, spatial distribution, hygiene 

coverage, socio-economic status, land coverage, disease susceptibility, and the vulnerability 

index (373, 374). Improved disease intelligence collection (integrated surveillance system), as 
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well as cross-disciplinary and trans-border collaboration among South East Asian countries will 

be needed in future to curb the threat of climate change on infectious diseases transmission in this 

region. 
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Chapter 7 Study 4: A qualitative study on the social, cultural, 
political and institutional factors associated with the surveillance of 
infectious diseases in the context of a changing climate in Nepal 
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Abstract 

The dynamics of infectious disease transmission is changing under the influence of climate 

change, urbanisation, population growth and increasing trends of travel and migration. This is 

challenging the conventional approach of disease surveillance and highlights the need for inter-

sectoral participation and interdisciplinary collaboration. In this study, semi-structured interviews 

are conducted in Nepal amongst key informants from the Department of Health Services, Health 

Information Management System, Department of Hydrology and Meteorology, World Health 

Organization (WHO), and experts working on infectious disease and climate change in the 

country. Interviews explored socio-cultural, political and institutional issues associated with 

infectious diseases surveillance in the context of a changing climate. A critical realist theoretical 

lens is used to analyse how climate change has been variably constructed as a contingent risk for 

infectious diseases transmission and public health systems. More specifically, this analysis 

articulates how climate change and its impact on infectious diseases surveillance is treated less 

seriously than other ‘more salient’ public health risks.  Consequently, resources are invested in 

addressing public health threats considered to be more urgent. Our findings expose a weak 

alliance among different stakeholders, particularly policy makers and evidence generators, that 

results in the continuation of traditional practices of infectious diseases surveillance without 

consideration of the impacts of climate change. I argue that, along with strengthening systemic 

issues (epidemiological capacity, data quality and inter-sectoral collaboration), it is necessary to 

have a strong political commitment by the nation and prioritisation of climate change as an urgent 

public health issue by the stakeholders: this may then support the integration of climate change as 

a present and growing factor in infectious diseases surveillance in Nepal. 

Key words: Climate change, infectious diseases surveillance, qualitative, Nepal, medical 

hegemony 
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7.1 Introduction 

Climatic factors were believed to play a crucial role in determination of health and wellbeing of 

humans as early as 400 B.C., evident in the treatise titled On Airs, Waters and Places in which 

Hippocrates indicated a probable causal relationship between seasonal change, temperature 

variation, and disease (43). According to ancient writings and artefacts — even before the 

establishment of the notion of infectious agents — Roman aristocrats were believed to have 

practised seasonal migration to high areas such as hills during summer months to avoid malaria 

(7). By the end of the 20th century, scientific insights into the relationship between climate and 

infectious diseases had become increasingly concerned about unprecedented environmental 

changes (7, 50). This alarm drove epidemiologists, and the broader public health community, to 

undertake extensive research on climate change and health that demonstrated that infectious 

diseases, particularly vector-borne and food/water-borne diseases, are highly sensitive to climate 

change (341, 375).  

By the end of 20th century, there had been a significant reduction in global mortality attributed to 

infectious disease. Yet continued surveillance of infectious diseases remains a high priority due 

to its important role in reducing morbidity and mortality due to infectious diseases, both across 

the globe and more specifically in low-and middle-income countries (376). Evidence from 

continuous surveillance of infectious disease supports public health authorities to design, refine 

and target specific intervention measure or guide strategic action to control and monitor disease 

burden across populations, whilst striving to realise Sustainable Development Goal 3 (Good 

Health and Well-Being).  

Higher incidence of infectious diseases are frequently documented following extreme weather 

events such as flood, hurricane, drought and heatwaves (105). Such events, and subsequent 

disease outbreaks, are predicted to increase in magnitude due to the effects of anthropogenic 
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climate change (377). More recently, the 2020 Report of The Lancet Countdown on Health and 

Climate, noted that one impact of climate change is an increase in climate suitability for 

transmission of infectious diseases like dengue, malaria and cholera (24). As such, the World 

Health Organization has identified surveillance of infectious disease as an urgent priority in the 

context of a changing climate (375). Regular surveillance of infectious diseases helps to 

understand the change in disease patterns and trends in response to climate change: this 

information can contribute to better management or prevention of such disease outbreaks. 

Effective surveillance of infectious diseases in a changing climate is reported to be contingent on 

multiple factors including data availability, nature of surveillance system in place, work force 

capacity, stakeholder knowledge and implementation of well-informed policies (250, 255). 

Moreover, there is significant influence of social, cultural and political factors on surveillance 

practices. To date, there has been very little research of this facet of surveillance systems, mainly 

due to their complex nature (250, 255, 259, 261, 262). This current study aims to address this gap 

and explore contextual issues of public health surveillance systems in Nepal in a changing 

climate. We aim to glean insights from participants on how socio-economic, cultural, and 

political issues are interacting with disease surveillance in Nepal in the context of a changing 

climate. In so doing, we suggest potential enhancements to infectious diseases surveillance 

systems of Nepal in the context of climate change. 

Infectious diseases surveillance and climate change 

Public health surveillance is defined as an ongoing systematic process of collection, analysis and 

interpretation of health-related data needed for planning, implementation, and evaluation of 

public health (251). It comprises a holistic practice that aims to explore the determinants of 

disease and health, identify disease pattern, risk factors and vulnerable populations to inform 

evidence-based policy for the detection of epidemics and its prevention and control, and 
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promotion of health. However, the conventional approach of disease surveillance is being 

challenged by the changing dynamics of infectious disease transmission under the influence of 

climate change, ecological change, increased travel and trade, urbanisation, population growth, 

and increased immigration trends in cities and regions, which highlights the need for inter-

sectoral participation and interdisciplinary collaboration (252-254).  

In a changing climate, infectious disease surveillance requires the establishment of an expanded 

set of activities that are characterised by the Building Resilience Against Climate Effects 

(BRACE) framework (260). The BRACE framework is a process of five sequential steps: 

vulnerability assessment, projection of disease burden, assessment of public health interventions, 

development and implementation of adaptions plans and impact evaluation of interventions. The 

BRACE framework was developed by the United States Centers for Disease Control and 

Prevention (CDC) to assist public health authorities to design specific programs and strategies to 

protect health of people from the adverse impacts of climate change (260). 

Other literature on climate change and public health surveillance underscore the critical 

importance of efficient data sharing amongst public health agencies and divisions to determine 

climate attributable risk, make projections on future health burdens, predict probable climate 

sensitive epidemics in future, and guide decisions on infection control programs (250, 254, 255, 

260). In recognition, disease control divisions in the US, Canada and European Union have 

established specialised networks (e.g. Environmental Public Health Tracking Network, Integrated 

Circumpolar Surveillance Network and The European Environment and Epidemiology Network) 

within their public health surveillance systems to track the changing dynamics and distribution of 

infectious disease under the influence of climate change (261, 262, 366).  Evidence from a 

decade-long operation of these surveillance networks has enabled these countries to establish 
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climate-based early warning systems for prediction and control of infectious diseases, with data 

sharing underpinning the effectiveness of these systems (378).  

Infectious disease surveillance in Nepal 

The history of infectious disease surveillance in Nepal dates back to 1996, marked by the 

establishment of a hospital-based passive surveillance system called the Early Warning and 

Reporting System (EWARS), under the control of the Epidemiology and Disease Control 

Division (EDCD), Ministry of Health and Population, Government of Nepal (379). In addition to 

EWARS, active surveillance of infectious diseases during outbreaks included water quality 

monitoring and surveillance (carried out by EDCD) to analyse and prevent potential epidemics. 

Following the elimination of polio, the Nepalese Acute Flaccid Polio (AFP) surveillance system 

was expanded in 2005 to integrate several vaccine-preventable diseases (like measles, rubella, 

Haemophilus influenza b and rotavirus) and to continue surveillance under the support of WHO 

Immunization Preventable Disease (IPD) (380). Collectively these surveillance systems 

complement the Nepalese Health Management Information system and they collect, analyse and 

use this data to inform the design of necessary interventions, as well as the policies that aim to 

control infectious diseases in Nepal.  

However, conventional surveillance practices and policies designed to minimise risk to public 

health from infectious diseases epidemics are, by themselves, ill-suited to respond to the shifting 

epidemiological dynamics of infectious diseases under the influence of future climate change 

(255). A limited number of studies on climate change and infectious diseases in Nepal provide 

evidence that diseases such as malaria, dengue and diarrhoea are highly influenced by the natural 

variation in the climate and anthropogenic changing climate (14, 350). For example, the 

unprecedented outbreak of dengue fever in Nepal — that also affected the historically less-prone 

Kathmandu city area (September – October, 2019) — killed six people and hospitalised nearly 
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8000 people. This suggests that surveillance systems in Nepal are unprepared for climate 

sensitive epidemics like dengue fever and respiratory virus illnesses (352). Meanwhile, it is also 

likely that Nepal’s public health surveillance systems lack the necessary resources and capacity, 

or a strong political will, to conduct and fund effective surveillance and attribution of infectious 

disease in a changing climate (381).  

Previous experience of working on climate sensitive infectious diseases in Nepal (350, 382), 

identified that current infectious diseases surveillance systems do not collect disaggregated 

datasets required to understand the impacts of climate change on infectious diseases transmission. 

We further realised that existing datasets on infectious diseases in Nepal are not analysed or 

interpreted by EDCD to reflect the trend or incidence pattern of infectious diseases in relation to 

climate change (12).  Given these infectious diseases surveillance systems are not considering 

diseases affected by climate change, there is a need to better understand social and structural 

factors that may affect the integration of climate change-related threats in disease surveillance. 

Findings of this research could help to direct the future integration of climate change components 

in disease surveillance systems and guide change in policy and practices across these surveillance 

systems to enable effective prediction and prevention of outbreak of climate-sensitive epidemics.  

7.2 Methods 

The study of complex health surveillance systems requires an approach that acknowledges the 

dynamic and complex nature of the social, political and cultural contexts of the system being 

studied (250, 255, 259, 279). As the father of modern pathology, Rudolf Virchow, stated: 

“medicine is a social science, and politics is nothing but medicine at large scale,” (383). 

Similarly, public health problems are embedded in society and are influenced by the social, 

cultural and political environment (383). These socio-cultural forces shape contemporary health 

problems as well as our approach to address them (384). Thus, we argue, the study of a public 
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health surveillance systems in the context of climate change requires more than the traditional 

positivist inquiry that depends upon experimental or statistical approaches that fail to account for 

the context or complexity of the role of social, cultural and political factors (277). Moreover, we 

argue that use of quantitative survey instruments in organisational research can oversimplify 

complex and dynamic social reality. A set of standard survey questions validated at a given 

setting or a population cohort may invoke simplistic responses that fail to capture the nuance of 

social systems, when used in a different social setting. At the core of a health system are 

individuals or groups of people whose behaviour is influenced by the unique culture of the 

individuals and the organisation: to understand the functionality of the system this culture must 

be appreciated and described (279).  

Hence, we use a qualitative research technique that employs critical realist (CR) epistemology to 

explore the socio-cultural and political problems associated with infectious diseases surveillance 

in the context of climate change for a low-and middle-income country like Nepal (279). CR uses 

social discourse as the starting point for systems research, but does not limit its inquiry to the 

interpretation of talk and text. It encompasses the  broader elements of the systems such as the 

physical, environmental, socio-economic and political context, which intrinsically regulates the 

operation of the system (385). This approach enables us to gain insights into the views and 

beliefs of stakeholders associated with the system, but also supports exploration of structural and 

contextual factors interacting with the system. 

Theoretical perspective 

We used a CR approach to study infectious diseases surveillance systems of Nepal and, 

understand the factors associated with infectious diseases surveillance in the context of climate 

change (386). CR is positioned between realist and relativist paradigms and is of growing interest 

among health system researchers. It is ontologically realist in that it adopts the position that 
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reality exists independent of human perception: while epistemologically, it takes a social 

constructionist view that our knowledge of the reality can only be created and shaped by human 

experiences with the natural and social world (278). The CR approach has been used recently in 

the evaluation of integrative care initiatives in Australia (387), as well as in health policy and 

systems research elsewhere in the world (388). CR researchers conceive language to be the 

architect of social reality that itself is theorised to be shaped by human interaction with the 

natural and social world (281). Put another way, as social reality is constrained within the 

material dimension that exists independent of discursive practices, the material constraints impact 

on the meaning of the social reality constructed from the discourse utilised by the actors (281, 

282). According to Carla Willig (282), the discourses employed by actors are accommodated 

within the underlying structures such as biochemical, social or economic structures, hence the 

ontological reality cannot be directly accessed, but can be inferred by interpreting the discourse in 

relation to these structures (p. 45). 

CR is widely used in climate change and public health research including climate change 

mitigation, vulnerability assessment, energy technology debates, stakeholders perception 

assessment and various other social aspects of climate change related outcomes (280, 283). Using 

a CR approach to qualitative data in this study enables us to consider that problems within a 

disease surveillance system are both socially constructed and influenced by material factors that 

are independent of the perceptions of an individual or a group. For example, the ability of a 

surveillance system to map vulnerability of a population towards infectious disease exposure, due 

to change in climatic conditions, can be contingent upon the very real problem of data availability 

and perceived societal need or expectations (284). Hence, a CR approach can incorporate the 

influence of material (e.g. budget), institutional (epidemiological and diagnostic capacity of 

health service providers) and discursive factors that may transform the significance of a problem 
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being studied when exploring the contextual issues of a disease surveillance systems in response 

to environmental stressors such as climate change. 

Data collection and data treatment 

Sixteen semi-structured interviews were conducted with key informants from the Department of 

Health Services (Epidemiology and Disease Control Division, Health Information Management 

System), Department of Hydrology and Meteorology, WHO-Nepal and experts working on 

infectious disease and climate change in Nepal. Participants were recruited by employing a 

purposive sampling technique, and included epidemiologists, infectious disease experts 

(physicians), public health administrators, surveillance officers, data managers, a focal person on 

climate change and health from WHO-Nepal and the Department of Hydrology and Meteorology, 

and academic researchers. Interview questions and preliminary codes were informed by the 

BRACE framework and other basic principles of public health surveillance as discussed in 

section 1.1 (260).  All interviews were audio recorded, transcribed into Nepali by myself and then 

translated into English. Transcripts were analysed using thematic analysis (389), an iterative 

process of reading and re-reading data to identify common patterns across the dataset, and 

generate overarching themes and subthemes. Coding of the interviews was done using NVivo 12. 

Both inductive and deductive coding techniques were employed in the analysis process. Themes 

generated from the reflexive analytic process were then subjected to an interpretive analysis to 

identify factors associated with infectious disease surveillance in the context of a changing 

climate. 

7.3 Analysis  

Three key themes were constructed from the interview data: 1) climate change and health is a less 

important public health priority; 2) medical reductionism; and 3) science policy interaction in 

climate change and health. These themes are discussed in subsections below. 
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7.3.1 Climate change and health: a less important public health priority 

Several participants emphasised a lack of sufficient empirical evidence to support the link 

between climate change and infectious diseases transmission: this served to characterise climate 

change as a lesser threat to public health problem than other well-known risks. This is 

exemplified in the extract below from an epidemiologist from the EDCD. 

We get (a) few cases of malaria, dengue and kala-azar in high altitude regions, 
but we don’t know why. There are few correlational studies and anecdotal 
accounts…. Mostly likely we cannot say anything without analysing temperature 
data over past 20-30 years.  

That's why I personally say… Is climate change responsible for these disease and 
conditions? I mean a strong causality, highly proved causality… is it due to 
climate change? Is climate change a determinant of these disease and their 
geographical expansion? I am not sure if we have a very strong evidence….  

Let’s say an article has been published… a correlational study but it cannot 
benefit policy makers, to convince policy makers, the ingredients required to 
claim it to be evidence, we don't have all these ingredients… 

(Epidemiologist, EDCD, QSNP01). 

This account from a senior epidemiologist suggests that the absence of strong local evidence on 

the impacts of climate change in disease transmission from Nepal is constraining public health 

officials from considering climate change as a determinant of infectious diseases transmission. In 

this account, the epidemiologist argues that random observations can’t be considered to guide 

policy decision-making on a complex public health problem like the impacts of climate change 

on infectious disease transmission. Indeed, attribution of climate change to public health 

problems like infectious disease transmission remains challenging and there remains little 

evidence for Nepal (12). How public health authorities consider climate change to be relevant as 

a global health issue can support the framing of policy and actions to mitigate the impacts of 

climate change on emergence and transmission of infectious diseases (5).   



 

169 

 

Further to a lack of empirical evidence, in the extract below, a stakeholder expresses the view 

that making climate change a public health priority is contingent upon whether it receives 

funding from external sources. 

In our context, climate change is a donor-driven issue. If WHO announces some 
funding support for climate change, it becomes a hot issue, an urgent issue. Not 
only WHO, we have some other donors like DFID, USAID and some other UN 
agencies. When they are ready to support climate change (it) becomes the biggest 
health issue. 

However, once the funding agency discontinues the support... It is all over. Do we 
have any information on the budget allocated by our government for climate 
change in health sector? No… not at all…. We have other important things to 
take care of!!!! 

(Senior Public Health Administrator, Ministry of Health and Population, 
QSNP03) 

This account from a senior public health administrator describes the Ministry of Health as 

prioritising — through the practical means of investing its resources and expertise — other public 

health issues that are represented as more important than the health impacts of climate change. 

Interestingly, climate change and health are portrayed to be issues of more interest to foreign 

donor agencies than the Nepalese government.  

This quote from a senior government bureaucrat further supports the case that Nepal has not yet 

succeeded in mainstreaming climate change into the national planning and budgetary system 

(390). According to the most recent report from the Ministry of Finance, the Government of 

Nepal (390), over the past five years only 5% of the total national budget has been allocated to 

developmental programmes that address climate change, that too not specifically allocated to the 

cluster, climate change and health (359). A review of previous work on public health aspects of 

climate change in Nepal reveals that most have been initiated and supported by international non-

governmental organisations (20). The failure of the state to take ownership of the issue may 
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undermine how climate change is discerned as a driver of infectious diseases transmission, 

subordinating it as a priority in the public health system. 

In the next extract, responsibility for funding an infectious disease alert system in the context of 

climate change is placed at the feet of much larger neighbouring countries. In this way, climate 

change is attributed to increasing industrial activities in China and India.   

The country which does not have industry, can it emit carbon? We are victims of 
emission from China and India…. victims of fossil fuel consumption by these 
countries. They need to do that, they are a booming economy… but we are victims 
… 

The next thing we should do is claim with them that we are victimised due to 
them… we should ask them to support us, we should lobby them that they should 
support us to contain this outbreak… 

If this is an actual variation due to climate change, we should ask them to build 
an alert system for us. Our people should not die (…) I feel it that way!!! 

(Senior authority, EDCD, QSNP02) 

In the above extract, the senior authority from EDCD contends that Nepal does not contribute to 

climate change (‘emit carbon’), chiefly because its economy is not industrialised or ‘booming’ 

like economies of India and China. With this logic, adverse impacts experienced by Nepal are 

singularly caused by neighbouring countries. In other words, Nepal is positioned to bear no moral 

or pragmatic responsibility for building resilience and adaptation capacity within the state.   

While Nepal’s greenhouse gas emissions are comparatively lower than neighbouring nations, its 

0.027% contribution to total global emission is not insignificant, even for a small country (20). 

Thus, characterising Nepal as a climate change ‘victim’ and eschewing responsibility for — 

rather than making proactive attempts to address — climate change-related impacts on health 

serves to relieve government agencies obligation to commit funding and act to strengthen and 

adapt infectious diseases surveillance systems in response to climate change.  
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Although the National Adaptation Program of Action to Climate Change (NAPA) 2010 for Nepal 

identified health as one of the key sectors vulnerable to climate change, the implementation of 

NAPA remains uncertain (20). By shifting the blame to larger countries, the construction of 

climate change as ‘someone else’s’ responsibility could be perceived to reduce or avoid 

accountability for failure to implement activities identified by NAPA and other national policies 

and plans on climate actions in Nepal. 

7.3.2 Marginalisation of the preventive medicine: a barrier to including climate change 

in infectious disease surveillance 

The discipline of public health is concerned with the protection of health of an entire population 

by preventing diseases, promoting health and curing diseases through organised efforts of society 

(391). These three pillars of public health — health promotion, disease prevention and protection 

— are hallmarks of a good health system and are essential to effective public health goals i.e., the 

improvement of the health of people (392). Imbalance in these three pillars can have 

consequences such as low quality of health services, inefficiency in the monitoring and control of 

diseases, and difficulty in the management of acute and chronic health conditions. One instance 

of imbalance of the ideal health care model is the dominance of a biomedical model over the 

disease prevention and health promotion model, otherwise known as medical hegemony (393). 

Medical hegemony refers to when a biomedical model of healthcare, or curative medicine, 

dominates, leading to the active suppression of alternative forms of healthcare and excessive 

practice of clinical medicine such as reliance on pharmaceutical interventions and hospital-

centred treatment (393). Medical hegemony in a public health system may underutilise the power 

of preventive medicine or health promotion and under value the role of social and behavioural 

science in public health (393). 
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A consultant from the WHO country office Nepal describes his experience with EDCD and 

public health systems in Nepal and emphasises the marginalisation of health prevention and other 

public health principles. 

In the context of Nepal, public health as a subject is not specialised, 
environmental health has not received much attention. Public health in our 
context operates under the shadow of medicine. The overall, public health sector 
in Nepal seems to be giving priority to outbreak detection, outbreak control and 
treatment. 

In general, (the) preventive aspect of public health has been ignored. Climate 
change and disease surveillance comes under preventive aspect of public health 
so, this mindset is the biggest constraint. So this mindset needs to change from the 
very top level.  

(Consultant, WHO country office Nepal, QSNP09) 

This extract was elicited when the stakeholder was asked about constraints faced by his team 

through their efforts to strengthen surveillance systems in Nepal. The speaker indicates that 

public health systems in Nepal have not utilised health prevention, but instead focus on disease 

detection and treatment.  Effective surveillance of infectious diseases and early warning or 

forecasts in response to variation in climatic parameters is an important aspect of preventive 

health, yet preventive aspects of health are given low priority. This disregard of basic principles 

of public health seems to be more prominent in the discipline of disease surveillance and 

outbreak management, where the primary aim is to prevent epidemics or mitigate the impacts of 

unavoidable disasters. According to this view, infectious diseases surveillance in Nepal operates 

with a selective goal of diseases or outbreak detection, remediation, or damage control rather than 

the identification of associated risk factors or causes of future outbreaks.  

In the extract below, an academic from a public health university reiterates the view that, in 

contrast to the identification and treatment of disease or ailments, health prevention is given 

lower priority, and the major focus of surveillance systems in Nepal is detection and treatment of 

diseases. 
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If there are infected cases, we treat them (…) whenever there are outbreaks our 
main priority is to control these outbreaks (…) once they are under control, we 
completely forget them.  

No one bothers (about) why these outbreaks happened? We don’t pay attention to 
find out the reason behind (an) outbreak to prevent such (an) outbreak in future. 
If we get them again in future, we will cure the cases and control the outbreaks 
and forget it again. 

(Senior academic from a public university, QSNP06) 

A focus on treatment and containing the spread of infectious disease are key facets of the medical 

and epidemiological practices dominated by a biomedical model. The above extract suggests a 

disregard towards preventive health by public health practitioners in Nepal. It further strengthens 

the argument that surveillance systems in Nepal undervalue the significance of epidemiological 

modelling for disease forecasting. One of the key facets of modern epidemiology is unravelling 

the potential causal mechanism of disease outbreaks, such that an effective intervention measure 

can be designed to prevent similar outbreaks in future. This narrative suggests that surveillance 

systems in Nepal operate with non-holistic or a selective goal of diagnosis or disease detection 

and treatment with little focus on disease prevention. At the structural level, it can be argued that 

the low funding capacity of the state, as discussed in the previous theme, has limited the scope 

and functioning of infectious disease surveillance systems in Nepal. Alternatively, this approach 

of disease cure rather than outbreak prevention may be related to the preference for medical 

graduates (rather than public health graduates and a diverse range of other relevant disciplines) to 

fill influential positions in public health divisions (360). Consequentially, the decision-making 

process within the public health division is strongly influenced by the mindset of professionals 

trained for curing disease rather than for health promotion and disease prevention.  

In the extract below, an epidemiologist from a private institution suggests that scholars from a 

medical science background exercise a strong grip within the public health sector in Nepal. 
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Respondent: There is nothing you can do when you don’t have database… It is a 
big problem and there isn’t much we epidemiologists can do about it. 

Researcher: You pointed database as a major problem, what else would you like 
to add? 

Respondent: Well planners and policy makers!!! People who are accountable for 
public health in Nepal…. I think public health sector in Nepal is over medicalised 
… It is like a norm in Nepal that only medicine graduates should do public 
health…  

They think everything is drugs, medicine is everything, as if medicine can solve 
all health-related issues. If there is a health problem they opt for medicine and do 
not bother other interventions like behaviour modification, environment 
manipulation…. They have pills for every health problem (…) so environment 
health is a distant topic for them.  

(Epidemiologist from a private institution, QSNP05) 

In the above extract, the stakeholder also makes the claim that public health sector in Nepal does 

not have proper databases to support researchers. Professionals with expertise in database 

management are suggested to be underrepresented in the public health sector of Nepal due to the 

preference for medical graduates within public health departments. Furthermore, the use of term 

‘medicalised’ following the statement about the database suggests that medical graduates in the 

public health department of Nepal may have greater influence on the decision-making process.  

The stakeholder also further attributes the medical hegemony in Nepal’s public health systems of 

Nepal to the health education system in Nepal e.g. “What qualifies to be a public health 

professional in Nepal?” This has always been a contentious issue, especially the eligibility 

requirements for public health training and education. High school graduates with a background 

in biological sciences or health sciences are eligible to pursue a career in health sector (medicine, 

paramedicine and other non-clinical specialities related to health sciences) and those with 

background in social sciences or other faculties are not permitted to pursue a career in health 

sciences, including public health and epidemiology. Traditionally, public health in Nepal has 

been a career goal for medicine graduates who are better incentivised or preferred for influential 
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positions, compared to students from a basic science background (360). Consequently, the field 

of public health and epidemiology in Nepal predominantly employs medical graduates. Yet, to 

cope with the challenges of emergence and re-emergence of infectious diseases posed by climate 

change, infectious disease surveillance systems need strong cadres of personnel with 

interdisciplinary expertise in a range of disciplines including environmental health, 

epidemiology, social and behaviour science, meteorology, science communication, health policy 

and health promotion (259, 263) . 

7.3.3 Science-policy interaction in climate change and public health surveillance 

In the absence of a shared consensus among stakeholders and decision makers on what 

constitutes important considerations for disease surveillance, it becomes very challenging to 

integrate climate change as a risk factor. Scientists are trained to generate knowledge for 

scientific audiences but have little if any training in communicating science to the general public 

and policymakers. Hence, the effective delivery of timely and accessible science information to 

policy makers is of paramount importance for effective decision-making in an interdisciplinary 

health system, like infectious diseases surveillance systems (259). However, science alone cannot 

provide policy solutions to many problems faced by society because of the complicated path of 

evidence into policy. Lack of trust and mutual respect between the science and the policy 

domains may lead to underutilisation of the evidence generated or may prompt questioning of the 

usefulness of the research undertaken (394). In practice, to serve the public interest, policy 

makers should arrange for support systems to rigorously evaluate scientific evidence and consider 

scientifically informed suggestions backed up by the best available evidence for decision-making 

(395). 

A focal person on climate change from the Department of Hydrology and Meteorology, when 

asked about the implications of climate change and support systems available for the health 
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sector within her department, expressed her discontent on the failure to communicate scientific 

information effectively with policy makers and other stakeholders in the following extract. 

If only government would listen to our demand and prioritise our needs, it would 
have a wide range of impact in different sectors. The biggest problem with 
meteorological division in Nepal, is (that) we have not been able to explain our 
potential to government or EDCD and they do not have capacity to understand it. 

(Focal person on climate change, Department of Hydrology and Meteorology, 
QSNP08) 

This extract represents a theme that was observed across numerous interviews. Policymaking is a 

complex process involving multiple stakeholders, including evidence generators, decision makers 

and the consumers or end users. If these stakeholders do not align, it makes it difficult to develop 

and achieve the shared goal of evidence-based decision-making to meet local needs. The speaker 

in this extract suggests that the government hasn’t been interested enough to listen to the needs of 

the Department of Hydrology and Meteorology. Conversely, it is possible that the department has 

not been able to effectively communicate their demands to the government. Furthermore, it seems 

that the EDCD is not aware of the weather forecasting potential of the meteorological 

department, which is one of the pre-requisites for climate-based disease forecasting outlined in 

the BRACE framework (260).  

Formulation of an effective policy on adaptation measures or mitigation of health effects of 

climate change, requires that concerned authorities must be educated or made aware of the 

current state of knowledge by the experts working in the field of public health. While the lack of 

effective science communication may contribute, the intentional or unintentional exclusion of 

experts from the process of policy discussion can also disrupt information flow to the relevant 

authorities. This theme is reiterated in an extract from a senior academic who portrays the 

government as not being interested in consulting experienced experts in planning surveillance 

priorities in the context of a changing climate.  
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 No one cares about suggestions of academics in this country. I would say, we are 
the last person this country would turn into for suggestion. No one values our 
contribution, no one values our research and evidence generated by us. 

Yes, this is the bitter truth… We would be very happy to contribute for (the) 
nation, to generate evidence for planning and policy formulation, to help 
government (…) for an instance we prepared training manual for health 
professionals on climate change without government’s support. We conducted 
training in different districts (…) I was very happy that I could contribute from 
my personal effort.   

But the country barely seeks our support. Government does not encourage and 
support us to generate evidence. If we do it with our own effort, they don’t bother 
listening to our findings. 

(Senior academic from a public university, QSNP07) 

National policy, and subsequent efforts for strengthening infectious diseases surveillance systems 

in response to the potential impacts of climate change, is contingent upon local evidence and the 

discrete needs of various communities, identified through rigorous scientific inquiry by experts. 

Evident from the above extract, is that there is a gulf between the public health experts involved 

in infectious diseases control and the policy makers. This lack of communication amongst 

stakeholders can reinforce the status quo of infectious diseases surveillance practice, and stop the 

system from transforming to cope with the future impacts of climate change on diseases 

transmission.  

To accentuate the theme, a freelance infectious disease consultant provided an alternative 

explanation of how infection control policy development was influenced by experts. In this 

account, a motivated reasoning on the part of stakeholders is implicated in policy development, to 

include or exclude particular experts to make the job of the leadership/politicians more 

convenient or secure their position.  

They only invite experts to show the public that they are involving experts in 
decision making and setting priorities. But (the) reality is different. They only 
listen to the experts who speak (the) government’s language. One who nods yes to 
everything the government speaks or proposes, their voices get heard. One who 
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disagrees for a good reason, they are ignored. In doing so, the government is 
playing a game and telling the public, “We are following experts’ suggestion”.  

(Freelancer infectious disease expert, QNSP13) 

In the above extract, the stakeholder suggests that the government invites experts who will 

support the government’s decision to legitimise preconceived beliefs held by the government 

rather than support ideas that are generated by the best available evidence (396). He contends that 

there is a bias in the selection of experts for consultation on public health issues. This practice 

was further exemplified by the Nepalese government’s selection of an expert panel and the 

resultant decisions and work practices of the Ministry of Health during the early days of the 

COVID-19 pandemic in Nepal (397). Similarly, a report published in The Lancet in 2010, 

exposed the temporary disruption in health services in Nepal triggered by corruption and political 

appointments into influential positions in public health sectors (398). In the Nepalese context, 

such practices frequently question the legitimacy of experts in policymaking processes. 

Furthermore, these practices highlight that policymakers need to be more neutral and invite 

opinions from a range of sources to identify local needs and evaluate and integrate these ideas to 

formulate policy to strengthen infectious diseases surveillance systems. 

7.4 General Discussion  

The analysis suggests that EDCD Nepal routinely prioritises imperatives other than the impacts 

of climate change on infectious disease epidemiology as it grapples with other aspects of regular 

surveillance practices.  The stakeholders interviewed in this study were either involved in 

infection control, disease surveillance or scientific consultation to EDCD and yet none of them 

had a remit to act on public health impacts of climate change. Despite being an urgent priority for 

consideration according to the IPCC and WHO, strengthening early surveillance and response to 

climate sensitive infectious diseases will only occur when authorities give higher priority to the 

impacts of  climate change on vector-borne and food-and water-borne infectious diseases 
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epidemiology and other public health imperatives (5). Research from China and Western Europe 

on ways to strengthen infectious disease surveillance in a changing climate highlights the public 

understanding of risk, and preventing and prioritising the issue of climate and health equally 

amongst the other public health problems such as control of non-communicable diseases (399, 

400). Although chronic diseases replaced infectious diseases as the leading causes of deaths — 

and shifted the focus of public health towards health promotion programs — there is an impetus 

for reinforcement of infectious diseases surveillance systems following recent outbreaks of 

infectious diseases following a series of natural disasters, and emergence of diseases like Middle 

East Respiratory Syndrome (MERS) and Sever Acute Respiratory Syndrome (SARS). 

Citing the absence of convincing local scientific evidence, participants employed a discourse that 

underplayed climate change as a public health threat. Such discourse may justify that fewer 

resources are allocated to target the impact of climate change on infectious disease control, and 

rationalise a focus on public health problems  that are perceived to be more compelling and 

locally salient (359). Public health priority setting is a product of both a situation analysis process 

to identify public health problems and deliberation by public health authorities of potential 

approaches to overcome these challenges (401). There are complex links between climate change 

and other interactions to changing patterns of infectious diseases incidence that make direct 

attribution difficult: explicit impacts may not be obvious, easily quantifiable or hence prioritised 

during routine situation analysis exercises (402, 403). Consequently, a government with limited 

financial capacity and resources may be obliged to consider trade-offs and support community 

health needs that are construed to be more obvious and pressing needs (401).  

Our study identified the marginalisation of preventive medicine in public health decision-making 

as an important factor that restrains the integration of climate change-related risk in routine 

surveillance of infectious diseases. Discounting the power of health promotion and disease 
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prevention and excessive focus to hospital centred disease cure model is a major hindrance to 

progress of several health reform goals, including universal health coverage (404). Investment in 

preventive public health measures, such as climate-based early warning and infectious diseases 

forecasting, allows early identification of conditions that may be conducive to a disease outbreak: 

this can enable effective public health interventions to be deployed in time to mitigate morbidity 

and mortality if the outbreak occurs (256). Mitigation of the impacts of climate change on 

infectious diseases transmission patterns requires collaboration across various disciplines to 

operationalise pertinent practices across the spectrum of public health principles (250). For 

effective functioning of a public health program, like infectious diseases surveillance, it is 

important to follow the core principles of public health, acknowledge the local context and 

understand the social structure of a public health systems. Based on our analysis, we argue that 

medical hegemony, or the dominance of curative medicine in health systems of Nepal, is 

entrenched in Nepalese society, which prefers medical graduates — intrinsically trained in 

individual-oriented medical care — to be the practitioners of public health (360). The discourse 

used by our participants made evident the colonisation of public health, an interdisciplinary 

subject, by a highly specialised cadre that is prevalent through the medical hegemony of the 

health care sector of Nepal.  

The Intergovernmental Panel on Climate Change (IPCC), through its practice of releasing 

summary of Assessment Reports to policy makers, confirms that relevant scientific advice in 

simple language is imperative to inform decision makers about climate change issues. Unless 

policy makers are informed of the potential threats of climate change, climate change and health 

cannot be a public health priority (5, 401). Our findings suggests that there are many barriers for 

knowledge translation from experts into policy. In theory, public health practice should be driven 

by scientifically derived policy that, in turn, directs appropriate resourcing of programs and 
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strategies (394). Research doesn’t easily move from a journal paper into policy and subsequently 

into implementation. Successful translation of research findings from evidence to policy and 

practice is contingent upon four key ingredients: research questions that align with information 

priorities of decision makers, knowledge about decision-making milieu, effective engagement of 

key stakeholders and effective science communication (405). However, our study exposes several 

caveats in the process of evidence-based policymaking to mitigate the impacts of climate change 

on health in Nepal. Salient issues were ineffective science communication with stakeholders and 

problems with a bias in the representation of experts in decision-making process on climate 

change and public health impacts. However, our analysis revealed that the most prominent 

problem of all was the cultural underpinning of the representation of experts in decision-making 

process, in which authorities appear to be motivated to invite a particular faction of experts – who 

supported pre-conceived ideas of leadership – into the decision-making process, while also 

excluding opposing experts from the process. Moulton et al. (250) have reported that even 

developed nations like the United States, that has abundant evidence on health impacts of climate 

change,  have struggled to enact appropriate policies for public health surveillance in a changing 

climate. Hence, for a nation such as Nepal, under the current circumstances it becomes an even 

greater challenge to align science and policy on climate change and health to integrate climate 

change-related risks in infectious disease surveillance. 

In conclusion, a strong political commitment by the nation and local ownership of the issue — 

that climate change as an urgent public health priority — is necessary to integrate climate change 

as an important consideration in the infectious diseases surveillance practices in Nepal. The 

research findings presented here indicate that long term efforts to strengthen infectious diseases 

surveillance systems with the integration of climate change-related risks need to address socio-
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economic, cultural and political dimension of health and climate change simultaneously with the 

obvious systemic issues.  
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Chapter 8: Discussion and conclusions 

In this final chapter, I provide an overview of the key findings from the four analytical chapters, 

the general significance of this PhD work and the problems encountered during the project. 

Furthermore, I discuss the implications of this research for our understanding of the impacts of 

climate change on infectious disease transmission in Nepal and suggest key recommendations to 

stakeholders, policy makers and concerned public health authorities. I make suggestions, with 

special a focus on LMICs, for future research work on climate change and infectious diseases and 

the integration of climate change-related risk in infectious disease surveillance systems.  

8.1 Key findings of this research project 

In chapter 4, I analysed the relationship between climate variables and burden of diarrhoea 

among children below five years of age living in Kathmandu, Nepal and projected the future 

burden of diarrhoea under different climate change scenarios. A strong positive linear association 

was estimated between increase in maximum temperature, rainfall and diarrhoea among children 

below five years of age. The final adjusted model revealed an 8.1% increase in monthly diarrhoea 

count for every 1 oC increase in maximum temperature above the monthly average. Similarly, it 

was estimated that for every 10mm increase in cumulative rainfall the risk of childhood diarrhoea 

increased by 0.9%. However, humidity was not found to be associated with childhood diarrhoea 

burden.  Based upon the risk assessed from the final adjusted model it was estimated that 7.5% of 

the total burden of diarrhoea cases recorded during the study period was attributable to the 

primary exposure variable i.e., the maximum temperature. The final key finding of the study 1 is 

the projected increase of 2400 additional cases of childhood diarrhoea burden attributable to 

climate change (under the high risk scenario i.e., 2 oC increase in temperature) by the year 2030s. 

In chapter 5, I analysed the relationship between three different temperature indices (maximum, 

mean and minimum) and rotavirus diarrhoea among children below five years of age in 
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Kathmandu, Nepal, and estimated the temperature attributable burden of rotavirus diarrhoea. A 

nonlinear negative association was estimated between temperature and rotavirus infection among 

children below five years of age, with the risk of rotavirus infection increasing below the median 

value of temperature and decreasing above the median value. The effect of temperature on 

rotavirus infection was immediate and was not significant beyond the lag week zero. Among the 

three temperature indices used as exposure variables, the temperature-attributable risk of 

rotavirus infection was found to be highest for minimum temperature (47.01 %). Another key 

finding of the study 2 was the identification of colder days (minimum temperature 4.2 – 7.8 oC) 

as a high-risk period for rotavirus infection.  

In chapter 6, I examined the available evidence on the impacts of climate change on infectious 

disease transmission in Nepal. A comprehensive review of literature was undertaken that 

analysed the association between climate change and infectious disease in Nepal: I identified 13 

relevant papers of which only three studies utilised epidemiological datasets on infectious 

diseases to estimate the risk of disease onset in the context of climate change. Thus, my study 

concluded that available evidence on the impacts of climate change on infectious disease and 

diarrheal disease is scarce in the Nepalese context. Therefore, I explored the reasons behind the 

paucity in evidence and challenges faced by epidemiologists in Nepal. I argued that poor quality 

datasets, inadequate funding, poor epidemiological capacity, and political challenges were 

preventing epidemiologist from developing evidence base on climate change and infectious 

disease to adequately address the threat. I concluded the study by advocating for strengthening of 

Nepalese infectious diseases surveillance systems and postulating that Nepal will derive immense 

benefit from the establishment of a climate based early warning systems for identification and 

prediction of conditions suitable for outbreaks and emergence of infectious diseases.  
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In chapter 7, the final analytical chapter, I employed critical realism (278) to explore socio-

economic, cultural and institutional factors associated with infectious disease surveillance in 

Nepal in the context of climate change. Although the assessment of impacts of climate change on 

human health has received greater attention, social aspects of infectious disease surveillance in a 

changing climate hasn’t been a priority among public health researchers (250, 259). In the 

preceding analytical chapters of this thesis, it was evident that there was scant information on the 

impacts of climate change on infectious disease in Nepal and there were several challenges in the 

public health sector of infectious disease and climate change. As such, this chapter elaborated on 

the issues related to infectious disease surveillance constructed from the interview data of key 

informants involved in infectious disease prevention and control in Nepal. Using empirical 

evidence, I illustrated how climate change and its impact on infectious disease surveillance is 

considered to be less serious than other salient public health problems. It was exemplified, via the 

extracts of the interviews, that climate change as a public health priority was contingent upon 

funding support from external sources. I further posited that the dominance of medical graduates 

in public health systems of Nepal has resulted in an undervaluation of the role of social and 

behavioural science from the arena of public health and, furthermore, has led to the 

underutilization of the power of preventive medicine and health promotion.  

Finally, I argued that a weaker alliance among the range of stakeholders and poor science 

communication, particularly between policy makers and evidence generators, is leading to 

traditional surveillance practices continuing to operate without consideration of climate change-

related risk. I further contend that a strong political commitment by the nation’s leaders and 

stakeholders is necessary to strengthen Nepal’s infectious diseases surveillance systems in the 

context of climate change. 
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8.2 Significance of this research 

In the global context, prior work in the field of climate change and infectious diseases has clearly 

demonstrated that climate change is having significant effect on infectious disease onset and 

transmission, particularly for vector borne and food-and water-borne diarrheal diseases (7, 342). 

However, in the context of Nepal, there is limited evidence available on the impact of climate 

change on diarrheal diseases. This thesis has made an important contribution to improve our 

understanding of the impacts of climate change on diarrheal disease and the preparedness of 

infectious diseases surveillance systems in Nepal. The findings further add to existing body of 

literature on the impacts of climate change and infectious diseases, particularly diarrheal disease 

and socio-cultural factors associated with surveillance of infectious diseases in a changing 

climate. 

Firstly, study 1 represents the first attempt to generate quantitative evidence on the impacts of 

climate change on childhood diarrhoea in Kathmandu, Nepal as well as the projection of a future 

burden under different climate change scenarios using advanced epidemiological techniques. The 

findings are significant in the sense that the estimates or projected burden would provide 

guidance for the adaptation of existing childhood diarrhoea management programs and allocation 

of additional resources to manage the future additional burden of climate attributable childhood 

diarrhoea. It is one of the few studies that has projected future burden of diarrhoea under different 

climate change scenarios.  

Secondly, this research identifies the high-risk period for transmission of rotavirus infection in 

Kathmandu, Nepal. The significance of this finding is that interventions to control burden of 

rotavirus — such as a vaccination campaign — is likely to provide the best outcome if 

administered during the high risk period, rather than running a year-round vaccination campaign. 

In fact, for LMICs, evidence already exists that a vaccine administered during the high risk 
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winter period shows higher efficacy against the Respiratory syncytial virus infection, compared 

to the year-round vaccination strategy (406). At the global scale, this finding further adds to the 

existing body of literature on rotavirus seasonality and the association between rotavirus infection 

and temperature. It strengthens the previous findings from sub-tropical and temperature regions 

on the strong negative association between rotavirus infection and temperature.  

Thirdly, study 3 clearly presents the status quo of climate change and infectious disease research 

in Nepal and identified associated challenges for epidemiologist and researchers working in this 

field. The significance of this study is that it is the first of its kind in Nepal and so provides 

baseline information and a starting point for researchers planning to further explore impacts of 

climate change on infectious diseases in Nepal. The core recommendations from this study 

included the establishment of a digital network of interdisciplinary experts to tackle the impact of 

climate change on infectious disease. This recommendation is broadly applicable throughout the 

South Asian region, as the institutional capacity of health care structures within this region are 

similar to Nepal. Furthermore, advocacy for the establishment of climate based early warning 

systems to identify conditions suitable for emergence and outbreak of infectious diseases, if 

implemented, is likely to facilitate more timely responses that would reduce morbidity and 

mortality during the epidemics.  

Finally, I am unaware of any study that has explored socio-cultural factors associated with 

infectious disease surveillance in the context of climate change. Compared to widely studied 

structural or systemic issues (such as data quality, timeliness, representativeness, and sensitivity 

etc.) — which are evaluated using standard quantitative tools— socio-cultural factors associated 

with infectious disease surveillance are complex in nature. Hence, traditional positivist enquiry 

utilising an experimental or statistical approach is insufficient to capture the role of cultural, 

political and social factors in the effective functioning of surveillance systems. The use of a 
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qualitative research technique, embedded in critical realist epistemology, in the final study 

enabled me to explore why climate change and health was constructed as a less important public 

health priority compared to other issues perceived to be locally more important by public health 

officials in Nepal. The analysis suggested a weaker alliance between evidence generators and 

public health authorities, which is an important barrier for translation of scientific evidence into 

policy. The elucidation of these intangible aspects of infectious disease surveillance systems 

using a CR approach are the novel findings of this research. Thus, study 4 is novel serves to 

guide future research on infectious disease surveillance systems in the context of climate change, 

especially the path finding literature on the extended function of surveillance systems in climate 

change context and the use of critical realist paradigm for deeper exploration of contextual issues 

in surveillance systems. Furthermore, this study provides important information in the local 

context: climate change-related risk has not been integrated in the Nepalese infectious disease 

surveillance systems and so, by identifying social, institutional and political factors aspects of 

infectious disease surveillance, this research will help to direct the integration of climate change 

related- risk components in the surveillance systems and guide change in necessary policy and 

practices for the nation.  

8.3 Limitations of this research 

Besides the study-specific limitations mentioned in each chapter, I would like to discuss four 

general limitations of this thesis.  

Firstly, the quality of datasets used in this study is not ideal for the estimation of the impact of 

climate variability on diarrhoea outcomes. Precise estimation of short-term association between 

climate variables and diarrhoea outcomes requires daily datasets and yet only weekly or month 

resolution of datasets were available to be used for this research. Furthermore, the vulnerability 

of individuals to climate changes and susceptibility to diarrhoea are reported to differ by age 
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groups, living standards, socioeconomic status, access to health care services and nutritional 

status among other factors. As such, the aggregated nature of dataset didn’t allow stratified or 

sub-group analysis to estimate the effects on the basis of gender, socio-economic status, housing 

practices, different age groups within under five years populations and other behavioural risk 

factors (e.g. hygiene status, drinking and feeding practices) likely to affect the strength and 

direction of the association.  

Secondly, the ecological study design used in quantitative part of this study measures the effect at 

population level. Hence, the findings are prone to ecological fallacy (407). This means that the 

collected data are analysed at population level, but it is assumed that the results will apply at the 

individual level that, in reality, is compromised by ecological bias.  

Thirdly, the analysis of datasets from a single study site, such as Kathmandu city, does not reflect 

the true nature of the problem within the entire nation. Although Kathmandu is the most densely 

populated city in Nepal, children living in rural areas are more vulnerable to diarrhoea (due to 

poor sanitation, no access to toilet facilities, low literacy rate, no provision of processed drinking 

water supply), plus the people of rural Nepal are more vulnerable to overall impacts of climate 

change (408, 409).   

Finally, the findings of qualitative study in this research project should be interpreted with 

reference to social, political, economic and institutional context of the study setting. I chose a 

mixed method design because the purpose of the qualitative research study is to offer in-depth 

explanations on contextual factors associated with infectious diseases surveillance systems in a 

changing climate in Nepal: hence to better understand this specific context with the 

generalizability of the findings not the main objective. In using this qualitative approach to 

explore the social aspects of infectious disease surveillance in the context of climate change, my 
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hope was to inspire fellow epidemiologists to also use similar tools to explore similar research 

questions in the future. 

8.4 Challenges faced during the research  

For a scientist trained in laboratory medicine, it was itself a huge challenge to embark on a PhD 

journey that is not in my primary areas of expertise but in the field of epidemiology. With the 

support of an excellent supervisory team, a supportive post graduate coordinator and necessary 

resources made available by the university, I was able to overcome all technical challenges. 

However, this project was not free of unanticipated challenges, including being conducted amidst 

the COVID pandemic in collaboration with an LMIC like Nepal, with poor public health 

infrastructure and with a poor health registry and health database. Some of the noteworthy 

challenges faced during the research are described briefly in the following subsection. 

8.4.1 Challenges related to public health datasets 

A primary challenge was the identification of authentic sources of public health related datasets 

in Nepal. As discussed in chapter 4 and chapter 6, the Department of Health Services and its 

specialised units maintain databases related to infectious diseases in Nepal.  However, the 

datasets are not publicly available and are only available in the form of annual health report. 

Having worked with the rotavirus surveillance program among children in Nepal, I was aware of 

several disease specific vertical surveillance programs in Nepal that are supported by 

international donor agencies and are not under direct control of EDCD. These surveillance 

programs are better regulated and maintain far superior datasets compared to the one maintained 

by HMIS or EDCD. As such, I wrote several times to country coordinators of these programs, 

specifically to the Japanese encephalitis surveillance program, dengue surveillance program and 

enteric fever surveillance programs but without success. The data custodians were reluctant to 

share database with a PhD scholar because they had existing reservations and demands 
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(intellectual and financial) that were impossible to meet. After several months of efforts and 

several rounds of emails, I finally had collaborators who were willing to share the datasets with 

some minor conditions and restrictions. However, these datasets had limitations. The data on 

diarrhoea obtained from HMIS was aggregated and only available at the monthly resolution. 

Similarly, the data on rotavirus, though a better quality dataset compared to the diarrhoea dataset, 

was only available for a short period of four years. Due to the poor quality datasets, I spent longer 

than I had anticipated cleaning and preparing the data. Similarly, an updated dataset on 

population was unavailable, which results in my use of the 2011 census population dataset for 

both the studies. Fortunately, routine meteorological datasets, with some missing values for 

rainfall, were available from the Department of Hydrology and Meteorology. On the other hand, 

data on projected temperature for Kathmandu under different climate change scenario were not 

available from the Department of Hydrology and Meteorology and so I used secondary estimates 

from published research work for our projection study. 

8.4.2 Methodological challenges 

As discussed in chapter 3, time-series regression models fitted with distributed lag were used in 

the quantitative analysis. Time series analysis ideally requires a denominator to calculate 

incidence rate, however, no data were available on exposed population, apart from the monthly 

count of cases. Thus, I had to model diarrhoea count against the exposure variables and 

consequently report relative risk instead of absolute risk, which is the better estimates of the two. 

Apart from that, the potential lag effect of temperature on diarrhoea incidence couldn’t be 

ascertained with absolute precision because of the monthly resolution of outcome database 

available in our study. In general, diarrheal diseases have a very short incubation period of less 

than a week, so using monthly data means it is not possible to ascertain the effect that may not 

persist beyond few days.  
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Further to the methodological data limitations, there were also challenges with the qualitative 

study. I am unaware of any prior study that has used a qualitative approach to explore the 

contextual factors associated with infectious disease surveillance systems in the context of 

climate change. As such, I had to build a conceptual framework and research methodology from 

scratch, which was quite a challenge without guidance from the literature.  

8.4.3 Challenges posed by Coronavirus pandemic 

My research was heavily impacted by the COVID-19 pandemic and the challenges it posed have 

still not abated even now, as I draft the final chapter of my thesis. As outlined in earlier chapters, 

for the final study of my research project, I needed to interview key informants and stakeholders 

from EDCD, Department of Health Services and the Ministry of Health, Nepal. To conduct these 

face to face interviews, I travelled to Nepal in mid-January 2020 and was supposed to return to 

Adelaide in early April 2020. I planned to interview at least 20 participants and hence, I spent the 

first two weeks of February meeting with stakeholders and identifying key informants, with the 

support from my local supervisors. As I began my data collection, the first global wave of the 

COVID-19 pandemic became more serious and I had to stop my data collection in late March 

2020, after interviewing eight participants, due to the first lockdown implemented by the 

government of Nepal. As all my potential research participants were directly involved in 

management and containment of the coronavirus pandemic in Nepal, I couldn’t resume my 

interviews until late June 2020.  

My personal circumstances also deteriorated in the following months, as my wife tested positive 

for COVID-19 in October 2021 and I had to cease work for three weeks until she recovered from 

the disease. In May 2021, I also tested positive for COVID-19 and had to remain in isolation for 

15 days until my symptoms receded. Furthermore, for past 16 months, I have been stranded in 

Nepal, away from the University of Adelaide due to COVID-related travel restrictions imposed 
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by the Australian government. As such, the past year and a half of my PhD journey has been very 

challenging as I work to complete my thesis from Nepal.  There were many inherent challenges 

such as irregular supply of electricity, low internet connectivity, recurrent COVID waves and 

subsequent lockdowns. It has been a difficult year and half with losing close friends and relatives 

to COVID and then refocusing on my thesis has not been easy. 

8.5 Recommendations 

Based on the findings of the research project, the implications for advancing evidence for policy 

makers to control and manage childhood diarrhoea in a changing climate, and strengthening of 

Nepalese infectious diseases surveillance system in the context of climate change, are elaborated 

in the following subsections. 

8.5.1 Evidence generation and public health advocacy against the impacts of climate change 

In chapter 4, a significant association was established between maximum temperature, rainfall 

and under five diarrhoea. It is thus recommended that potential be explored for the establishment 

of climate-based early warning systems to predict future outbreaks of climate sensitive infectious 

diseases. Given the projected future increment in the burden of climate attributable diarrhoea, it is 

recommended that climate change adaptions measures be included in national programs for 

controlling diarrheal diseases.  

Chapter 5 identified a high-risk period for increased transmission of rotavirus infection. Based on 

these findings, it is recommended that public health authorities through local media broadcast 

cautionary information to the general population about the increased risk of rotavirus 

transmission during cold weather. In communicating this risk, they could also include practical 

tips, such as dos and don’ts, in their messages.  
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Rotavirus vaccination was not included in the routine immunisation schedule when we conducted 

this study, but was added to the routine schedule in mid-2020. Hence, the findings from study 2 

have implications for the implementation of effective rotavirus vaccination program in Nepal. It 

has been reported that, for viral infections with strong seasonality, a strategy of vaccination 

during a high risk period shows greater efficacy compared to a strategy of year-round vaccination 

(406). Since rotavirus shows a strong seasonality, and increased risk during colder days, it is 

recommended that similar clinical trials be designed and tested in the context of Nepal to evaluate 

if rotavirus vaccination during high risk colder periods would be more effective than an all year-

round vaccination strategy.  

The findings of chapter 4, 5 and chapter 6 clearly highlight the absence of sufficient evidence on 

the impacts of climate change on infectious diseases, including diarrheal diseases. It is thus 

recommended that more epidemiological analysis is undertaken to assess the impacts of climate 

change on infectious diseases to support public health policy for mitigating health impacts of 

climate change. Estimation of the impacts of climate change on infectious diseases and mapping 

the vulnerability requires expertise from multiple disciplines, including epidemiologists, 

statisticians, meteorologists, and social scientists. Therefore, and based upon the findings from 

chapter 6, it is recommended that an integrated network of interdisciplinary experts be 

established to support evidence generation on the health impacts of climate change.  

As mentioned in the chapter 6, Female Community Health Volunteers form the primary source of 

health-related events information and reporting within the Nepalese public health systems. The 

absence of quality surveillance datasets was identified as a major challenge for evidence 

generation and therefore, in order to cater the need of a quality surveillance datasets on different 

infectious diseases, it is recommended that this existing network of volunteers be trained and 

utilised for infectious disease surveillance and reporting.  
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8.5.2 Strengthening infectious diseases surveillance systems 

Based on the findings of this research project, it is recommended that infectious diseases 

surveillance systems in Nepal collect and report disaggregated information on pathogen specific 

diarrheal disease instead of ongoing syndromic surveillance on acute gastroenteritis. Although 

the analytical chapters of this research project clearly demonstrate a significant association 

between climate change and food-and water-borne diarrheal disease, climate change-related risk 

is yet to be integrated in the Nepalese disease surveillance systems. It is hence, recommended that 

Nepalese infectious disease surveillance systems address the social, political and institutional 

factors associated with infectious disease surveillance identified in study 4 and take an important 

stride towards integrating climate change-related risk in infectious disease surveillance systems.  

It is also argued that the dominance of graduates from medical science in the Nepalese public 

health sector, has resulted in the undervaluation of the power of preventive public health and 

health promotion in the design of public health programs and interventions. As such, it is 

recommended that public health sectors in Nepal encourage the inclusion of the graduates of 

multiple disciplines that can contribute to the improvement of health sector. This could include 

graduates from information technology, social and behavioural science, environmental science, 

life science, geographical information systems, epidemiology and statistics etc.  

In study 4 it was argued that an absence of science communication between evidence generators 

and policy makers was thwarting the consideration of climate change related threats in infectious 

disease surveillance. Thus, it is recommended that effective science communication be 

established among authorities and different stake holders.  

Similarly, the analysis in chapter 7 shows that there are divisions within and across the public 

health sectors and these tend to work in silos. To break down these barriers and strengthen 
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infectious disease surveillance systems of Nepal in the context of climate change, it is also 

recommended that inter-sectoral collaboration be established between public health sector and 

other concerned sectors (e.g. Department of Hydrology and Meteorology, the Central Bureau of 

Statistics, and the Department of Environment). 

8.6 Future research direction 

In this thesis, particularly chapters 4 and 5, I estimated the impacts of climate change on food-and 

water-borne diarrhoea and rotavirus infection among children under five years of age living in the 

Kathmandu district and projected future burden of diarrhoea under different climate change 

scenarios, using advanced state of the art techniques in environmental epidemiology. Therefore, 

future research in this sector should focus on estimating the impacts of climate change on 

diarrhoea at the national level in Nepal. Having said that, climate change is one of the drivers of 

infectious diseases and its impact on infectious diseases transmission cannot be ascertained with 

absolute certainty unless other key factors are identified and are accounted properly. Hence, 

future work on climate change and infectious diseases, in particular food-and water-borne 

diarrheal disease, should consider the impacts of other key drivers such as hygiene status, social-

economic characteristics, land use, access to drinking water and population growth, when 

estimating the effect of climate change on infectious disease transmission. Epidemiological 

studies that analyse the impacts of climate change on infectious diseases should move towards 

more sophisticated investigation: for instance, to investigate that proposed causal pathways are 

clearly defined and that the intervention efforts to reduce the risk (i.e., mitigation and adaptation 

measures) can be evaluated. 

Recently, a team of researchers estimated the global burden of temperature related mortality 

attributable to human induced climate change (410). The methodology used by Vicedo-Cabrera et 

al. (410) can be adapted to conduct similar research to estimate the temperature related diarrhoea 
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burden attributable to human induced climate change. Such efforts will contribute to develop an 

evidence base towards the formulation of regional climate change mitigation and adaptation 

policy: it could also support mandating of legislation to reduce greenhouse gas emissions. In the 

context of Nepal, more research should be conducted to examine the association between climate 

change and other infectious diseases such as dengue, malaria, Japanese encephalitis etc. Future 

research should include a range of sub-groups in their analysis to identify more vulnerable groups 

and to understand the differential impacts of climate change among various age groups and 

gender. More studies projecting the future burden of infectious diseases under different climate 

change needs to be carried out to assist policy makers and resource allocation in the health sector. 

As demonstrated in this research, the impacts of climate change, particularly increases in 

temperature and rainfall, on diarrhoea varies by pathogens: there is a positive association with all 

cause diarrhoea and negative with rotavirus infection. Future research on this topic should 

evaluate the differential impacts of climate change on food-and water-borne diarrhoea for 

different causative pathogens. As there is variation in the survival of the pathogens outside the 

host and their exposure pathways, future research should go beyond all cause diarrhoea to 

evaluate the impacts of climate change on specific pathogens whenever possible (265).  

Finally, future efforts to build a climate resilient public health system should aim to identify ways 

to overcome institutional, technical and other systemic barriers along with social-economic and 

political factors to make an important stride towards the integration of climate change-related risk 

in infectious diseases surveillance systems. 

8.7 Concluding remarks 

The findings of this thesis will contribute to improve our understanding on the impacts of climate 

change on childhood diarrhoea in a metropolitan city of a Himalayan country—one of the most 
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vulnerable countries, yet the least explored climatic zone. This thesis includes the first study in a 

LMIC to project the future climate attributable burden of childhood diarrhoea under different 

climate change scenarios. The findings of these studies are important to support health service 

providers and policy makers to allocate necessary resources and design appropriate diarrhoea 

control program by anticipating the potential health impacts of climate change. Similarly, the 

findings of our research serves as a starting point to explore the potential of establishing a climate 

based early warning systems for childhood diarrhoea and other climate sensitive diseases in 

Nepal. In addition, the results of this work on rotavirus suggests that lower temperature poses 

higher risk for the incidence of rotavirus infection among children. Hence, it is important that 

precautionary measures, such as improved hand hygiene practices by care takers or parents, be 

practiced. This thesis further underscores the importance of developing appropriate adaption 

measures, considering the behavioural changes and increased access to basic health care service, 

to cope against and mitigate the health impacts of climate change in an already overburdened 

health system and vulnerable ecosystem. Considering the status quo of infectious diseases 

surveillance systems in the various climate change scenarios, it is argued that there is a lower 

priority to the impacts of climate change on infectious diseases transmission compared to other 

salient public health problems. Furthermore, a weaker alliance among stakeholders is leading to 

the established practices of infectious disease surveillance without any consideration of climate 

change related threats. 

To conclude this thesis, I want to reiterate that climate change is affecting the transmission of 

infectious diseases in Nepal. I argue that effective science communication between evidence 

generators and policy makers is imperative and I suggest there be institutionalisation of climate -

related risk in public health systems of Nepal to strengthen infectious disease surveillance in the 

context of climate change.  
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Appendix 1: Search strategy for literature review 

1. Search strategy for literature review on climate change and diarrhoea or rotavirus 
infection 

("climate change"[All Fields] OR "global warming"[All Fields] OR "climate variability"[All 
Fields] OR "greenhouse effect"[All Fields] OR "Temperature variation" [All Fields] OR 
“Humidity” [All Fields] OR “Rainfall" [All Fields] OR "Flood" [All Fields]) AND ("Vibrio"[All 
Fields] OR "Cholera"[All Fields] OR "Salmonella"[All Fields] OR “Shigella” OR 
"Campylobacter”[All Fields] OR "Diarrhea"[All Fields] OR "Salmonella Infections"[All Fields] 
OR "Campylobacter Infections"[All Fields] OR "Enterovirus Infections"[All Fields] OR 
"Rotavirus"[All Fields] OR "Rotavirus Infections"[All Fields] OR "Norovirus"[All Fields] OR 
"Dysentery"[All Fields]) 

 
 
 

2. Search strategy for climate change and infectious disease surveillance  

("climate change"[All Fields] OR "global warming"[All Fields] OR "climate variability"[All 
Fields] OR "greenhouse effect"[All Fields]) AND ("Malaria"[Mesh] OR "Dengue"[Mesh] OR 
"Encephalitis, Tick-Borne"[Mesh] OR "Tick-Borne Diseases"[Mesh] OR "Chikungunya 
Fever"[Mesh] OR "West Nile Fever"[Mesh] OR "Rift Valley fever virus"[Mesh] OR 
"Encephalitis, Japanese"[Mesh] OR "Hemorrhagic Fever with Renal Syndrome"[Mesh] OR 
"Hantaan virus"[Mesh] OR "Plague"[Mesh] OR "Lyme Disease"[Mesh] OR "Vibrio"[Mesh] OR 
"Cholera"[Mesh] OR "Salmonella"[Mesh] OR "Campylobacter"[Mesh] OR "Diarrhea"[Mesh] 
OR "Salmonella Infections"[Mesh] OR "Campylobacter Infections"[Mesh] OR "Enterovirus 
Infections"[Mesh] OR "Enterovirus"[Mesh] OR "Coxsackievirus Infections"[Mesh] OR "Hand, 
Foot and Mouth Disease"[Mesh] OR "Rotavirus"[Mesh] OR "Rotavirus Infections"[Mesh] OR 
"Harmful Algal Bloom"[Mesh] OR "Dysentery"[Mesh] OR "Schistosomiasis"[Mesh] OR 
“Communicable diseases” [Mesh]) AND (“ Public Health Surveillance” [All Fields] OR 
“surveillance system” [All Fields] OR “surveillance” [All Fields] OR “Population Surveillance” 
[All Fields] OR “Epidemiological Monitoring” [All Fields] OR “Environmental Monitoring” [All 
Fields] OR “Sentinel Surveillance” [All Fields] ) 
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Appendix 2: Interview guide  

Lead Questions for the Interview 

General questions to specific without distinct transition 

I. What is your role within the infectious diseases surveillance system? 
ü Probe questions to explore: Title (Check full-Time or Part-time), Experience (How long 

in the system? 
 

II. Could you please walk me through the process of disease surveillance practise within your 
system?  

ü Probe questions to explore: Work flow, Coverage, Communication, Reporting, Recording 
 
III. Can you share your experience on infectious diseases reporting pattern (transmission 

pattern) in recent years? 
ü Probe questions to explore: Change in seasonal pattern or distribution (geographic, age-

groups), Emergence or re-emergence of new diseases, Change in risk factors [if necessary, 
lead towards Climate as a risk factor] 

 
IV. Do the system function in a way to allow capturing of information required for generating 

evidence on the health effects (specifically infectious diseases/diarrhoea) of climate 
change? 

ü Probe questions to explore: Data quality; System: Attributes, Weakness, Flexibility, 
Adaptability 

 
V. If system components are missing, Could you please highlight what components or 

practises need to be addressed?  
ü Probe questions to explore: Logistics and financial resources, Support, Challenges, 

Electronic database, [if necessary, lead to Data integration concept] 
 
VI. Is there any specific policy to guide and regulate infectious disease surveillance? 

ü Probe to explore:  

If yes, is the policy supportive enough to regulate disease surveillance in changing climate? 
Regulatory act, Specific concern about climate effects in disease transmission 

If no, how can reporting and recording of diseases be regulated (made 
accountable/information validated), especially with increased threat of changing climate? 

 
VII. Can you share your experience on ability of experts working in the system to assess risk of 

disease transmission, based on observed pattern of potential risks? 
ü Probe to explore: Risk assessment (quantitative and qualitative), Climate attribution to 

observe changing pattern, Vulnerability assessment [ if necessary, lead towards training of 
the epidemiologists, resources availability, government support and opportunity to improve 
skills] 

 
VIII. Can you recall any experience of pre-informing public about potential outbreaks of 

infectious diseases in advance? 
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ü Probe to explore: Capacity for early warning, Prospect of climate based early warning 
system 

 
IX. What measures could improve performance and effectively of the surveillance systems in 

days to come (meaning in the context of changing climate)? 
ü Probe to explore: Barriers of timely reporting and recording, Barriers that limits coverage 

of the system, Barriers of Data integration and, Feedback and dissemination mechanism  
 

X. Is there anything further you would like to discuss? 
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Appendix 3: Information sheet, informed consent and demographic 
form 
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