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Abstract

Climate change is adversely impacting the burden of diarrheal diseases. Despite significant reduction in global prevalence, diarrheal
disease remains a leading cause of morbidity and mortality among young children in low- and middle-income countries. Previous
studies have shown that diarrheal disease is associated withmeteorological conditions but the role of large-scale climate phenomena
such as El Niño-Southern Oscillation (ENSO) and monsoon anomaly is less understood.We obtained 13 years (2002–2014) of diarrheal
disease data from Nepal and investigated how the disease rate is associated with phases of ENSO (El Niño, La Niña, vs. ENSO neutral)
monsoon rainfall anomaly (below normal, above normal, vs. normal), and changes in timing of monsoon onset, and withdrawal
(early, late, vs. normal). Monsoon season was associated with a 21% increase in diarrheal disease rates (Incident Rate Ratios [IRR]:
1.21; 95% CI: 1.16–1.27). El Niño was associated with an 8% reduction in risk while the La Niña was associated with a 32% increase
in under-5 diarrheal disease rates. Likewise, higher-than-normal monsoon rainfall was associated with increased rates of diarrheal
disease,with considerably higher rates observed in themountain region (IRR 1.51, 95% CI: 1.19–1.92). Our findings suggest that under-5
diarrheal disease burden in Nepal is significantly influenced by ENSO and changes in seasonal monsoon dynamics. Since both ENSO
phases and monsoon can be predicted with considerably longer lead time compared to weather, our findings will pave the way for
the development of more effective early warning systems for climate sensitive infectious diseases.
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Significance Statement:

Climate change is impacting burden of infectious diseases across the globe. Using Nepal as a case study, here we show how
large-scale weather phenomenon such as ENSO and monsoon anomaly can negatively impact the burden of diarrheal disease
among young children. Since both ENSO and monsoon anomaly can be predicted with considerably longer lead time compared to
weather—our findings may inform future development of early warning system with a longer lead time and enhance community
resilience to threats of climate change in such resource limited settings.

Background
Diarrheal diseases are the leading causes of morbidity and mor-
tality among young children, accounting for half a million deaths
(1–3). Diarrhea causes dehydration and undernutrition due to a
lack of nutrient absorption in intestinal cells, leading to a weak-
ened immune system that may increases risk of infectious dis-
eases in the short term, while enhancing susceptibility to chronic
diseases over the lifespan (4, 5). Most recent estimates suggest
that 88% of diarrhea-associated deaths are attributed to a lack

of proper water sanitation and hygiene (6). Despite a significant
decline in burden across the globe since 1990, diarrheal diseases
still remain a leading cause of childhood morbidity and mortal-
ity, particularly in low- and middle-income countries (LMICs) in-
cluding Nepal (2, 3, 7–11). Overall burden of diarrheal diseases
is expected to be worsened by ongoing climate variability and
change (12, 13). Recent epidemiological studies andmeta-analysis
have linked higher temperature and precipitation as well as large-
scale weather phenomenon such as El Niño-Southern Oscillation
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(ENSO) with burden of diarrheal diseases, particularly in the LMIC
settings (12, 14–19).

Overall burden of diarrheal disease in Nepal is higher during
the summer monsoon season (typically June–September), which
is critical for agricultural productivity in the region (20). Typical
summer monsoon season is characterized by warmer tempera-
ture that can promote bacterial growth and higher precipitation
that can enhance fecal–oral route of exposure to these pathogens
among communities lacking access to safe drinking water (13, 21,
22). Over the past century, there have been more frequent dry
spells within a monsoon season (referred to as monsoon breaks)
that give rise to short, frequent, and more intense wet spells (23).
Recent data suggest that monsoon onset and withdrawal timings
and rainfall distributions within the season are shifting, with the
frequency of wet spells moving toward the latter part of the sea-
son and dry spells moving earlier (23). The solar dimming due to
air pollution and aerosol loading have been blamed for the land
not warming faster than the ocean as expected, resulting in a
decrease in the Indian monsoon (24). However, the faster warm-
ing of land compared to oceans may have commenced impacting
monsoon circulation, leading to stronger summer monsoons and
weaker winter monsoons, thereby altering spatiotemporal varia-
tions in rainfall (25, 26). Yet, very few studies have investigated
how ongoing anomalies in monsoon onset, withdrawal, and dura-
tion are driving the burden of diarrheal diseases.

In addition to the monsoon, large-scale phenomena such as
ENSO are known to impact rainfall and temperature anomaly
across South Asia including Nepal (20). For example, a positive
Southern Oscillation Index (SOI) was associated with higher rain-
fall while negative SOI and more intense El Niño led to decreased
rainfall (20). A recent study has reported an increasing temporal
trend in total rainfall during the summer monsoon season in the
Bagmati River Basin of Nepal (27), as well as the overall rainfall
over Nepal (28).

Based on these prior observations, we hypothesize that both
monsoon anomaly and phases of ENSO influence burden of child-
hood diarrheal disease burden inNepal and that such burden vary
by geographic region. Since anomalies in ENSO and the seasonal
monsoon evolution can be forecasted with considerably longer
lead times (months–seasons) as opposed to weather (1–10 days),
we argue that findings from such studies will pave the way for the
development of early warnings systems with longer lead time.

Methods
The study site consists of all 75 administrative districts in Nepal,
which can be broadly categorized into 3 elevation-based regions
encompassing altitudes that range from 60 to 8,848 m above sea
level: the plains, hilly regions and mountainous regions. As a re-
sult of the large range of elevation throughout the country, there
are many microclimates throughout Nepal, which greatly influ-
ence local temperature and precipitation patterns (28–30).

We obtained district level under-5 diarrheal disease data for
the 2002–2014 period from Nepal’s Health Management Informa-
tion System (HMIS: http://dohs.gov.np/) operated by the Depart-
ment of Health Services within the Ministry of Health and Popu-
lation. Currently, the operational definition of diarrhea in Nepal
consists of passage of 3 or more watery stools per day that are
related to either bacterial, parasitic, or viral infections (31). We
obtained meteorological data, including daily maximum temper-
ature (TMAX) and precipitation from Nepal’s Department of Hy-
drology and Meteorology for the period of 2002–2014. We also ob-
tained monsoon information including its onset and withdrawal

dates for the country during 1984–2014 (32).We obtained informa-
tion on the ENSO categories (Normal, El Nino, and La Nina) from
NOAA that were derived based on Oceanic Niño Index (ONI) val-
ues, which measures the sea surface temperature anomalies in
the Niño 3.4 region of the equatorial Pacific (33).

Statistical analysis
To ensure temporal alignment of the exposure and outcome vari-
ables, we converted all district level daily meteorological data to
monthly scale to match the health data. We defined monsoon as
the months of June, July, August, and September (Figure S1, Sup-
plementary Material). We also established local climatology for
temperature, and precipitation (by month and district), as well as
monsoon onset and withdrawal dates (by year and country level)
using a 30-year average (1984–2014). We calculated anomaly in
monsoon onset, withdrawal, and duration by subtracting yearly
values from their respective long-term averages. We categorized
the anomaly in monsoon onset and withdrawal as early (< 30th
percentile value), normal (30th–70th percentile value), or late (>
70th percentile value). Likewise, we categorized the temperature,
and monsoon precipitation as above normal, normal, and below
normal using the 30th and 70th percentile cutoff, determined
based on their respective climatology.

We used a negative binomial Generalized Estimating Equations
(GEE) (34) to estimate the associations between exposure variables
and diarrheal disease risk in 75 districts in Nepal as described pre-
viously (13, 22, 35, 36). First, we conducted a univariate analysis to
estimate the effects of total monthly precipitation, TMAX, mon-
soon, ENSO phases, elevation categories as well as categories of
monsoon rainfall, onset, withdrawal, and duration. We then con-
ducted a multivariate analysis that included total monthly pre-
cipitation, TMAX, season, ENSO phases, and elevation category
using diarrheal disease data for the whole year (Model 1). We fur-
ther stratified the analysis by elevation categories to investigate if
the association varied across these categories. We performed ad-
ditional analysis restricting the dataset tomonsoonmonths alone
(June–September) to investigate how changes in monsoon dura-
tion (Model 2), and monsoon onset and withdrawal (Model 3) im-
pacted burden of diarrheal diseases. These models were adjusted
for monthly rainfall (mm) and TMAX (◦C).

Results
Of the 75 districts in Nepal, more than half are located in the
hilly regions (39), followed by the plains (20) and mountain re-
gions (16). The mean under-5 district-level population size is sig-
nificantly larger in the plain region (83,964), compared to the hilly
(37,089) or the mountain (16,829) regions (P < 0.05). Between July
2002 and June 2014, there were 13,580,925 diarrheal disease cases
among < 5-y-olds in the 75 districts of Nepal. Median case rates
(per 1,000) were significantly higher in the mountain region than
in the hilly and plain regions during all ENSO phases (Table 1).
Median case rates were highest during La Niña phases (30.5), com-
pared to ENSO-neutral (25.7) and El Niño (15.7) phases.

The majority of the study months were categorized as having
latemonsoon onset (45.8%), followed by normal onset (37.5%) and
early onset (16.7%; Table 2; Figure S2, Supplementary Material).
Roughly, half of the study years were characterized as having nor-
mal monsoon withdrawals, while 45.8% and 4.1% were character-
ized as having early and late monsoon withdrawals, respectively.
Likewise, the majority of the years witnessed normal monsoon
duration (62.5%), while additional 33.4% and 4.1% of the years

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/1/2/pgac032/6555459 by guest on 06 June 2022

http://dohs.gov.np/


Adams et al. | 3

Table 1.Distribution of under-5 diarrheal disease cases (median) in Nepal during 2002–2014, stratified by elevation categories. The values
in the parenthesis represent the 25th and 75th percentiles.

Characteristics Total Plains Hills Mountains

Districts 75 20 39 16
Population under-5 38,772 (23,553–66,313) 83,964

(73,663–96,227)
37,089 (25,065–44,989) 16,829 (6,700–20,695)

Cases
Total 13,580,875 6,620,722 5,704,588 1,255,565
Monthly 844 (372–1,728) 2,209 (887–3,471) 808 (421–1,391) 384 (108–779)

Monsoon cases
Total 5,512,079 2,499,730 2,451,073 561,276
Monthly 1,125 (542–2,122) 2,431 (1,102–3,946) 1,080 (607–1,813) 551 (180–1,080)

Case rate/1,000
Overall Neutral 25.7 (10.7–45.4) 25.3 (9.0–41.3) 23.9 (11.0–44.7) 29.1 (12.5–57.9)

La Nina 30.5 (18.1–46.2) 32.1 (19.8–43.7) 27.2 (16.0–43.1) 37.5 (21.3–60.3)
El Nino 15.7 (8.1–32.0) 16.7 (7.9–32.0) 14.4 (7.9–29.1) 19.4 (9.6–42.4)

Monsoon season Neutral 32.0 (17.8–53.3) 29.9 (16.2–44.7) 30.4 (17.2–53.3) 41.4 (23.5–69.8)
La Nina 40.5 (21.9–63.5) 36.1 (19.2–50.1) 38.2 (20.5–63.6) 50.8 (32.9–81.7)
El Nino 22.4 (8.3–55.3) 17.8 (6.7–45.7) 21.5 (9.0–54.1) 33.2 (10.8–79.1)

Table 2.Meteorological data stratified by phases of ENSO.

Characteristics Total ENSO neutral La Nina El Nino

District–months 10,768 5,309 (49.3%) 3,221 (29.9%) 2,238 (20.8%)
Monsoon onset

Normal 37.50% 32.40% 44.20% 40.00%
Early 16.70% 14.10% 21.00% 16.80%
Late 45.80% 53.50% 34.80% 43.20%

Monsoon withdrawal
Normal 50.10% 56.40% 34.80% 56.80%
Early 4.10% 0.00% 0.00% 19.90%
Late 45.80% 43.60% 65.20% 23.20%

Monsoon duration
Normal 62.50% 63.40% 60.40% 63.30%
Short 4.10% 0.00% 0.00% 19.90%
Long 33.40% 36.60% 39.60% 16.80%

TMAX (Celsius), median (25th–75th %ile)
Plains 31.9 (26.7–33.9) 33.1 (30.2–35.0 30.2 (25–32.8) 29.8 (24.8–32.8)
Hills 26.1 (22.2–30.2) 28.1 (23.7–31.2) 24.7 (21.0–28.8) 24.0 (20.6–28.6)
Mountains 22.6 (18.5–25.7) 23.6 (20.1–26.8) 21.3 (17.2–24.7) 20.6 (16.5–24.4)

Median monthly rainfall (25th–75th %ile), mm
Plains 40.5 (0.9–212.1) 81.8 (11.8–234.8) 7.9 (0–148.9) 28.1 (0–182.4)
Hills 56.4 (8.0–218.5) 94.1 (23.6–246.6) 22.0 (0–152.7) 40.1 (4.3–188.0)
Mountains 40.7 (7.2–133.4) 55.0 (16.8–162.9) 24.9 (2.0–96.7) 28.9 (4.0–107.3)

Median monsoon monthly rainfall (25th–75th %ile), mm
Plains 314.8 (190.1–471.1) 297.0 (176.0–438.0) 380.5 (263.3–552.5) 276.2 (173.0–524.1)
Hills 311.9 (190.9–455.6) 296.4 (181.6–429.5) 368.6 (239.5–523.9) 283.3 (169.6–479.7)
Mountains 209.6 (63.2–393.5) 189.9 (60.2–358.3) 278.6 (107.7–476.3) 180.6 (58.2–408.5)

Precipitation category
Below average 29.80% 32.10% 19.60% 34.80%
Average 39.80% 41.30% 40.10% 35.50%
Above average 30.40% 26.60% 40.30% 29.70%

were classified as having long and short monsoon season, respec-
tively. We observed that monsoon duration was driven largely by
timing of monsoon withdrawal. La Niñamonsoons brought in sig-
nificantly higher rainfall compared to monsoons during ENSO-
neutral or El Niño phases (Table 2).

Overall, higher monthly temperature was significantly asso-
ciated with increases in diarrheal disease rate (Table 3) among
< 5-y-olds (Incident Rate Ratio [IRR]: 1.02; 95% CI: 1.02–1.03), with
a slightly higher rate of diarrheal disease in the hilly and moun-
tain regions (4%) compared to the plains region (1%). Likewise, the

monsoon season was associated with a 21% increase in diarrheal
disease (IRR: 1.21; 95% CI: 1.16–1.27), which was fairly consistent
across the 3 elevation categories, ranging from 17% to 21% in-
creases (Table 3). Compared to the ENSO neutral phase, the El
Niño phase was characterized by an 8% reduction in the under-
5 diarrheal disease cases (IRR: 0.92; 95% CI: 0.88–0.95) while the
La Niña phase was associated with a 32% increase (IRR: 1.32; 95%
CI 1.28–1.37). The increased risk of diarrheal disease associated
with La Niña periods was higher in themountain region (IRR: 1.53;
95% CI 1.39–1.68) than in the hilly (IRR: 1.31; 95% CI 1.24–1.38) or
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Table 3. IRR and 95% CI depicting association betweenmeteorological variables, ENSO phases, and diarrheal disease risk in Nepal during
2002–2014.

Overall Plain Hill Mountain
IRR LCL UCL IRR LCL UCL IRR LCL UCL IRR LCL UCL

Rainfall 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Tmax 1.02 1.02 1.03 1.01 1.00 1.02 1.04 1.03 1.04 1.04 1.03 1.05
Monsoon 1.21 1.16 1.27 1.19 1.07 1.32 1.21 1.13 1.30 1.17 1.04 1.32
ENSO phase

Neutral 1.00 – – 1.00 – – 1.00 – – 1.00 – –
La Nina 1.32 1.28 1.37 1.32 1.22 1.42 1.31 1.24 1.38 1.53 1.39 1.68
El Nino 0.92 0.88 0.95 0.90 0.83 0.99 0.91 0.86 0.97 0.94 0.84 1.04

Table 4. Association between monsoon duration, rainfall, phases of ENSO, and district level under-5 diarrheal disease cases in Nepal
during 2002–2014, stratified by elevation categories.

Overall Plain Hill Mountain
IRR LCL UCL IRR LCL UCL IRR LCL UCL IRR LCL UCL

Duration
Normal 1.00 – – 1.00 – – 1.00 – – 1.00 – –
Short 1.32 1.16 1.50 0.79 0.60 1.04 1.60 1.32 1.94 2.86 2.09 3.91
Long 0.99 0.93 1.05 1.08 0.94 1.23 0.93 0.85 1.01 1.00 0.86 1.16

ENSO
Neutral 1.00 – – 1.00 – – 1.00 – – 1.00 – –
La Niña 1.17 1.10 1.26 1.13 0.98 1.31 1.19 1.07 1.31 1.30 1.10 1.55
El Niño 0.87 0.80 0.94 0.91 0.76 1.09 0.84 0.75 0.95 0.75 0.62 0.92

Monsoon rainfall (percentile)
< 30th 1.00 – – 1.00 – – 1.00 – – 1.00 – –
30th–70th 1.02 0.95 1.10 0.97 0.84 1.13 1.01 0.91 1.12 1.30 1.05 1.60
> 70th 1.10 1.02 1.20 1.03 0.87 1.21 1.07 0.94 1.21 1.51 1.19 1.92

plains regions (IRR: 1.32; 95% CI 1.22–1.42; Table 3). The decreases
in diarrheal disease rates observed during the El Niño periods was
consistent across the 3 regions, with the reduction in risk ranging
from 6% in mountain region to 10% in the plain region (Table 3).

To further investigate the role of the seasonalmonsoon anoma-
lies on diarrheal disease burden, we conducted a subanalysis re-
stricted to the monsoon season alone (Table 4). During the study
period, a short monsoon duration was associated with increased
incidence of diarrheal disease in the nationwide model (IRR: 1.32;
95%CI: 1.16–1.50).When stratifying the analysis by elevation cate-
gory, a short monsoon duration remained significantly associated
with increased diarrheal disease incidence in the hilly (IRR: 1.60;
95% CI: 1.32–1.94) and mountain (IRR: 2.86; 95% CI: 2.09–3.91) re-
gions, but a negative nonsignificant association was observed in
the plain region. Longer monsoon duration was not associated
with diarrheal disease rates in the nationwide or the stratified
analysis (Table 4).

We further investigated how the timing of the monsoon on-
set and withdrawal may influence the burden of diarrheal disease
during summer months (Fig. 1). In the nationwide analysis, early
onset of monsoon was associated with a 7% decrease in diarrheal
disease (IRR: 0.93, 95% CI: 0.85–1.01) and the hilly region (IRR 0.85,
95% CI: 0.75–0.96). However, a positive association was observed
for mountain region. Late onset of monsoon was associated with
increases in burden of diarrheal disease in the national as well
as regional analysis (Fig. 1). Both early and late onset of monsoon
withdrawals were associated with a consistent increase in diar-
rheal disease risk in the nationwide as well as regional analysis.

As with the overall analysis using the whole year data (Ta-
ble 3), phases of ENSO were significantly associated with the diar-
rheal disease burden in the monsoon only analysis with a noted

differences in magnitude. For example, the La Niña phase was as-
sociated with a 17% increase, while the El Niño phase was associ-
ated with a 13% reduction in rates of diarrheal diseases nationally
during monsoon season. Themost pronounced influence of ENSO
was observed in the mountain region where the La Niña was as-
sociated with a 30% increase (IRR: 1.30, 95% CI: 1.05–1.60) while
the El Niño phase was associated with a 25% reduction (IRR: 0.75;
95% CI: 0.62–0.92) in rates of diarrheal diseases during the mon-
soon season.

Rainfall anomaly during the monsoon season was associated
with the burden of diarrheal disease in Nepal (Table 4). Compared
to a low monsoon rainfall (< 30th percentile value), high (> 70th
percentile value) rainfall was associated with 10% (IRR: 1.10; 95%
CI: 1.02–1.20) increase in rates of diarrheal disease nationally. This
was considerably higher in the mountain region with the high
monsoon rainfall associated with 51% increases in risk (IRR: 1.51,
95% CI: 1.19–1.92).

Discussion
As compared to weather, large-scale climate phenomena, such as
ENSO phases and monsoon evolutions, can be reasonably pre-
dicted with subseasonal to seasonal lead times. As such, early
warning systems based on such large-scale phenomena have the
potential to provide public health professionals the critical lead
time necessary to prepare for increases in climate-sensitive dis-
ease burden, including diarrheal diseases. The first essential step
to building such a warning system is to better characterize the
empirical relationship between these climate phenomena and
human health outcomes. To that end, our study provides the
first ever quantitative assessment of how anomalies in monsoon
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Fig. 1. IRR and 95% CI for monsoon anomaly (early: < 30th percentile, late: > 70th percentile, vs. normal: 30th–70th percentile values) and risk of
diarrheal disease.

rainfall, onset, withdrawal, and duration as well as phases of
ENSO impact childhood diarrheal disease burden in Nepal and
how this relationship vary by elevation categories.

Our findings suggest that early monsoon onset is associated
with decreases while late monsoon onset is associated with in-
creases in diarrheal disease burden. We also observed that both
early and latemonsoonwithdrawals are associatedwith increases
in rates of diarrheal disease rates. Consistent with the findings re-
garding the timing of monsoon onset, we observed that shorter
monsoon duration (late onset and/or early withdrawal) is associ-
ated with higher rates of diarrheal disease, while longer monsoon
duration (early onset and/or late withdrawal) had no discernable
impact. The exact mechanism by which changes in monsoon on-
set andwithdrawal impact diarrheal disease rate remains unclear.
While it is tempting to suggest that changes in monsoon onset
and withdrawal related diarrheal disease rates must be tied to
monsoon rainfall, our analysis was adjusted for the total rainfall
amount. Furthermore, we investigated if anomalies in monsoon
seasonal cyclewere tied to rainfall amount, butwe did not observe
a clear pattern that could explain the observed association with
diarrheal disease rates. Additional studies are needed to verify our
findings regarding monsoon anomaly and under-5 diarrheal dis-
ease burden, as well as disentangle the underlying mechanism
influencing this relationship. Besides overall rainfall, such studies
should investigate if anomalies inmonsoon onset and withdrawal
impact the frequency of intense rainfall events that induce flood-
ing and diarrheal diseases.

We observed a positive relationship between temperature and
increase in diarrheal disease rates nationally, and across all re-
gions, with a noted exception for the plain region. Higher ambi-
ent temperatures may increase the transmission of diarrheal dis-
eases by increasing bacterial yields in drinking water and animal
reservoirs, as well as leading to spoiled food that promotes diar-
rheal pathogen growth (37). The null association observed in the

plain region is likely because temperature is not a growth limit-
ing factor in these low-lying areas with a tropical climate (38). In
fact, the median value for monthly maximum (minimum) tem-
perature in the plain region of Nepal during the study period was
31.9◦C (20.0◦C), compared to 26.1◦C (14.6◦C), and 22.6◦C (8.9◦C)
in the hilly and mountainous regions, respectively. Thus, the in-
creases in temperature that helps bacterial growth in the hilly
and themountainous regions is not associatedwith disease risk in
the plain region, where it is not a rate limiting factor. Our findings
are particularly relevant given a recent study that showed the in-
creasing trend of temperature is more pronounced in the mid- to
high-altitude regions of Nepal (39, 40). Taken together, the burden
of diarrheal diseases may considerably increase in the hilly and
mountain regions of Nepal in response to climate change.

Heavy rainfall and flooding can spread bacterial pathogens and
increase population exposure through contamination of unpro-
tected drinking water sources (41). Since significant proportion
of the Nepali population lacks reliable municipal drinking wa-
ter, fecal–oral route of exposure remains a major threat during
and after extreme precipitation events (39). Our findings regard-
ing high monsoon rainfall and increased diarrheal disease rate is
consistent with study by Demitrova and Bora who found a sim-
ilar association between abnormally wet monsoon months and
increased childhood diarrhea, observed exclusively in the moun-
tainous regions in India (42). Our monsoon rainfall-related find-
ings were more pronounced in the mountain regions compared to
the plain regions.This could be due, at least in part, to the fact that
most of the population centers in Nepal are located in the plain
region, suggesting that this area may have higher prevalence of
improved water and sanitation infrastructure, which minimizes
fecal–oral route of exposure to bacterial and viral pathogens.

We observed higher rates of diarrheal disease during La Niña
periods, while the rates were lower during the El Niño phase.
These findings could be explained, in part, by previous studies,
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which found that ENSO is a key driver of precipitation in South
Asia (20) and is associated with the frequency of extreme precip-
itation events in Nepal specifically (43). This hypothesis is sup-
ported by our data showing considerably higher median monthly
precipitation during La Niña monsoon periods compared to both
ENSO neutral or El Niño monsoon periods. These findings suggest
that ENSO may be a key factor driving annual rainfall and ex-
treme precipitation events in Nepal during the summer monsoon
season, which could both play a significant role in the spread of
diarrheal pathogens throughout the country.

There are several strengths of this study, including national
level data with a long temporal coverage. This study provides
the first quantitative estimate of diarrheal disease burden that
is tied to anomalies in monsoon rainfall, onset, and withdrawal,
as well as phases of ENSO. The anomalies were calculated using
a 30-year baseline, which enabled us to estimate climatic influ-
ence on the disease burden. Since seasonal monsoon evolution
and phases of ENSO can be reliably predicted with considerably
longer lead times compared to 1–10 days for weather forecasts,
our findings will inform early warning systems for climate sen-
sitive infectious diseases with longer lead time, as proposed un-
der the Ready-Set-Go framework for managing weather related
health impacts (44). The concept is to ready the decision system
based on the seasonal forecasts and set the assets in place based
on the subseasonal forecasts (weeks 2–4). The Go step kicks in
with the weather forecasts at short (days 1–3) and medium (days
3–10) range (44). Our study also has several limitations including
lack of daily or weekly outcome data. Our study included a rela-
tively short time period (2002–2014) for investigating influence of
climatological phenomenon such as ENSOandmonsoon anomaly.
Future studies with longer time period are warranted to replicate
our findings. Likewise, since we did not have individual level data,
we could not investigate how the risk varied by sociodemographic
factors, access to piped water as well as vaccination against diar-
rheal diseases. Our analysis focused on overall diarrhea as infor-
mation regarding specific pathogens were not available.

Conclusions
Our data suggest that ENSO phases and monsoon evolutions (on-
set and withdrawal timing, duration, as well as rainfall intensity)
are significant predictor of under-5 diarrheal disease burden in
Nepal. Given both ENSO phases and monsoon evolutions can be
predicted with considerably longer lead times than weather fore-
casts, incorporating them in the earlywarning systems for climate
sensitive health outcomes can significantly improve the predic-
tion lead time, allowing public health professionals critical time
to prepare.
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