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This study examines the relationship between climate change and public health in

Haiti, a country already facing socioeconomic challenges. The well-being of Haiti’s

vulnerable population is expected to be further affectedby climate change, leading to

an increase in vector-borne, water-borne, and heat-related diseases. As one of the

most vulnerable countries toclimate changeeffects,Haiti is currently experiencing an

increase in vector-borne diseases such asmalaria, dengue, and chikungunya, as well

as water-borne diseases and emerging zoonotic outbreaks. This study aims to

improve planning, decision-making, and responses to public health challenges by

utilizing health data, climatic information, and impact models. The methodology

involves the creation of a comprehensive climate and health database to uncover

detailed spatial-temporal relationships on a national scale. By evaluating disease

indicators from historical periods (1950-2014) and future projections (2015-2100)

using the Shared Socio-Economic Pathways (SSPs) from the multi-model ensemble

meanoftheCMIP6models, targetdiseases, includingmalaria,meningitis,dengue,and

heat-sensitivechronicdiseasesareassessed.Our resultshighlightadecrease in rainfall

and a strong increase in temperatures, especially within western Haiti under the

extremeSSP585 scenario. The ability of the impactmodels to simulate the seasonality

and spatial distribution of malaria incidence, dengue and heatwaves was performed.

The analysis of risks related to climate-sensitive diseases’ climatic parameters shows

that Haiti’s west and central regions are mostly exposed to vector-borne and water-

bornediseases.Modelspredictadecrease inmalariacasesdue toclimatechangewith

hot temperatures and a decline in rainfall, while dengue transmission patterns may

undergo changes. These findings will inform the implementation of context-specific

early-warning systems and adaptation strategies for climate-sensitive diseases while

acknowledging the challenges of integrating climate-altereddata intohealth policies.
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1 Introduction

The Pan American Health Organization (PAHO) and the

World Health Organization (WHO) in Haiti are collaborating

with the Ministère de la Sante Publique et de la Population de

Haiti (MSPP, Ministry of Public Health and Population) to offer

technical assistance aimed at accelerating the development and

execution of its national health adaptation plan. The primary aim is

to bolster the healthcare system’s resilience in the face of climate

change impacts. This technical support aligns with the vision

outlined in the World Health Organization’s (WHO) 2017-2021

framework on climate change and health, which primarily targets

leaders, professionals, and managers in the healthcare sector within

the region (1).

The overarching goal of this framework is to fortify healthcare

systems’ resilience to climate change by proposing a systematic

program to streamline the public health response within the

healthcare sector and related fields (2). This objective can be

realized by enhancing the Ministry of Health in Haiti’s capacity

to safeguard public health in the midst of varying and evolving

climatic conditions. This includes the anticipation, prevention,

preparedness, and management of health risks linked to climate

change. Furthermore, the WHO’s support aims to facilitate the

establishment of partnerships and access to financial resources to

strengthen the healthcare sector’s response to climate change

(Ministry of the Environment, hereafter referred to as MDE in

French, 2022).

Haiti is indeed one of the countries most susceptible to the

consequences of climate change, particularly in the healthcare sector.

This vulnerability is marked by a surge in vector-borne diseases such

as malaria, filariasis, dengue, and chikungunya, as well as waterborne

diseases with a high epidemic potential, including typhoid, cholera,

and diarrhea. Additionally, there are recurrent instances of bronchitis

and rhinitis, alongside emerging outbreaks of zoonotic diseases in

specific regions (3; Civil Protection Directorate, hereafter referred to

as DPC in French, 2019; Ministère de la Santé Publique et de la

Population, hereafter referred to as MSPP in French, 2020. These

health challenges, closely linked to climate-related risks, have resulted

in numerous fatalities in Haiti, presenting substantial developmental

hurdles that have captured the attention of healthcare sector

stakeholders and underscored the significance of addressing climate

change and health.

In response to these emerging health risks associated with

climate change impacts, the National Climate Change Plan

(PNCC) and the Nationally Determined Contribution (NDC),

coordinated processes led by the MDE, recommend a set of

adaptation options and measures for the healthcare sector to

enhance its resilience (3, 4). Achieving this necessitates the

strengthening of the Ministry of Public Health and Population’s

(MSPP’s institutional capacities concerning climate change and

health. This entails the development of instruments and

documents that incorporate this new health concern into the

planning and implementation of national health development

policies as a top priority.

In a broader context, the objective of the technical assistance

mission is to aid the healthcare sector in conducting vulnerability
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and adaptation assessments, assisting in the evaluation of emission

sources, proposing mitigation strategies, and preparing for the

implementation of its national climate change adaptation plan

alongside a financing mobilization strategy. One of the primary

anticipated outcomes of the mission is the production of a report on

the vulnerability and adaptation assessment of health systems and

services to climate change. This report will help formulate strategies

for enhancing the healthcare sector’s resilience to climate change

effects, as well as a multi-year adaptation plan to mitigate the impact

on the most vulnerable populations.

To achieve these critical objectives of the technical assistance

mission, it is imperative to collect and analyze both quantitative and

qualitative data. Consequently, this paper’s primary objective is to

present a report of the findings from the analysis of quantitative

data, particularly those related to climate and health. This step is

foundational before conducting participatory workshops to gather

qualitative data for assessing the vulnerability and adaptability of

Haiti’s healthcare system.
2 Data and methods

2.1 Study area

Haiti, situated in the Caribbean region, shares the island of

Hispaniola with the Dominican Republic. Its geographic

coordinates span from 18°N to 20°N latitude and 71°W to 74°W

longitude (Figure 1).

Haiti displays a diverse range of climate characteristics across its

distinct ecoregions. Factors such as topography, elevation

variations, and its proximity to the Caribbean Sea contribute to

the climate variations within the country. Below is a summary of the

climate features found in various ecoregions within Haiti:
• Lowland Coastal Areas: These regions experience a tropical

maritime climate, featuring consistently elevated

temperatures with minimal seasonal fluctuations. The

proximity to the sea results in significant humidity levels.

Frequent rainfall occurs, particularly during the wet season

fromMay to October. These areas are also susceptible to the

impacts of hurricanes and tropical storms during the

hurricane season from June to November.

• Central Plateau: This area has a subtropical highland

climate due to its elevated terrain. Temperatures are

cooler compared to coastal regions, especially at night.

Precipitation is concentrated in the wet season, while the

dry season (November to April) sees reduced rainfall.

Notably, there is a discernible variation in rainfall

patterns between the northern and southern sections of

the plateau.

• Mountainous Areas: The elevated regions exhibit a

highland or mountainous climate characterized by cooler

temperatures and more pronounced daily temperature

fluctuations. On the windward sides of mountains,

increased rainfall occurs due to orographic influences. At

higher elevations, there’s a likelihood of fog and mist.
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• Northern Plains: These regions have a transitional climate,

situated between tropical maritime and subtropical

highland conditions. The weather features moderate

temperatures with distinct wet and dry periods.

Precipitation is concentrated primarily during the wet

season, which can extend into the early part of winter.

• Southern Peninsula: This area displays a tropical arid or

semi-arid climate characterized by lower precipitation levels

compared to other regions of Haiti. It experiences elevated

temperatures and faces the potential for water scarcity,

making it susceptible to drought conditions.

• Northern Coastal Areas: Like the lowland coastal zones, these

territories encounter a tropical maritime climate with high

temperatures and humidity levels. They receive frequent

rainfall throughout the wet season and are also prone to

hurricanes and tropical storms during the hurricane season.
The structure of this study is as follows: Section 2 presents the

data types used and the methods applied. In Section 3, we analyze

the spatiotemporal dynamics of health and climatic data,

specifically focusing on rainfall and temperature, across Haiti.

This section also includes the results of simulated diseases using

impact models driven by the collected data. Finally, in Section 4, we

provide a concise summary of the main findings of this study.

2.2 Data

2.2.1 Health data
Regarding our data collection efforts, we have gathered health

data from the various health districts of Haiti. This health-related

data encompasses the reported cases of diseases documented at the

departmental level. Detailed information about the health database

used can be found in Table 1.

However, it essential to clarify that while the health database

covers a wide range of diseases, not all of them are sensitive to

climate variations. There is a vital distinction to be made between

two aspects: scientific evidence, which provides us with insights into

our existing knowledge, and non-climatic factors.

We emphasize the significance of considering scientific evidence

when selecting diseases for further investigation. In the context of
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certain poorly documented diseases, it becomes apparent that these

particular diseases are not influenced by climate factors, making it

challenging to assert that climate changes will impact them. This

assertion holds especially true for specific chronic ailments or

neglected tropical diseases. While the link between these diseases

and climate may not be in question, it is also imperative to

demonstrate the existence of scientific research within the study

area that is pertinent to climate or climate variations.

2.2.2 Climate data
2.2.2.1 Climate data for evaluation: ERA5 reanalysis

ERA5, a climate reanalysis dataset, has been developed by the

Copernicus Climate Change Service (C3S) and encompasses data

from 1979 to the current date. This dataset is readily accessible and

can be downloaded free of charge through the C3S Climate Data

Store. The European Centre for Medium-Range Weather Forecasts

(ECMWF) is responsible for the data processing of ERA5, utilizing

the Integrated Forecasting System (IFS) model.

ERA5 represents the fifth significant global reanalysis

conducted by ECMWF, and its acronym, “ERA,” stands for

“European Centre for Medium-Range Weather Forecasts

Reanalysis.” Presently, the dataset is accessible with a 3-month

time lag, covering the timeframe from 1979 to 2023.

ERA5 includes most of the parameters that were available in its

predecessor, ERA-Interim, and also introduces several additional

parameters. It maintains the same 37 pressure levels as ERA-

Interim. The temporal resolution for ensemble data is 3 hours,

while the deterministic ERA5 product provides hourly resolution.

The dataset is stored in the GRIB file format, offering access to all

ensemble members as well as mean and spread values.

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-

era5-pressure-levels?

2.2.2.2 CMIP6 simulation data and scenario

To examine potential future consequences, the Intergovernmental

Panel on Climate Change (IPCC) in its 6th Assessment report (AR6)

(5), utilizes five scenarios referred to as Shared Socio-economic

Pathways (SSPs), often called “economic trajectories.” Economists

and sociologists evaluate the costs associated with adapting to and

mitigating the effects of climate change based on various socio-
FIGURE 1

Map of Haiti, showing its position (left panel), and its various departments (right panel).
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economic scenarios that align with Representative Concentration

Pathway (RCP) scenarios.

RCP scenarios encompass four radiative forcing pathways

extending up to the year 2100. These pathways were established by

the IPCC for its 5th assessment report, AR5 (6). A RCP scenario serves

as a tool to model future climate conditions. In the AR5, each RCP

scenario is rooted in four distinct assumptions regarding the

quantification of greenhouse gas emissions from 2000 to 2100. Each

RCP scenario provides an anticipated representation of the climate

outcomes linked to the selected emission level. These scenarios are

named after the radiative forcing range projected for the year 2100:

RCP 2.6 corresponds to a forcing of +2.6 W/m² (Watts per square

meter), RCP 4.5 to +4.5 W/m², and similarly for RCP 6 and RCP 8.5.

The higher the value, the greater the energy that the Earth-atmosphere

system accrues, resulting in increased warming. These scenarios,

known as SSPs, are presented based on the efforts required for

adaptation and mitigation if the world adheres to these trajectories.

In this research, we utilized the multi-model ensemble mean

derived from fifteen (15) global circulation models, including the

Coupled Model Intercomparison Project, version 6. To enhance

data accuracy, we employed a bias correction technique, specifically

the CDF-t (Cumulative Distribution Function transform) method

(7). These simulations are available at a daily time step, spanning

the periods 1850-2014 (Historical) and 2015-2100 (projections).

Both observed and simulated datasets were harmonized onto a

shared grid to ensure consistency in the analysis and interpolation.

The reference period chosen for this study spans from 1985 to 2014.

Detailed information regarding the data, scenarios, and temporal

scale of CMIP6 data can be found in Tables 2, 3.
2.3 Methods

2.3.1 The LMM model
The Liverpool Malaria Model (LMM) is a dynamic model

designed for studying malaria, utilizing daily time series data for

precipitation and temperatures. For a detailed understanding of the
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model’s components and parameter calibration, see Hoshen and

Morse (8) and Ermert et al. (9). The LMM is a mathematical-

biological model that primarily focuses on parasite dynamics. It

encompasses both an intra-vector phase, which is influenced by

weather conditions, and an intra-host phase that operates

independently of weather conditions.

Within the LMM, the mosquito population is simulated by

considering both larval and adult stages. The number of eggs

deposited in breeding sites and the larval mortality rate are

influenced by the amount of rainfall in the preceding 10 days. In

contrast, the mortality rate of adult mosquitoes and the egg-laying/

biting cycle, known as the gonotrophic cycle, are temperature-

dependent. The model also accounts for the transmission of

parasites between humans and mosquitoes, taking into

consideration temperature-dependent factors, such as the

reproduction rate of the parasite (sporogonic cycle) and mosquito

biting rate. These cycles evolve based on the accumulation of

“degree-days” above a specific temperature threshold. For

instance, the gonotrophic cycle accumulates around 37 degree-

days, while the sporogonic cycle accumulates approximately 111

degree-days with a threshold of 9°C (18°C) (10).

The LMM has found widespread application in climate and

health studies across Southern Africa, including Botswana, as well

as across the African continent (11, 12). The model generates key

output variables, including incidence, prevalence, and mosquito

population dynamics, among others. The current version of the

model, known as LMM2010, has demonstrated significant

enhancements in simulating malaria dynamics in Sub-Saharan

African countries, including Haiti. Researchers have also utilized

this version to assess the future risk of malaria due to climate change,

as exemplified by studies conducted in Senegal by Diouf et al. (13, 14).
2.3.2 Relative vectorial capacity for dengue
The relative Vectorial capacity (rVc) model is a mathematical

framework used to evaluate a vector’s ability to transmit a disease

within human populations. This model considers multiple factors,

including interactions between hosts and vectors as well as between

viruses and vectors, assuming the existence of these three

parameters (15, 16). Its primary function is to estimate the

average daily number of secondary cases that can be generated by

an initial case introduced into a fully susceptible population (15).

The expression of the rVc model is as follows:

rVc= a2 bhbme-mmn)/mm; où:
- 1) a =Biting rate (17).

- 2) bm = probability of infection from humans to vector per

bite (18).

- 3) bh = probability of transmission from vector to human per

bite (17, 18);

- 4) h = Extrinsic incubation period (19–21).

- 5) mm = Mortality rate (22).
The equations for these five parameters are respectively

provided below:
TABLE 1 Monthly health database on non-communicable diseases
(2015-2022).

Number of confirmed cases of
the disease

Departments

High Blood Pressure (Hypertension) Artibonite

Diabetes Centre

Cholera Grand-Anse

Chikungunya Nippes

Dengue Nord (North)

Diarrhea Nord-Est (North-East)

Malaria Nord-Ouest
(North-West)

Malnutrition Ouest (West)

Acute Respiratory Infections (ARI) Sud (South)
Sud-Est (South-East)
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1) Biting rate (a).

a(T) = 0:0043T + 0:0943 for    21 ° C ≤ T ≤ 32 ° C

2) The probability of infection from humans to vector per bite

(bm).

(bm) = 0:0729T − 0:9037 for   12:4 ° C ≤ T ≤ 26:1 ° C

(bm) = 1   for   ° C 26:1 < T < 32:5 ° C

3) The probability of transmission from vector to human per bite

(bh).

(bh) = 0:001044T(T − 12:286)(32:4461 − T)1=2       for 12:286 ° C 

≤ T ≤ 32:461 ° C

4) Extrinsic incubation period (h).

h(T) = 4 + e5:15−0:123T     for 12 ° C  ≤ T ≤ 36 ° C

5) Mortality rate (mm).

mm(T) = 0:8692 − 0:1590T + 0:01116T2 − 3:408� 10(−4)T3 + 3:809

� 10−6 � T4   for 10:54 ° C ≤ T ≤ 33:41 ° C
TABLE 2 CMIP6 models, their institutions and countries of origin, and
their resolution.

Model
name

Institution and country Spatial
resolution
(Latitude
x
Longitude)

ACCESS-
CM2

Australian Community Climate and Earth
System Simulator Climate Model Version 2

1.9° x1.3°

ACCESS-
ESM1-5

Australian Community Climate and Earth
System Simulator Earth System Model
Version 1.5

1.9°x1.3°

BCC-
CSM2-MR

Beijing Climate Center (BCC) and China
Meteorological Administration (CMA), Chine

1.1 x1.1

BCC-
ESM1

Beijing Climate Center (BCC) and China
Meteorological Administration (CMA), Chine

2.81° × 2.81°

CanESM5 Canadian Earth System Model, Canada 2.81° × 2.81°

CESM2 National Center for Atmospheric Research,
Climate and Global Dynamics
Laboratory, USA

1.25° × 0.94°

CESM2-
WACCM

National Center for Atmospheric Research 1.25° × 0.94°

CMCC-
CM2-SR5

The Euro-Mediterranean Center on Climate
Change, Italie

2.8° x 1.9°

CNRM-
CM6

Centre National de Recherches
Météorologiques-Centre Européen de
Recherches et de Formation Avancée en
Calcul Scientifique, France

1.4° x 1.4°

CNRM-
CM6_HR

Centre National de Recherches
Météorologiques-Centre Européen de
Recherches et de Formation Avancée en
Calcul Scientifique, France

0.5° x 0.5°

CNRM-
ESM2-1

Centre National de Recherches
Météorologiques-Centre Européen de
Recherches et de Formation Avancée en
Calcul Scientifique, France

1.4 ° × 1.4°

EC-Earth3 EC-EARTH Consortium (27
institutions), Europe

0.70 ° × 0.70°

EC-
Earth3-
Veg

EC-EARTH Consortium (27
institutions), Europe

0.70 ° × 0.70°

FGOALS-
g3

Flexible Global Ocean‐Atmosphere‐Land
System model Grid‐point version 3

2° x 2.3°

GFDL-
CM4

Geophysical Fluid Dynamics Laboratory, USA 2.50 ° × 2.00°

GFDL-
ESM4

Geophysical Fluid Dynamics Laboratory, SUA 1.25 ° × 1.00°

IITM-
ESM

Indian Institute or Tropical
Meteorology, India

1.9° x 1.9°

INM-
CM4-8

Numerical Mathematics, Russian Academy of
Science, Moscow 119991, Russie

2° x 1.5°

INM-
CM5-0

Numerical Mathematics, Russian Academy of
Science, Moscow 119991, Russie

2° x 1.5°

IPSL-
CM6A-LR

Institut Pierre-Simon Laplace, France 2.5° x 1.3°

(Continued)
TABLE 2 Continued

Model
name

Institution and country Spatial
resolution
(Latitude
x
Longitude)

KACE-1-
0-G

National Institute of Meteorological
Sciences, Korea

1.4° x 1.9°

KIOST-
ESM

Korea Institute of Ocean Science and
Technology, Korea

1.875° x 1.875°

MIROC6 Japan Agency for Marine-Earth Science and
Technology, Kanagawa 236-0001, Japan

1.4° x 1.4°

MIROC-
ES2L

Japan Agency for Marine-Earth Science and
Technology, Kanagawa 236-0001, Japon

2.8° x 2.8°

MPI-
ESM1-
2-HR

Max Planck Institute for Meteorology, High
Resolution, Allemangne

0.9° x 0.9°

MPI-
ESM1-
2-LR

Max Planck Institute for Meteorology, Low
Resolution, Allemangne

1.9° x 1.9°

MRI-
ESM2

Meteorological Research Institute, Japon 1.1° x 1.1°

NESM3 Nanjing University of Information Science and
Technology, Nanjing,

1.9° x 1.9

NorESM2-
LM

Norwegian Meteorological Institute Low
Medium Norway

2.5° x 1.9°

NorESM2-
MM

Norwegian Meteorological Institute Medium
Medium Norway

0.9° x 1.3°

TaiESM Research Center for Environmental
Changes, Taiwan

1.3° x 1°
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2.3.3 Development of heatwave indices for heat-
sensitive non-communicable diseases

The computation of the heat and discomfort index is employed

in the analysis of the multi-model ensemble mean derived from

CMIP6 data. This forms a crucial component of our study, which

aims to investigate forthcoming alterations in thermal stress levels

and identify high-risk departments under varying time scales of

climate warming scenarios in Haiti. To evaluate the stress induced

by the joint influence of temperature and humidity, we have

implemented the heat index formulation developed by Rothfusz

and NWS Region Headquarters (23), as provided by the National

Oceanic and Atmospheric Administration (NOAA) National

Weather Service (NWS). This index, commonly referred to as HI,

is expressed by the following equation:

½hi, confort� = heat _ index(Tf , RH);

HI = −42:379 + 2:04901523*T + 10:14333127*RH

− 0:2247554T*RH − 6:8378*10
−3*T2

–  5:48172*10
−2
*RH

2 + 1:229*10
−3T2

*RH

+ 8:528*10
−4T*RH

2 – 1:99*10
−6
*T

2
*RH

2

where T is the temperature in degrees Fahrenheit (°F), and RH is the

relative humidity in percentage.

This formulation was developed by conducting a multiple

regression analysis of the Steadman equation (24), which

calculates the apparent temperature, taking into account various

physiological and environmental factors. The goal was to simplify

this equation by expressing it in terms of two commonly used and

well-understood variables: ambient air temperature and relative

humidity. As a result, the Heat Index (HI) is represented as the

apparent temperature in degrees Fahrenheit.

It is important to note that the complete regression equation is

applicable only when the temperature and humidity values yield a

heat index (HI) above 80°F (27°C). In cases meeting this criterion,

the formula undergoes several adjustments based on the

temperature and relative humidity values.

To illustrate, if the relative humidity (RH) falls below 13% and

the ambient air temperature (T) falls within the range of 80°F to

112°F, the following adjustment is subtracted from the HI:

ADJUSTMENT = ((13 − RH)=4)*((17 − abs(T − 95))=17)1=2;
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Secondly, if RH is greater than 85% and T is between 80°F and

87°F, the following adjustment is added to the HI:

ADJUSTMENT = ((RH − 85)=10)*((87 − T)=5) ;

This function calculates the heat index based on the

temperature in degrees Fahrenheit and the relative humidity. The

heat index is provided in Fahrenheit, and comfort is categorized

into 4 classes: “uncomfortable” = 1; “extremely uncomfortable” = 2;

“dangerous” = 3; “extremely dangerous” = 4.

3 Results and discussions

3.1 Temperature and precipitation
variability and climate projections

The variability of temperature and precipitation is a major

climatic characteristic of Haiti, irrespective of the spatial and

temporal scale of analysis. Figure 2 illustrates the annual and

interannual variations of precipitation for both the historical

period and projections under the SSP585 scenario. In Figure 2A,

the amplitude variation of precipitation is more pronounced during

the August-October period, both in the historical data and the

projections. The precipitation pattern remains relatively consistent

between the historical data and the SSP585 scenario, with a peak of

over 125 mm in October. Both time series align with the annual

cycle characterized by a single rainy season (from May to

November) with maximum precipitation in August-October.

From August to September, there is a slight decrease in monthly

rainfall in the projections compared to historical data, while

towards the end of the season (October-December), an inversion

is observed, meaning the monthly cumulative rainfall is higher than

that of historical data. The significant difference between the

historical period and projections under the extreme SSP585

scenario is notable in terms of interannual variability (Figure 2B).

The comparison of interannual variability reveals a clear decrease in

precipitation for the distant future projections under the extreme

SSP585 scenario. Of particular interest in Figure 2B is the fact that it

shows a more significant rainfall deficit than ever recorded during

the historical period of 1950-2014 in Haiti. There was a notable

drought during the 1990s, which stands as the most severe event

recorded in the historical period. The multi-decadal variability

reveals an alternation of wet and dry periods.

Figures 3A, B depict the spatial distribution of precipitation for

the climatological period (1985-2014) and for the SSP585 scenario

during the projection period 2051-2080 (distant future). A zonal

(East-West) gradient is observed in the precipitation maps. These

results also indicate a decrease in precipitation for the projections.

Additionally, the results show an increase in precipitation in the

projections for departments located in the western and central

regions of the country. There is a notable signal illustrating a

pronounced decrease in precipitation for departments situated in

the far southeastern region.

Figure 4A illustrates the distribution of normalized

precipitation anomalies for each year of the validation period by
TABLE 3 CMIP6 data, scenario, and time scales.

Simulations Scenarios Available
period

Selected
period

Climatological
reference

1850-2014 1985-2014

Projections SSP585 2015-2100 Near future:
(2014-2044)
Far future:
2050-2080
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comparing historical time series with ERA5 data (reference). The

box-and-whisker plot highlights the minimum, maximum, median,

and mean values of average rainfall over Senegal during the

climatological period from 1985 to 2013 for ERA5 and CMIP6

(historical). The years when the CMIP6 median precipitation is
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positive (negative) largely correspond to the years when the ERA5

median is also positive (negative).

In Figure 4B, the Taylor diagram, as described by Taylor (25), is

used to assess the performance of the multi-model ensemble mean

of the CMIP6 models compared to ERA5 reference data. This
B

A

FIGURE 2

(A, B) respectively represent the annual cycle (climatology 1985-2014 versus 1951-2080) and interannual precipitation variability in Haiti using
historical data (1950-2014) and projections (2015-2080) for the SSP585 scenario from the multi-model ensemble mean of the CMIP6 models.
BA

FIGURE 3

Spatial distribution of precipitation in Haiti using (A) historical data (1985-2014) and (B) projections (2051-2080) for the SSP585 scenario from the
multimodel ensemble mean of the CMIP6 models.
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diagram offers the advantage of representing three statistics

simultaneously: root mean square error (RMSE), standard

deviation of the simulation compared to the observation, and the

correlation coefficient between observation and simulation.

Invented by researcher Karl E. Taylor in 1994, it is a widely-used

tool in meteorology and atmospheric science.

Regarding Figure 4A, projecting onto the correlation axis reveals

that the correlation coefficient is approximately 0.45. In terms of RMSE,

when considering the semicircles centered around 1, the RMSE is 0.75.

For the standard deviation, when considering the semicircles centered

around 0, the corresponding value is approximately 0.8. These three

statistical values collectively illustrate the performance of CMIP6

compared to the reference data (ERA5).

Figures 5A, B provide a representation of two essential time

series: historical temperature data and projections based on the

SSP585 scenario. These figures also illustrate the annual and the

interannual changes in average temperatures in Haiti spanning

from 1950 to 2100. In Figure 5B, the depiction of the annual

temperature pattern highlights a noticeable increase during the

projection period, specifically under the SSP585 scenario. The

annual cycle, as depicted in Figure 5A, follows a unimodal
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pattern with the highest temperatures occurring in August,

consistent across both historical data and projections. Analyzing

the monthly temperature evolution reveals that the lowest

temperatures are typically observed in December, January,

February, and, to a lesser extent, March and April. During these

months, temperatures generally fall below 25°C in historical

climatology and 26°C in the distant future climatology.

Conversely, temperatures are relatively lower in October and

November due to cloud cover and heavy rainfall during the rainy

season. On the other hand, temperatures tend to remain elevated

from June to September, with values hovering around 28°C in

historical climatology and 30°C in distant future climatology.

Regarding interannual variability (Figure 5B), significant

temperature changes are evident. A consistent upward trend in

temperatures is noticeable, starting as early as the beginning of the

projection period in 2015. This upward trend is even discernible

when examining historical data, and it becomes more pronounced

in the projections. This trend is further reflected in the spatial

distribution of temperatures in Haiti, comparing historical data

(1985-2014) with projections (2051-2080) for the SSP585 scenario,

based on the multi-model ensemble mean of the CMIP6 models.
B

A

FIGURE 4

(A) Standardized precipitation anomalies were calculated for each year during the validation period, spanning from 1985 to 2013, using data from
both ERA5 and the multi-model ensemble mean of the CMIP6 models, (B) A normalized Taylor diagram was employed to visually represent the
correlation coefficients, standard deviations, and root mean square errors between modeled precipitation values from the CMIP6 models and
observed data from ERA5 for the time frame of 1985-2013.
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The analysis of the spatial distribution of temperatures in Haiti in

Figure 6 combines historical temperature data from 1985 to 2014

(Figure 6A) with future projections spanning 2051 to 2080 (Figure 6B).

These projections are based on the SSP585 scenario, a specific climate

scenario, and are derived from the multi-model ensemble mean of the

CMIP6 models. By juxtaposing past temperature trends with these

future projections, the study provides a comprehensive understanding

of how temperatures in Haiti have evolved and are anticipated to

increase in the coming decades, particularly in the context of the

SSP585 scenario’s climate conditions.

Figure 7A presents the distribution of normalized temperature

anomalies for each year throughout the validation period, offering a

comparison between historical time series and ERA5 data (the

reference dataset). In this context, the box-and-whisker plot

provides a visual representation of the minimum, maximum,

median, and mean values of precipitation averaged over Senegal

during the climatological period spanning from 1985 to 2013. This

comparison is made using both ERA5 and CMIP6 historical data.

Notably, the years in which the median of CMIP6 precipitation is

positive (or negative) broadly align with those in which ERA5’s

median exhibits a similar trend. However, there are a few

exceptions, including the years 1987 and 2000.
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Moving to Figure 7B and focusing on the correlation axis, we

observe a correlation coefficient of approximately 0.87. Regarding

the root mean square error (RMSE), when taking into account the

semi-circles centered around 1, the red point falls within the range

of 0.25 to 0.27, yielding an approximate value of 0.28. Finally,

regarding the standard deviation, considering the semi-circles

centered around 0, the corresponding value slightly exceeds 1.25.
3.2 Spatial distribution of observed
diseases in Haiti

Figures 8A–I provide a visual representation of the spatial

distribution of various diseases recorded in Haiti from 2015 to

2022. Each of these figures corresponds to the spatial variations of

specific pathologies within the country. Notably, Figure 8B

illustrates the distribution of diabetes, Figure 8C shows cholera,

Figure 8D presents chikungunya, Figure 8E displays dengue,

Figure 8F focuses on diarrhea, Figure 8G depicts malaria, and

Figure 8H represents malnutrition.

It is evident that several departments in Haiti, including Nord-

Est, Centre, Est, and Sud-Est, experience a significant burden of these
B

A

FIGURE 5

(A, B) respectively represent the annual cycle and interannual variability of temperatures in Haiti using historical data (1950-2014) and projections
(2015-2080) for the SSP585 scenario from the multi-model ensemble mean of the CMIP6 models.
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diseases. For instance, the prevalence of dengue (as seen in Figure 8E)

is widespread across the central part of the country, affecting

departments such as Nord-Ouest, Nord, Artibonite, Centre, as well

as substantial portions of the Est and Sud-Est regions.

Interestingly, despite less favorable mosquito-climate

conditions characterized by lower rainfall and temperatures in the

Eastern departments, the data shows a substantial occurrence of

vector-borne diseases like malaria and dengue in these areas. This

anomaly can be attributed to the regularity of clinical data collection

in the Eastern departments. The population in these regions is more

inclined to seek medical care, resulting in more consistent data

collection. It is worth noting that these Eastern departments often

serve as healthcare hubs, receiving patients not only from local

urban areas but also from other regions. However, for modeling

purposes, it is essential to emphasize that only climatic factors are

considered, as impact models do not account for socio-economic

parameters, unlike observational data.

Table 4 outlines the occurrence of diseases within the regions,

establishing connections with climate and temperature parameters.

This Table 4 reveals a spectrum of diseases, encompassing vector-

borne diseases as well as other climate-sensitive conditions,

including malnutrition and Acute Respiratory Infections.
3.3 Modeling the incidence of malaria
in Haiti

In Figure 9, we conducted an analysis of the spatiotemporal

variability in simulated malaria incidence using the LMM model,

driven by daily precipitation and temperature data. Our goal was to

illustrate the distribution of malaria in Haiti over time and space.

When it comes to spatial variability, we observed variations in the

intensity of malaria incidence signals among different departments

within the country. Specifically, there was a more pronounced

signal in the western part of Haiti compared to the eastern

regions. Nevertheless, significant transmission was evident
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throughout the entire country. Notably, the period from

September to December exhibited a notably high incidence signal,

reaching its peak in November. It ‘is worth mentioning that the

LMM model, which considers only precipitation and temperature,

must account for this heightened signal by considering the

cumulative precipitation and temperature data.

Figure 9 also presents the seasonal pattern of simulated malaria

incidence. Our analysis indicates that the incidence rate remained

below 10% from February to June (Figures 9B-F). However, from

July to August (Figures 9G, H), we observed a gradual increase in

the incidence rate signal, primarily in the northern regions of the

country. This signal reached its highest median point in November,

with an incidence rate ranging between 40% and 45%. Notably,

malaria transmission closely followed the pattern of precipitation,

with the rainy season corresponding to the period of elevated

mosquito activity. Figure 10 further demonstrates that the peak

malaria transmission season occurs one month after the peak of

rainfall. This discrepancy can be explained by several factors. In

October, intermittent rains or occasional showers enhance the

mosquito vector population’s development, initiated by the onset

of initial rains. However, the heavy August rains tend to submerge

mosquito eggs laid on water surfaces. Additionally, the low

temperatures resulting from successive rainy days do not favor

the rapid growth of vectors, from larvae to infectious mature

mosquitoes, including the nymph stage.

Conversely, with a one-month delay, mosquito vectors

experience improved living conditions in terms of wastewater

availability, the intense heat of this still-humid month (which

extends mosquito longevity), and favorable environmental

conditions such as abundant large larval breeding sites and ample

vegetation cover, all of which constitute ideal mosquito breeding

grounds. This delay aligns logically with what is known about the

biology of the Anopheles vector and the sporogonic cycle of the

Plasmodium parasite.

A noticeable contrast in the intensity of malaria incidence

signals between the western and eastern departments of Haiti is
A B

FIGURE 6

Spatial distribution of temperatures in Haiti using (A) historical data (1985-2014) and (B) projections (2051-2080) for the SSP585 scenario from the
multimodel ensemble mean of the CMIP6 models.
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evident. The zonal gradient of malaria distribution in Haiti seems to

persist. When comparing historical and projected data

(Figures 11A, B), it becomes apparent that simulated malaria

incidence is declining in certain Haitian departments, especially

those in the eastern and central regions. This decline in malaria in

the distant future appears to be linked to climate changes, as noted

by Béguin et al. (26) and Diouf et al. (14). Specifically, excessively

high temperatures could adversely affect the survival of adult

mosquitoes, potentially leading to a decrease in the adult

mosquito population within the model and, consequently, a

reduction in malaria transmission.

Béguin et al. (26) illustrated an inverse relationship between

climate changes and the global distribution of malaria. They

observed a decrease in simulated malaria incidence throughout

the Sahel region, irrespective of the period or scenario considered,

primarily due to temperature effects. It is anticipated that by the

2080s, the climate will become unsuitable for the northern part of
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the Sahel, including the northern departments of Haiti, resulting in

a reduced population at risk, as indicated by Caminade et al. (27).
3.4 Modeling the vector competence of
Aedes aegypti: effects of temperature
on dengue

Figure 12 illustrates that the western departments of Haiti,

particularly Nord-Ouest, Ouest, Artibonite, and Nippes, exhibit

signals of dengue indicators, including the biting rate (a), the
probability of human infection by the vector per bite (bh), and
the probability of human infection by the vector per bite (bm).

These same western departments are also the most affected by the

high occurrence of the rVc index for dengue. In contrast, the

extrinsic incubation period (h) and the mortality rate (mm) are

lower in these western departments compared to the eastern ones,
A

B

FIGURE 7

(A) Standardized temperature anomalies for each year of the validation period (1985-2013) for ERA5 and the multi-model ensemble mean of the
CMIP6 models, (B) Normalized Taylor diagram showing correlation coefficients, standard deviations, and root mean square errors between modeled
precipitation values (CMIP6) and observations (ERA5) for the period 1985-2013.
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which can be attributed to the west-east temperature gradient

in Haiti.

Figures 13A, B, which pertain to historical and projection data

for dengue, reveal an increase in the rVc index due to climate

change, impacting the future distribution of dengue in Haiti. For

example, in Figure 13B (extreme scenario SSP585), there is a

notable increase in the simulated dengue rVc index in the eastern

part of Haiti (Nord-Ouest, Ouest, Grande-Anse, Sud, and Nippes).

According to Figure 13, the future spread of dengue in Haiti is

anticipated to shift from the western regions toward the central

areas. This projection implies that the central regions may witness

an increase in dengue cases over time. However, in certain areas, a

decrease in dengue fever could occur due to reduced rainfall and

exceptionally high temperatures, which may lead to the mortality of

adult mosquitoes and a subsequent reduction in disease

transmission. This effect has the potential for a long-term impact

on vector-borne diseases in those regions.
3.5 Spatial-temporal variability of the heat
index and comfort index in Haiti

Figure 14 displays the heat index (HI) and categories of comfort

index (CI) or thermal stress, utilizing temperature and humidity

data from ERA5. The heat index was calculated to derive these

comfort index categories. Figures 14A-H correspond to the HI and

CI for the four seasons: December-January (DJF) in Figures 14A, B,

March-May (MAM) in Figures 14C, D, June-August (JJA) in
TABLE 4 The diseases mentioned in the study, along with the relevant
climatic parameters and the departments most affected or exposed, are
as follows.

Diseases Climatic parameters
promoting

or exacerbating

Departments
most affected

Arterial
Hypertension

temperature West, North, Artibonite,
Center, South

Diabetes temperature West, North, Artibonite,
Center, South

Cholera rainfall, temperature, Artibonite, West,
North, Center

Chikungunya rainfall, temperature North, Northwest, West,
Artibonite, South, Center,
Grand-Anse

Dengue rainfall, temperature Center, North, West,
Artibonite, Grand-Anse

Diarrhea rainfall, temperature West, Artibonite, North,
Center, South

Malaria rainfall, temperature Grand-Anse, South, West

Malnutrition rainfall West, Artibonite, Center,
South, North, Northwest

Acute
Respiratory
Infections

temperature, humidity West, Artibonite, Center,
South, North, Northwest
B C

D E F

G H I

A

FIGURE 8

Spatial-temporal distribution of climate-sensitive diseases in Haiti between 2011-2021: (A, B) High Blood Pressure and Diabetes, (C, D) Cholera and
Chikungunya, (E, F) Dengue and Diarrhea, and (G, H) Malaria andMalnutrition, (I) Acute Respiratory Infections (ARI).
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Figures 14E, 14F, and September-November (SON) in

Figures 14G, H.

During DJF, most of Haiti experiences a low heat index signal

(Figure 14A), indicating conditions of mild discomfort (Figure 14B).

However, areas of caution are observed in Nord-Ouest, Ouest, and

Nippes during the MAM season, while the remaining departments
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experience conditions of mild discomfort (Figures 14C, D). In the JJA

season (Figures 14E, F), a notable heat index signal indicative of

extreme caution is concentrated across the Haitian territory, with the

exception of the East and South-East departments. During the SON

period (Figures 14G, H), conditions are quite like those of the JJA

period but with slightly reduced HI and CI signals.
FIGURE 10

Comparison of the annual variability of temperature, precipitation, observed malaria cases, and simulated malaria incidence in Haiti from 2015
to 2022.
B C D

E F G H

I J K L

A

FIGURE 9

Spatial variation of malaria incidence in Haiti: LMM model simulations based on historical data (1985-2014) from the multi-model ensemble mean of
the CMIP6 models. (A–L)( correspond to the evolution of malaria incidence from January to December respectively.
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4 Conclusions

This paper investigates the relationships between climate

dynamics, disease patterns, and modeling in the specific context

of Haiti. The research highlights Haiti’s distinct temperature and

precipitation variations across different timeframes. Through the

analysis of historical data and future projections under the SSP585

scenario, we have identified a clear annual cycle characterized by a

singular rainy season extending from May to November, with its

zenith occurring between August and October. Additionally, the

projected decrease in year-to-year rainfall, especially in the far

future as suggested by the SSP585 scenario, raises concerns about

potential challenges related to water resources. Furthermore, the

extreme SSP585 scenario highlights a significant climate shift

characterized by substantial decreases in precipitation and
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simultaneous temperature increases, further exacerbated by an

amplified warming trend during the projection phase, deviating

from historical trends.

The study also examines the distribution of diseases in Haiti,

encompassing a range of ailments including diabetes, cholera,

chikungunya, dengue, diarrhea, malaria, and malnutrition. These

diseases exhibit regional variations. Notably, vector-borne diseases,

particularly malaria and dengue, are intimately linked to climatic

factors, with transmission patterns closely mirroring periods of

elevated precipitation and temperature. In contrast, non-

communicable diseases such as hypertension, diabetes, and

malnutrition remain consistent and significant public health

concerns throughout the study’s duration.

The utilization of the LMM model has unveiled the association

between malaria transmission in Haiti and cumulative precipitation
B C

D E F

A

FIGURE 12

Spatial patterns of temperature effects on dengue occurrence in Haiti were examined for both the historical period (1985-2014) and the SSP585
scenario, including: (A) The spatial distribution of the extrinsic incubation period h(T), (B) The spatial distribution of the probability of transmission
from vector to human per bite bh(T), (C) The spatial distribution of the Biting Rate a(T), (D) The spatial distribution of the Mortality Rate mm(T), (E)
The spatial distribution of the probability of infection from humans to the vector per bite bm(T), (F), the spatial distribution of rVc (relative
vectorial capacity).
BA

FIGURE 11

Spatial distribution of malaria incidence in Haiti with (A) historical data (1985-2014) and (B) projections (2051-2080) for the SSP585 scenario from
multi-model ensemble mean of the CMIP6 models.
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and temperature effects. The pattern of malaria incidence follows a

distinct seasonal cycle, with its peak during the rainy season, albeit with

a noticeable lag compared to peak rainfall. Crucially, the projected

changes in malaria incidence under various climate change scenarios

suggest potential reductions in specific departments, attributable to the

impact of heightened temperatures on vector survival.

Similarly, the distribution patterns of dengue, closely tied to

climatic determinants, are elucidated through the rVc index, which

highlights regions at an elevated risk of transmission. However, the

potential consequences of climate change introduce the possibility

of shifts in dengue’s geographical distribution. These predictions

hint at potential reductions in certain departments, driven by the

influence of elevated temperatures on vector populations.

In comparing the results regarding malaria and dengue in Haiti,

we can see that both diseases show spatial and temporal variability.

In the case of malaria in Haiti, there is a more pronounced signal in

the western part of the country compared to the eastern regions.

However, significant transmission is evident throughout the entire

country. The period from September to December exhibits a
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notably high incidence signal, reaching its peak in November. On

the other hand, dengue is projected to shift from the western regions

toward the central areas in Haiti. This suggests that the central

regions may witness an increase in dengue cases over time.

However, certain areas may experience a decrease in malaria and

dengue fever due to reduced rainfall and high temperatures, which

can lead to the mortality of adult mosquitoes and a subsequent

reduction in disease transmission. It is interesting to note that

despite less favorable mosquito-climate conditions in the Eastern

departments, both malaria and dengue still occur in these areas.

This can be attributed to the regularity of clinical data collection and

the presence of healthcare hubs in these regions.

Furthermore, the study analyzes fluctuations in the heat index

and the corresponding categories of thermal comfort across different

seasons, with particular attention to the JJA season characterized by

elevated heat index values and conditions indicating extreme caution.

This paper offers a comprehensive exploration of the complex web of

interactions between climate dynamics, disease propagation, and

modeling, within the specific context of Haiti. The findings
B

C D

E F

G H

A

FIGURE 14

Distribution of seasonal comfort index (CI) classes or thermal stress categories for the reference period (1985-2014) using ERA5 reference data. HI
stands for heat index, and E-Caution stands for Extreme Caution. (A, B) DJF = December-January-February; (C, D) MAM = March-April-May; (E, F)
JJA = June-July-August; (G, H) SON = September-October-November.
A B

FIGURE 13

Spatial distribution of rVc (relative vectorial capacity) in Haiti: (A) historical period (1985-2014), and (B) projections (2071-2100) under the
SSP585 scenario.
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underscore the foreseeable implications of climate change on disease

transmission, with a prominent emphasis on vector-borne diseases

such as malaria and dengue. Importantly, these findings stress the

necessity of integrating considerations of climate variability and

change when assessing disease vulnerability and devising effective

public health strategies for the region.

However, it is worth noting that there exist notable gaps and

deficiencies in our current understanding of climate change and

health, especially in the context of vulnerability and adaptation

studies within the healthcare sector. Future research in

this domain can play a crucial role in identifying health

determinants influenced by changing climatic factors, assessing

the health consequences of climate variability and change,

developing simulations and projections related to climate and

health, evaluating levels of vulnerability and health risk across

geographical regions, and prioritizing adaptation strategies for the

healthcare system.
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