
Distribution Agreement  

In presenting this thesis or dissertation as a partial fulfillment of the 

requirements for an advanced degree from Emory University, I hereby grant to 

Emory University and its agents the non-exclusive license to archive, make 

accessible, and display my thesis or dissertation in whole or in part in all forms of 

media, now or hereafter known, including display on the world wide web.  I 

understand that I may select some access restrictions as part of the online 

submission of this thesis or dissertation.  I retain all ownership rights to the 

copyright of the thesis or dissertation.  I also retain the right to use in future 

works (such as articles or books) all or part of this thesis or dissertation. 

 

 

 

 

 

 

 

 

 

 

 

Signature:  

                                                                        

Rachel A. Silver          Date  

 



 

 

Climatic Drivers and Heterogeneity of  

Diarrheal Disease, according to Pathogenic Class 

 

 

 

 

By 

 

Rachel A. Silver 

Master of Public Health 

Global Epidemiology 

 

 

 

 

 

 

 

 

Karen Levy, PhD, MPH, MSc  

Faculty Thesis Advisor 



 

 

Climatic Drivers and Heterogeneity of  

Diarrheal Disease, according to Pathogenic Class 

 

 

By 

 

Rachel A. Silver 

B.S., The Ohio State University, 2015 

 

 

Thesis Committee Chair: Karen Levy, PhD, MPH, MSc  

 

 

 

An abstract of  

A thesis submitted to the Faculty of the 

Rollins School of Public Health of Emory University 

in partial fulfillment of the requirements for the degree of  

Master of Public Health  

in Global Epidemiology 

2017 



 

Abstract 

Climatic Drivers and Heterogeneity of  

Diarrheal Disease, according to Pathogenic Class 

By: Rachel A. Silver 

Purpose: Global research that examines the relationship between climate and 
diarrheal diseases is lacking, especially regarding studies that demonstrate a link 
between climate and specific disease-causing agents. Among the existing data, 
positive associations between temperature and diarrheal disease incidence have 
been found, but uncertainty remains due to a lack of quantitative data on the 
effect that meteorological conditions have on risk by the specific individual 
pathogens responsible for causing diarrheal illness. In order to understand the 
effects that a changing climate is having on the incidence of infection, it is 
necessary to quantify and assess pathogen-specific seasonal patterns over a 
period of time, and the influence various weather factors have on this 
relationship. 
 

Methods: This issue was examined through a systematic review of the literature 
focusing on three pathogens – E. coli, Cryptosporidium, and norovirus. Studies 
meeting specific inclusion and exclusion criteria that were conducted for a 
minimum of one full year were used for characterization of seasonal patterns. 
Available temperature and precipitation data for each study location was assessed 
through univariate, log-linear Poisson regression models and a pooled dataset for 
each pathogen was created for a meta-analysis using a generalized estimating 
equation modeling technique on each dataset. 
 

Results: A positive correlation between mean monthly temperature and 
incidence of diarrheagenic E. coli and Cryptosporidium was found across all 
studies included in the pooled data analysis. Increases in the incidence of disease 

was found to be associated with a 1C increase in mean monthly temperature for 
E. coli (8% increase, 95% CI: 5%-11%; P<0.0001) and mean 1-month lagged 
temperature Cryptosporidium (6% increase, 95% CI: 2%-10%; P=0.003) 
controlling for precipitation and country development stratum. Norovirus 
displayed a negative correlation between mean monthly temperature and 
incidence of disease, with (4% decrease, 95% CI: 0%-8%; P=0.05) per 1 degree 
Celsius increase, controlling for precipitation, country development, and new 
strain year. 
 

Conclusions: These results demonstrate a heterogeneous relationship across 
pathogen class with ambient temperature, and suggests that an increase in mean 
monthly temperature corresponds to an increased incidence of diarrheagenic E. 
coli, and Cryptosporidium, and a decreased incidence of norovirus. 
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INTRODUCTION 

 

Background 

The global burden of diarrheal disease is estimated at 1.7 billion cases per 

year in children under five years of age (1). Of those cases, over half a million 

children will die from diarrhea-related causes, accounting for 8-10% of all deaths 

in this age group, and causing approximately 1.2-1.4 million deaths across all age 

groups worldwide (1, 2). Though rates of diarrheal disease are decreasing from an 

uptake of treatment and implementation of prevention methods, it remains the 

second leading cause of death among children under five and a primary cause for 

global years of life lost (YLL), ranking as number five in 2015 (2, 3). Long-term 

morbidity outcomes can also occur as a result of enteric (diarrheal) diseases, 

including stunted growth and impaired cognitive development, the former 

leading to a predisposition to an increased risk for some of the world’s leading 

non-communicable diseases later in life – obesity, type 2 diabetes, metabolic 

syndrome or cardiovascular disease – as well as premature death in moderate to 

severe stunting cases (3, 4).  

Morbidity and mortality rates from enteric infections are highest in low 

and middle income countries (2). Several studies cite a perpetual cycle between 

malnutrition, poverty, and enteric disease in which malnourishment increases 

incidence, duration, and severity of infection while height and weight 

impairments occur because of diarrhea, all of which are exacerbated by the effects 

of living in poverty (4, 5). Such populations are characterized by crowded living 

conditions and will undoubtedly face widespread fecal contamination, inadequate 
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water sanitation, and minimal refrigeration options for preservation of food, thus 

allowing for the growth and transmission of various enteric pathogens that cause 

diarrheal disease (3). 

Water availability and sanitation, as well as the emergence and re-

emergence of etiologic pathogens, are largely affected by environmental factors, 

one of rapidly growing importance being climate change. The Intergovernmental 

Panel on Climate Change (IPCC) has found that each of the last three decades 

have successively increased in surface temperature and have all been warmer 

than any prior decade since 1950 (6). The IPCC predicts that the global surface 

temperature change for the end of the 21st century is likely to exceed 1.5 degrees 

Celsius relative to the period from 1850 to 1900, and in some scenarios is likely to 

exceed 2 degree Celsius (7). Rising temperatures are thought to be correlated 

with an increase in transmission of enteric diseases due to the impact of ambient 

temperature on pathogen survival and host behavior (8). In addition to, and as a 

result of rising temperatures, there has been a marked increase in many extreme 

weather and climate events, such as droughts, floods, and cyclones, that can 

impact the frequency and likelihood of disease transmission due to surface and 

ground water contamination in both developing and industrialized countries (6).  

The US National Assessment on the Potential Consequences of Climate 

Variability and Change has declared this a priority for public health research in 

the United States (9). A study by Curriero et al (2001), supported by the US 

Environmental Protection Agency, found a significant association between 

waterborne disease outbreaks and extreme precipitation across the United States 

(9). Researchers found that over half of those outbreaks resulted in acute 
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gastrointestinal illness and approximately 60% of them were attributable to 

surface water (24%) and groundwater (36%) contamination (9). In developing 

countries, low rainfall and drought contribute to poor hygiene from a reduction 

in water supply, and increase malnutrition and disease susceptibility from a 

reduction in food supply or income; high rainfall allows for pervasive fecal 

contamination due to excess water runoff and water supply contamination. These 

conditions will surely increase in variability as climate change and global 

warming escalates, as will the incidence and associated outcomes of diarrheal 

disease. 

Individual pathogenic agents have been recognized by recent studies from 

Lanata et al (2013) and Kotloff et al (2013) as the principal causes of diarrhea in 

low and middle income countries. Enterotoxigenic Escherichia coli (ETEC) and 

enteropathogenic E. coli (EPEC), Shigella spp., rotavirus, norovirus, and 

Cryptosporidium spp are highlighted as highly infective and transmissible, with a 

wide variety of environmental transmission routes (1, 10, 11). The Global Enteric 

Multicenter Study (GEMS), the largest study of childhood diarrheal diseases 

conducted in developing countries, was carried out in seven sites in Africa and 

Asia. They found Crypotosporidium spp., E. coli producing heat stable toxin, 

typical enterpathogenic E. coli, rotavirus, and Shigella to be the most pathogenic 

and urged for new and existing intervention methods and improvements (11). For 

the purposes of this study, we evaluated diarrheagenic E. coli, Cryptosporidium, 

and norovirus as marker pathogens of diarrhea caused by bacterial, protozoan, 

and viral pathogens. 
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E. coli 

In the human intestinal tract, E. coli regularly exists without issue. 

However, pathogenic strains of the bacteria that cause diarrheagenic E. coli 

(DEC) have the potential to cause enteric infection, and in fact are the most 

common sources of childhood bacterial diarrheal disease in the world (11). 

Diarrheagenic E. coli clusters into six specific strains, namely, EPEC, Shiga toxin-

producing E. coli (STEC) (also referred to as Verocytotoxin-producing E. coli 

(VTEC) or enterohemorrhagic E. coli (EHEC)), ETEC, enteroinvasive E. coli 

(EIEC), enteroaggregative E. coli (EAEC or EAggEC), and diffusely adherent E. 

coli (DEAC) (12). E. coli bacteria are primarily transmitted through the fecal-oral 

route from ingestion of or contact with contaminated food or water. Those living 

in developing countries are put at higher risk for infection due to an overall lack 

of sanitation and infrastructure. Freeman et al (2009) cites various studies that 

take note of seasonal peaks of E. coli during the summer months, and it is 

commonly taught that bacterial gastroenteritis generally occurs over the summer 

season (13, 14).  

 

Cryptosporidium 

 Cryptosporidium is the causative parasite of cryptosporidiosis, which can 

cause diarrhea and is responsible for 60% of the world’s parasitic waterborne 

disease outbreaks (11, 15). It is transmitted from person-to-person or through the 

fecal-oral route from ingestion of contaminated drinking water or recreational 

water. The microscopic nature of the parasite, in addition to its resistance to 

chlorine, makes conventional water treatment ineffective and thus environmental 
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control particularly difficult (16). The presentation of illness can be particularly 

lengthy and severe for immunocompromised individuals and thus is a common 

study population for research (17). Furthermore, intervention methods to control 

the spread of disease remain limited for this population, as well as for the 

malnourished, the elderly, and children, all of whom are extremely susceptible to 

infection. 

 Studies of cryptosporidiosis have found clear seasonal patterns. Temperate 

climates experience increases during the spring and fall, peaking with increases 

in temperature, while tropical regions see a rise in cases throughout the warm, 

rainy season, indicating precipitation as a strong indicator for increases in 

disease incidence (17, 18). However this is noted to vary by location even within 

the same geographic region (18)  

 

Norovirus 

Norovirus is one of the most important causative agents of enteric 

infections around the world, and is the most common source of gastroenteritis 

outbreaks, foodborne disease infections, and community-acquired diarrheal 

disease for all age groups in the United States (19). The virus is of the 

Caliciviridae family, and can be classified into five genogroups, GI, GII, GII, GIV, 

and GV, within approximately 40 genotypes (20). Only the GI, GII, and GII 

genogroups have been found to infect humans and a certain level of severity and 

infectivity has been associated with each (21). Noroviruses are estimated to 

account for over 90% of non-bacterial gastroenteritis epidemics (19). Their highly 
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infectious nature is a result of environmental resistance and a low dose response 

for infection (22).  

In temperate climates, norovirus infection is most common in the winter 

months (October-April), though several studies have cited summer peaks as well 

(23-25). It is postulated that seasonal variations allow for a greater incidence of 

viral infections in the northern and southern hemisphere, but remain low to 

moderate in equatorial regions (20, 26). However, the increase in weather 

variations due to climate change may alter the seasonality patterns of norovirus 

and instead allow for them to thrive more commonly throughout the year, 

resulting in a higher incidence of disease and potentially harboring an 

environment for the emergence of new strains (20).  

 

 Research has demonstrated that seasonal patterns of infectious diseases 

can be substantially affected by climate change (27). This can be seen through a 

longer period of heightened disease transmission from a higher pathogen survival 

and reproduction rate, as well as in changing epidemic peaks associated with a 

pathogen’s seasons (17, 27). Jagai et al (2009) calls for a more critical 

understanding of the environmental factors that affect seasonality of disease 

patterns as a strategy to understand, predict, and prepare for the lasting effects of 

climate change. Studies that explore this topic are limited, especially on a large 

geographic scale, and thus further epidemiological research is required to 

establish a more definitive causal link between the change in seasonal patterns 

and occurrence of enteric disease. 
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METHODS 

 

Hypothesis  

The directionality of the relationship between each pathogen (E. coli, 

Cryptosporidium, and norovirus) and the associated monthly mean temperature 

and rainfall estimates varies by pathogenic class – bacteria and protozoa having a 

positive relationship, and viruses a negative one. 

 

Literature Search 

Separate systematic reviews of the literature were carried out for each of 

the three pathogens to identify studies reporting incidence of diarrheal disease 

due to norovirus, diarrheagenic E. coli, and Cryptosporidium. Studies were 

identified through a U.S. National Library of Medicine PubMed search using 

Endnote X7 software (28). Search terms included the pathogen name 

[“Escherichia coli” and (“diarrhea” or “diarrheagenic”] or [“norovirus”] or 

[“cryptosporidiosis” or “Cryptosporidium”], and each of the following terms – 

[“ambient temperature”], [“climate”], [“rain”], [“relative humidity”], [“season”], 

and [“weather”]. E. coli was also searched in combination with the terms 

[“incidence”], [“surveillance”], and [“rainfall”].  

The literature search in its entirety was conducted in two parts. Two 

independent researchers conducted the first literature search on May 16, 2013. 

Supplemental searches were completed in which reference lists from all included 

studies, as well as review articles, were scanned for identification of relevant 

papers. In addition, if a study reported monthly rates of cases without the total 
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number of cases per month, the author of the paper was contacted. For 

cryptosporidiosis specifically, authors were contacted for original data if monthly 

data was noted as collected but was not presented in the article. Additional data 

was provided by authors for two studies on E. coli (29, 30), one study on 

norovirus (31), and 11 studies on Cryptosporidium(32-42) . There were 17 

included studies on Cryptosporidium that came from data extracted from a 

previous search, conducted by Jagai et al (17). Each of the 61 articles included in 

Jagai et al were reviewed in full, resulting in 17 eligible studies. The second 

literature search was conducted on November 14, 2016 by two different 

independent researchers. This search included studies from 2013 on. 

Supplemental searches were not conducted and authors were not contacted for 

the second literature search. 

As detailed in the PRISMA diagram (Figure 1), records went through a 

four-step process. The first step was identification of relevant studies through the 

Endnote PubMed database with the pre-determined search terms, and through 

any supplemental searches of reference lists or review articles. Studies found 

through the literature search were passed through to the second step, in which 

studies were screened for duplicates and were excluded after a review of titles and 

abstracts using specific inclusion and exclusion criteria. The remaining studies 

were evaluated in step three, in which the full text was assessed for inclusion 

using similar criteria as in step two. The last part of the process separated the 

final list of included studies that would be used for the quantitative synthesis into 

three categories – seasonality, temperature, and rainfall.  
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When reviewing abstracts and titles for eligibility, studies had to have 

followed two general inclusion criteria and six general exclusion criteria. The 

inclusion criteria stated that the study (i) must have been conducted continuously 

for at least one year, and (ii) reported monthly data on the number of patients 

with diarrhea caused by the specific pathogen. The exclusion criteria did not 

allow for studies that (i) reported outbreak data, (ii) used travelers as study 

subjects, (iii) used only immunocompromised populations as study subjects, (iv) 

were laboratory based or used non-human subjects, (v) presented monthly 

percentages without the total number of cases for each month, or (vi) were cohort 

by design. In addition to the general inclusion and exclusion criteria detailed 

above, pathogen specific search criteria were carried out when initially reviewing 

titles and abstracts: E. coli and cryptosporidiosis studies that reported on less 

than 25 confirmed cases of diarrhea were excluded, E. coli studies that included 

[“traveler(s)”] and/or [“outbreak”] in the title were excluded, only norovirus 

studies that were conducted after 1997 – when modern PCR based diagnostics for 

norovirus began widespread use – were included, and cryptosporidiosis case 

control studies that reported the disease in asymptomatic controls were included. 

Furthermore, studies that detailed various pathotypes, genotypes, and species of 

E. coli, norovirus, and Cryptosporidium, respectively, were included and 

summed for a total case count. 

Once the initial inclusion and exclusion criteria were applied, the 

remaining studies were reviewed in full and excluded for the other following 

reasons: (i) there was no data presented, (ii) there was no monthly data 

presented, (iii) the study used outbreak data, (iv) the data was redundant (i.e., 
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multiple publications using the same data), (v) the study population was too 

specific to assess overall infection for that location, (vi) the study was unrelated 

to the specific pathogen, (vii) the required data could not be translated if 

presented in another language, (viii) necessary graphs were unclear, and (ix) only 

prevalence data was reported. 

 

Outcome Data: Extraction and Conversion 

Only monthly incidence (total number of new cases each month) data was 

utilized to avoid confounding results by changes in the monthly proportion of 

other pathogens to the total (14). This data was either directly taken from a 

study’s published tables or was extracted from their graphs using Plot Digitizer 

software (43). Prior to 2014, study authors were contacted to request original 

data when published data was not presented at a high enough resolution for 

digital extraction, but was otherwise excluded if the graph was unclear or if the 

reported total case count was more than 10% different than the Plot Digitizer 

results.   

Several studies reported outcome data in the form of weekly counts or 

monthly rates. To ensure comparability across studies, weekly cases were 

summed and converted to monthly data, monthly rates that were reported as a 

percentage of monthly total cases for that pathogen (and included a monthly 

denominator) were converted to monthly case counts, and monthly rates 

reported per a population number (e.g., per 100 or 1000 patients) were converted 

to monthly incidence counts using the total number of cases reported for the 

study. If a study reported disease burden (as monthly case counts) separately for 
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more than one location, then each location was treated as its own unique dataset 

for analysis purposes.  

 

Independent Variables 

Monthly temperature and precipitation were the primary variables of 

interest for an article’s study period and location. Average monthly temperature 

data was taken from the Hadley Centre CRUTEM4 (version CRUTEM.4.5.0.0) 

dataset, or if unavailable, from the Global Historical Climatology Network-

Monthly (GHCN-M) version 3 (v3.3.0.20170404) (44, 45). The Hadley Centre 

uses a more robust algorithm for choosing which weather stations to include in 

their dataset and thus was the preferred source for temperature data, when 

available. Monthly precipitation data was taken from GHCN-M version 2 (46). 

Adjusted precipitation data was used when available, otherwise the unadjusted 

precipitation data was used as reported.  

All weather data came with associated station codes for cities, identifiable 

by name as well as latitude and longitude. If weather data was unavailable for the 

specific city that the study was conducted in, weather stations within 100 

kilometers were used. If weather data was not available from a weather station 

within 100 kilometers, no weather data was collected for that study and it was 

excluded from the temperature and/or precipitation analysis. Only studies 

confined to one geographic location, defined by a single weather station, were 

included in the weather data analysis; studies that reported case data for large 

regions or from multiple cities were excluded from the temperature and 

precipitation analysis but were included in the seasonality analysis. In addition, 
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studies that reported aggregate monthly case count data in which cases were 

averaged across months for multiple years were also excluded for the weather 

data analysis but included in the seasonality analysis.  

Each study location included in the quantitative synthesis was described in 

terms of other covariates. These included latitude, elevation, average monthly 

temperature, and average monthly precipitation or number of days of annual 

precipitation (using data from Weatherbase.com), in addition to country specific 

mortality strata, crude birth rate and population density as recorded by the 

World Health Organization and the United Nations (47-50). The norovirus 

dataset also included a variable indicative of a new strain year, i.e., dominated by 

a new pandemic strain of norovirus. Case data reported from July 2002-June 

2003 or July 2006-June 2007 was classified as a pandemic month, while all 

other months were considered endemic (51). 

 

Seasonality Analysis 

Overall seasonality of diarrheagenic E. coli, norovirus, and 

Cryptosporidium were compared by plotting the combined pathogen-specific 

incidence by month (averaged over all study years) and stratified by geographic 

location. The geographic location was clustered by the northern hemisphere 

(>23N), the southern hemisphere (>23S), and the area bounded by the Tropic 

of Cancer on the north and the Tropic of Capricorn on the South, also known as 

the “tropics” (23N-23S). Across a study period, the proportion of cases that fell 

within each calendar month of the study was determined and averaged across all 

studies for each pathogen.  This was done to normalize the case count for all 



 13 

studies, since the denominator for the monthly proportion of cases differed per 

study. To visualize a non-pathogen specific year, the same process was carried 

out irrespective of which pathogen a study belonged to.  

The peak month, defined as the highest amount of cases per study, and the 

season strength, measured by the “peak-to-mean” ratio, was also evaluated. The 

ratio of the peak to mean values was calculated as the average number of cases in 

the month with the most cases, divided by the average number of cases per 

month over the course of the entire study. This was completed for each pathogen, 

stratified by geographic location. 

 

Statistical Modeling 

The relationship between climatic variables and disease incidence for 

diarrheagenic E. coli, Cryptosporidium, and norovirus for each study location 

was examined using generalized log-linear Poisson regression models in the R 

Statistical Programming Language (52). For each study within a pathogen 

specific dataset, monthly case counts were modeled as a function of monthly 

average temperature (C), and as a function of monthly average precipitation 

(cm). A Newey-West regression approach was used to account for serial 

correlation of monthly data points within studies, a common problem with time-

series comparisons (53). A series of forest plots were created using the metan 

function in Stata (version 10.1) for each pathogen to visualize the variability 

among studies (54). 

All studies for each pathogen specific dataset were pooled together to 

calculate an overall association between monthly cases and mean monthly 
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temperature and precipitation using a generalized estimating equation (GEE) 

model with a Poisson distribution and an autoregressive correlation structure, 

clustered by study (55). The R geeglm function in the geepack library was used to 

account for temporal gaps of one or two consecutive months in the weather 

predictor data through the waves argument (14). The waves argument “names a 

positive integer-valued variable that is used to identify the order and spacing of 

observations within groups in a GEE model. This argument is crucial when there 

are missing values and gaps in the data”(56).  

All models included WHO mortality stratum as a binary variable 

(developed country versus developing country (high-mortality developing or low-

mortality developing)) to control for the country’s level of development, as well as 

a 1-month lag variable for both temperature and precipitation data. This lag 

variable was implemented to assess the effects of temperature or precipitation 

one month prior to incidence cases of disease. Temperature and precipitation 

levels were evaluated using a combined multivariate model as a result of several 

studies missing either temperature or precipitation data. The full model for each 

pathogen dataset thus included the following covariates: temperature and/or 

precipitation data, temperature and/or precipitation 1-month lag data, and the 

WHO mortality stratum binary variable.  

Quasi-Akaike information criterion (QAIC) values were used for selecting 

a final GEE model using the Multi-Model Inference (MuMIn) R package (57). 

These information criterion scores balance explanatory power of the model with 

model complexity, and can account for different levels of overdispersion that 

would potentially occur from a high degree of variation in the outcome data, 
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specifically if a considerable amount of studies were missing temperature or 

precipitation data (58). The best model was selected based on the lowest QIC 

value. Model selection was evaluated using one full model, as well as four reduced 

models that allowed for different combinations of the four weather covariates 

while still including the mortality stratum variable in all models. Models with 

both temperature and temperature lag, or precipitation lag, were excluded from 

consideration. 
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RESULTS 

 

Systematic Review 

 A total of 134 studies (E. coli=38, Cryptosporidium=47, norovirus=49) 

with 140 datasets (E. coli=39, Cryptosporidium=48, norovirus=53) were 

included in the final analyses (Table 1a-c and Figure 1). Included datasets had 

study locations in temperate (n=97) and tropical latitudes (n=43) with study 

periods ranging between 1973 and 2015. Each country was classified as low-

mortality developing (LMD) (n=31), high-mortality developing (HMD) (n=42), or 

developed (n=64) per the WHO annual health report. Studies located in 

developing countries included 72% of E. coli studies, 51% of Cryptosporidium 

studies, and 42% of norovirus studies. Researchers targeted a range of ages 

within their study population, mostly enrolling either young children or 

indiscriminately enrolling patients of any age. Broadly classified, study settings 

included community or out-patient clinics, hospitals or emergency rooms, or data 

was used from laboratory reports or surveillance systems. 

 E. coli and norovirus were the only pathogens in which additional disease 

related information was collected for this study, specifically on pathotypes and 

new strain year, respectively. Of included E. coli studies, most were represented 

by ETEC, EPEC, and EAEC/EAggEC pathotypes. Among the included norovirus 

studies, 28 took place over a study period that was classified as a new strain year, 

based on specific pandemic months.  
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Seasonality 

 The distribution of all cases for each pathogen across a 12-month period 

was evaluated for all study years combined (Figure 2). The northern and southern 

hemisphere typically have anticipated seasonal patterns, while the tropics tend to 

have less variation, but do so according to the rainy and warm seasons 

throughout the year.  

E. coli studies were found to have an average ratio of peak to mean values 

of 3.23 for the northern hemisphere, 3.94 for the southern hemisphere, and 2.73 

for the tropics (Table 3). The temperate latitude seasonality plots demonstrate 

the typical pattern of E. coli incidence peaking in the summer months (Figure 2). 

In the northern hemisphere, 72% of studies peaked between June and August, 

while 67% of studies peaked between December and February in the southern 

hemisphere (Table 3). 

 Norovirus exhibited a typical trend of peaking in the winter and declining 

in the summer for the northern hemisphere, with a strong peak to mean ratio of 

4.45 (Figure 2, Table 3). In the northern hemisphere, only 3% of studies saw June 

through August as the peak month for cases, while nearly half found cases to peak 

in December through February (Table 3). The southern hemisphere showed less 

of a typical seasonal pattern and had a lower peak to mean ratio of 3.46 (Table 3). 

This, however, could be attributed to the lack of studies in this geographic 

location, as only 6% of norovirus studies were conducted in the southern 

hemisphere (Table 2). 

Cryptosporidium was found to have a strong season strength in the 

northern hemisphere with a peak to mean ratio of 6.48, followed by the tropics 
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with an average peak to mean level of 4.42 and the southern hemisphere at 3.42 

(Table 3). Among studies conducted in the northern and southern hemispheres, 

53% and 84%, respectively, saw cases peak in the spring (Mar-May for northern; 

September-November for southern) or fall (September-November for northern; 

Mar-May for southern) (Table 3). The peak month of cases was relatively evenly 

distributed across studies in the tropics. 

 

Association with Climate Variables 

The majority of studies showed a positive association between the 

incidence of disease and mean monthly temperature and precipitation (Figures 3-

5). Temperature data was available for 21 studies of diarrheagenic E. coli; 15 of 

these studies (71%) showed a statistically significant, positive association with 

disease incidence and only three (14%) showed a negative association, all with a 

non-significant relationship. Approximately half of the 18 E. coli studies with 

available precipitation data showed a statistically significant, positive association 

with disease incidence, while only two (11%) showed a statistically significant, 

negative association.  

Of 23 Cryptosporidium studies with available temperature data, 20 

studies (87%) showed a positive association between the incidence of infection 

and temperature – 15 of them (75%) proving to be statistically significant – and 

16 of 22 studies (73%) with precipitation data showed a positive association 

between incidence and rainfall, nine (41%) being statistically significant. A 

negative correlation existed between Cryptosporidium disease incidence and 
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three temperature studies (13%) and six precipitation studies (27%), with only 

one of each being statically significant. 

 Results of the analysis proved to be more varied for norovirus. A negative 

relationship with disease incidence was found to be more common among both 

temperature and precipitation studies. Of the 26 studies with available 

temperature data, 19 of them (73%) had a negative correlation with incidence of 

infection and all but one were found to be statistically significant. Regarding the 

association with precipitation, 16 of the 22 studies (73%) with rainfall data 

resulted in a negative correlation with disease incidence, seven (32%) being 

significant, and only one of six positively correlated studies was found significant. 

Although some precipitation results proved to be significant, most exhibited a 

weak association, evident by the small effect sizes. 

 Results from the GEE models are shown in Tables 4-5.  The best fit model 

for all pathogens was chosen by the lowest quasi-information criterion (QIC) 

value outputted with a model that included the WHO mortality strata variable, 

and did not include both a weather variable (temperature or precipitation) and its 

associated 1-month lag time (Tables 4a-b). The final, best-fit model for E. coli 

included temperature and precipitation, with estimates of the incidence rate 

ratios (IRR) of 1.08 (95% CI: 1.05-1.11) and 1.00 (95% CI: 0.99-1.01), 

respectively. However the only model coefficient that was found to be significant 

at the P<0.5 level was temperature (P<0.0001). The best-fit model for 

Cryptosporidium included the 1-month lag temperature variable and 

precipitation, with estimates of the incidence rate ratios of 1.06 (95% CI: 1.02-

1.10) and 1.01 (95% CI: 0.99-1.02), respectively. Results revealed that only the lag 
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temperature variable was found to be significant (P<0.0033). Similar to the final 

model of E. coli, the norovirus best-fit model included temperature and 

precipitation. The estimate of the IRR for temperature was 0.96 (95%CI: 0.92-

1.00) and 0.99 (0.99-1.00) for precipitation. Norovirus slightly differed from the 

other two pathogen models by also requiring inclusion of the new strain year 

variable, in addition to the required WHO mortality strata variable. The 

incidence rate ratios that were found for each pathogen model represent the 

relative increase in disease for a 1° C increase in mean temperature or a 1 cm 

increase in mean rainfall across all studies included in the model. 
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DISCUSSION 

The results presented in this analysis demonstrate a heterogeneous 

relationship of response to climatic variables amongst the three different 

pathogens assessed. A positive correlation with E. coli and Cryptosporidium and 

their associated weather variables was found evident, while a negative correlation 

was found between norovirus and its associated weather variables (Table 5). 

These results were expected based on the general understanding of the seasonal 

peaks and valleys associated with each pathogen – E. coli and Cryptosporidium 

cases typically peak during the summer months, and norovirus cases peak in the 

winter months, for temperate lateral regions. The quantification of these patterns 

is beneficial in creating a threshold for past and current seasonal patterns so 

changes can be assessed in future studies. 

 In the meta-analysis of each pathogen’s pooled dataset across all studies, 

the best-fit model suggests that, on average, a 1C increase in mean temperature 

is associated with an 8% (95% CI: 5%-11%) increase in the incidence of 

diarrheagenic E. coli, controlling for precipitation and country development 

status. For a 1C increase in mean 1-month lagged temperature, a 6% (95% CI: 

2%-10%) increase in the incidence of Cryptosporidium was found, controlling for 

precipitation and country development status. A 4% (95% CI: 0%-8%) decrease 

in the incidence of norovirus cases was found to be associated with a 1C increase 

in average monthly temperature, controlling for precipitation, country 

development status, and new strain year. All three temperature-disease 

relationships were found to be statistically significant at the P<0.05 level when 

the described variables were controlled for. These findings suggest that if other 
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bacterial diseases are similar to E. coli and peak in warmer conditions, then 

bacteria could potentially represent a larger attributable fraction of diarrheal 

disease under future warmer climatic conditions.  

 Other epidemiological studies by comparison have found similar 

associations between all-cause diarrhea incidence and changes in average 

temperature. Analyses conducted in Japan (Onozuka et al, 2010), Bangladesh 

(Hashizume et al, 2007), Peru (Checkley et al, 2000), and Fiji (Singh et al, 2001) 

found an increase in diarrhea incidence of 3-11% for a 1C increase in ambient 

temperature (59-63). Carlton et al further confirmed these regional results in a 

meta-analysis demonstrating a 7% increase in all-cause diarrhea for a 1C 

increase in temperature, with significant heterogeneity across pathogenic class 

(14, 64). The research from this analysis and from other published studies 

demonstrate a linear relationship between temperature and diarrhea rates, 

however other research has shown a non-linear relationship that is dependent 

upon the locally prevalent pathogens and climatic conditions (63). Checkley et al 

found that a 5C increase in temperature in Peru was associated with an increase 

of diarrhea-related hospital admissions by 77% during the winter months but 

only by 21% during the summer (61). 

 This analysis did not reveal a strong relationship between incidence of 

diarrheal disease and monthly mean precipitation for any pathogen. This could 

be due to more potential inherent error in the rainfall data than temperature data 

since rainfall tends to vary more across smaller distances. In addition, average 

monthly precipitation data may not capture the appropriate effects of rainfall 

because heavy rainfall during or following wet seasons or extreme precipitation 
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events are more likely to drive the incidence of diarrhea than average rainfall, 

based on previous research (14, 60, 63, 65-67). Furthermore, any non-linear 

effects would not have been captured by the models used in this analysis. Mellor 

et al recommends using a mechanistic, systems-based approach to address such 

complexities of modeling diarrheal disease and climate change (63). 

A consequence of using the QIC model selection method in this analysis is 

that explanatory variables that are non-significant at the P<0.05 level are still 

included in the model, as was seen with all model coefficients, except 

temperature and lagged temperature. The confounding variables overall were 

restricted due to the ecological structure of the study, and thus data for other 

potentially significant variables was limited (14). A wide variety of factors can 

influence the rates of diarrheal disease besides country development status, 

including other environmental variables such as humidity, specific components 

related to pathogen growth and transmission, and factors influencing host 

susceptibility. Quantifying these variables would add complexity to the model 

and furthermore, not enough data describing such factors for incorporation 

exists. Additionally, this study did not account for co-infections and the dataset 

as a whole was limited since the majority of norovirus studies occurred in 

developed countries, while E. coli and Cryptosporidium studies mainly occurred 

in the developing world. 

 

Future Directions 

 Further modeling should be carried out to predict the relative proportion 

of diarrheal disease attributable to each of these three pathogens under future 
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warming scenarios, according to the predictions of the models from this analysis. 

The data collected for this analysis would allow for modeling the change in 

pathogen cases for the expected temperature increase for any given region. 

These data could also be used to help implement better-timed public 

health interventions for diarrheal disease. The demonstrated seasonal patterns 

can be applied to local areas to improve timing of targeted hygiene education 

campaigns, water treatment efforts, and vaccine distribution. This is important 

for both the developed and developing world, as studies have shown that the 

developed world is not impervious to diarrheal disease, particularly outbreaks.  

Diarrheal diseases are often cited as one of the major types of negative 

health outcomes of climate change, but in reality, a large amount of uncertainty 

exists in the estimates associated with the relationship between climatic drivers 

and diarrheal disease. Kolstad et al carried out an analysis based on various 

emission scenarios estimating an increase in the incidence of diarrheal disease by 

up to 22%-29% by the year 2099, and concluded that a lack of exposure-disease 

relationship data, followed by non-linearities and potential threshold issues, 

contribute the greatest amount of uncertainty in predicting future conditions 

(68). Climate change threatens to undermine the substantial progress we have 

made in combatting diarrheal disease. Understanding the seasonality of diarrheal 

disease by gathering empirical data offers insight into the impact of weather on 

disease patterns, allowing us to anticipate the inevitable effects of climate change 

and properly prepare for the impact on infectious diseases around the world. 
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Table 1b. Characteristics of Studies Included in the Systematic Review of Climatic Drivers of 
Cryptosporidium incidence [Reference List: (32-42, 104-134)]. 
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Table 1c. Characteristics of Studies Included in the Systematic Review of Climatic Drivers of 
norovirus incidence [Reference List: (31, 41, 51, 135-178)]. 
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Tables 4a-c: Comparison of the Best-Fit Generalized Estimating Equation Models with 
Poisson Distribution, Controlling for Serial Correlation and Clustering by Study  
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Figure 1. PRISMA diagram of the study selection process. 
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Figure 2: Seasonality patterns of each pathogen over 12-months for all studies, clustered by 
geographic location. 
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Figures 3-5: Forest plots show incidence rate ratios (IRR) and 95% confidence intervals 
(CI), calculated with generalized log-linear Poisson regression models and using Newey-
West standard errors, for the relationship between pathogen incidence and (A) monthly 
mean temperature (C) and (B) rainfall (cm) for each study. 

A 

Figure 3: Forest plots of the relationship between diarrheagenic E. coli incidence 
and monthly mean temperature (C) and (B) rainfall (cm) for each study. 

B 
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Figure 4: Forest plots of the relationship between Cryptosporidium incidence 
and monthly mean temperature (C) and (B) rainfall (cm) for each study. 
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Figure 5: Forest plots of the relationship between norovirus incidence and monthly 
mean temperature (C) and (B) rainfall (cm) for each study. 


