
Modéliser l’impact du réchauffement 
climatique sur les maladies infectieuses 

vectorielles 

 Dr C. Caminade 
 Institute of Infection and Global Health (EPH) – School of Environmental Sciences 
 email: Cyril.Caminade@liverpool.ac.uk  
 

      Thanks to: Dave MacLeod, Andy Heath, Andy Morse and Anne Jones, School of 
Environmental Sciences, University of Liverpool, Liverpool, U.K.; Matthew Baylis, Marie Mc 
Intyre, Kathy Kreppel, Daniel Impoinvil, Jan Van Dijk, Diana Williams, Institute of Infection 
and Global Health, University of Liverpool; Jolyon Medlock and Steve Leach, Health 
Protection agency, Porton Down, UK; Helene Guis, CIRAD, Montpellier, France; Jacques 
Andre Ndione, CSE, Dakar, Senegal, Adrian Tompkins (ICTP) and many more… 



Irrational fear 

Facts 

World deadliest animals? 



Vector Borne diseases 
 

Diseases transmitted by blood sucking arthropods, worms… 

• Breeding sites 
• Survival 
• Development rate 
• Activity 
• Length of gonotrophic cycle 
• Vector competence 
• Biting rate 

• Growth rate 
• Survival 
• Distribution 
• Life habits 

• Survival 
• Replication rate 

Climate variability 
Rainfall 
Temperature 
Humidity 
Winds... 

Pathogen Host 

Vector 

Future climate change? 



Vector Borne diseases: a few examples  

Plague 

Malaria 

Fasciolosis 

VBDs are complex systems including 
different forms of pathogens, different 
vectors and various intermediate / final 
hosts 
-> Surveillance and need for modelling 
(early warning systems, scenarios) 

source: CDC 



Vector Borne diseases: Impacts 

Black death 
epidemic 
in Europe in 
1340s-1350s 
wiped out about a 
third of the 
European 
population 



Before I start (disclaimer) 

Observations & surveillance:  
Partial representation of real disease burden (due to the quality 
and quantity of contemporary disease data), especially in the 
developing world, but this is getting better. 
  
Examples: under-reporting of dengue cases at global scale, 
under-reporting of malaria cases in India, spatio-temporal 
biases (hospital locations, late-outbreak intervention, 
differences in health services and health data quality across 
countries…) – Analogy with Met station data available for 
central Africa 
 
Models: 
George E.P. Box (statistician): 
“Essentially, all models are wrong, but some are useful“  



Modelling VBDs: statistical & dynamical approaches 

Statistical modelling 
 
Empirical relationship between disease and 
sets of covariates: 
Disease(X,t)=F(predictors(X,t)) 
F can be based on different methods: 

• Bayesian modelling 
• Maxent 
• Logistic / Poisson regression 
• BioMod… 
 

Pros: powerful in terms of model skill (fit) at 
small spatial and temporal scales, multiple 
predictors included (climatic factors, socio-
economics, urbanisation…). 
Cons: relationships between outcome and 
predictors are assumed to be stationary for 
the recent context and the future, difficult to 
extract mechanisms and extrapolate, link 
between climate model scenarios and 
disease outcome generally poorly 
represented (using static seasonal 
averages, only one climate model...). 

Dynamical modelling 
 
Explicit mechanical modelling of disease 
dynamics, generally derived from lab/field 
data (vector –pathogen dynamics, host-
vector interactions, SEIR approach).    
It can be based on different methods: 

• SEIR Model (differential equations) 
• Ro (spread of an outbreak) 
• Dynamical climate suitability 

estimates… 
 

Pros: Ideally the best approach IF all 
mechanisms were known (far to be the case) 
and all drivers were perfect. Easy to 
integrate in the past and the future. Takes 
into account changes in climate variability. 
Cons: Too climate-centric. Difficulty to obtain 
long time series for socio-economic data, 
demographics as inputs to drive the 
dynamical model (but this is improving). 
Large model differences can be obtained by 
changing model parameterization. 

Statistical-dynamical modelling 



Rift Valley Fever 

Zoonosis generally transmitted by 
Aedes and Culex mosquitoes. 

 

RVF virus is a member of the 
genus Phlebovirus (family 
Bunyaviridae). 

Animal symptoms: high level of abortion in pregnant females, 
vomiting and diarrhoea, respiratory disease, fever, lethargy, 
anorexia and sudden death in young animals. 
High mortality rate (especially in lamb, calf, sheep and goat). 
 
Human symptoms: large fever, headache, myalgia 
Can lead to hemorrhagic fever meningitis and death (<2%).  
Low mortality rate. 
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Ndione et al,  
2008 

RVF risk 

Dry spell followed by a rainfall peak during the late rainy season (Sep-
Oct) over Northern Senegal (Ngao pond, Barkedji in 2002) 
 Rehydrating ponds  
 Culex and Aedes mosquitoes hatching + host promiscuity 
 high RVF risk 

Caminade et al, 2011 

RVF risk 

Rift Valley Fever & climate 

Countries with endemic disease and substantial 
outbreaks of RVF 
 
Countries known to have some cases, periodic 
isolation of virus, or serologic evidence of RVF 
 

CDC 

OIE reports 
2005-2011 

Presenter
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Rift Valley Fever risk (%) based on rainfall from ERAINTERIM reanalysis (1990-2007). The number of RVF risk events is defined by a dry spell (10 consecutive days with total rainfall below 1mm) followed by a convective event (high precipitation defined by one or two days following the dry spell above the 90th percentile) occurring during the late rainy season (SON). The total number of RVF risk events is then rescaled to range between 0 and 100% to define the risk. The dotted, crossed and filled black areas depict animal host densities (cattle + buffalo + sheep + goats) above 1, 10 and 100 per km2 (FAO, 2005). 



Rift Valley Fever outbreaks in Mauritania 

Red line 
Climatology 
Black line 
Current year 

Caminade et al, 2014a 



Leedale et al., 2015-16 (in review) 

Next step: building a dynamical RVF model… 

Slide: Anne Jones 



Asian tiger mosquito: an invasive species 

Dengue fever  

A few autochtoneous cases in France 
in 2010, 2013, 2015… 

Chikungunya fever  

Ravenna outbreak in Italy in 2007 

Biting nuisances / allergic reaction!  

 

Pathogens 

1) Model its climatic suitability using different distribution 
models. 
 
2) Using an ensemble of Regional Climate Model scenario to 
design future projections 
 
3) Differences and similarities before addressing recommendations 
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Asian tiger mosquito: distribution 

blue: original distribution, cyan: areas where introduced in the last 30 years. 

Wikimedia commons (sorry) 



Asian tiger mosquito: Introduction routes 
Scholte & Schaffner, 2007 



Asian tiger mosquito spread in Europe 
Scholte & Schaffner, 2007 



Asian tiger mosquito: distribution in Europe: 
ECDC/VBORNET framework Jan 2012 

Hot spots: 
 
• Italy 
• Corsica,   
• Sardinia 
• Sicily 
• Eastern 
coast 
  of Spain 
• Southern 
  France 
• Adriatic 
coast 
• Greece 



Simulated climate suitability for A. albopictus 
Climate obs 1960-1989 Climate obs 1990-2009 

Climate Models 2030-2050 Model based on an overwintering criterion 
(Tjanuary >0C, Rain_annual>500mm) and 
different thresholds in annual Temperature: 
 
suitable           12C< T_annual 
high risk          11C< T_annual < 12C 
medium risk:   10C< T_annual < 11C 
low risk:            9C< T_annual < 10C 
no suitability:            T_annual <   9C 
 
Future risk increase: Benelux, Balkans, 
western Germany, the southern UK 
Future risk decrease: Spain and 
Mediterranean islands 

Caminade et al., 2012 



Asian tiger mosquito: distribution in Europe: 
ECDC/VBORNET October 2015 

Countries at risk  - recent context and 
future scenario 
 
Cyprus, Bulgaria, Slovakia, Hungary, 
Macedonia, Portugal, Turkey, the Benelux, 
Germany and the UK. 





Sciences et Avenir 821 – Juillet 2015 



Spread in France? Hitchhiker mosquitoes? 

Roche et al., 2015 

Human activities are especially important for mosquito dispersion while land use is a major 
factor for mosquito establishment.  
Ae. albopictus invasion is accelerating through time in this area, resulting in a geographic range 
extending further and further year after year.  
Sporadic “jump” of Ae. albopictus in a new location far from the colonized area did not succeed 
in starting a new invasion front so far.  

Green, yellow, blue, 
red, orange are the 
traps collected in 
2006, 2007, 2008, 
2009, 2010 
respectively 
 
We transport them, 
convenient given the 
quality of our 
highways! 
 



Recent distribution in France 

2014 

Risk of autochthonous transmission  
of chikungunya and dengue viruses 
posed by infected travellers 
returning home ! 

Carcassonnes airport, summer 2014 

2015 



In the french news recently (and elsewhere…) 



Malaria Background 

• Caused by Plasmodium spp parasite which is transmitted by bites of the Anopheles spp 

mosquito. 

• WHO Global elimination program in mid-20th C was successful in Europe and USA 

• Now mainly sub-Saharan Africa (P. Falciparum) (91%) and Asia (P. Falciparum and P. 

Vivax) 

• Mainly affects children, pregnant women and elders (low immunity e.g. susceptible 

population) 

• Estimated 660,000 deaths worldwide in 2010  

• Fallen 33% in sub-Saharan Africa since 2000 -> Roll Back Malaria Programme, Bill & 

Melinda Gates fundation, World Bank Malaria Booster programme... 

• ISI-MIP – QWeCI - Healthy Futures projects: Using an ensemble of malaria models to 

simulate the risk in malaria transmission for the recent context and the future 



A bit of history 

• Sir Ronald Ross, Nobel Prize 1902 working in Liverpool, created 

the first malaria model. 

• 1916 Ross published his theory of “A priori Pathometry” – 

mathematical approach to study of disease dynamics – general 

approach (not just malaria) -> First Ro Model formulation 

• In contrast to the a posteriori method – fitting analytics to 

observed data (i.e. statistical modelling). 

• Subsequently refined and extended (Lotka, 1923, Macdonald, 

1957, Dietz, 1975, Aron and May 1982, Smith and McKenzie, 

2004, see Smith et al., 2012 for a review ) 

• First multi-malaria model inter-comparison exercice -> ISI-MIP / 

QWeCI / Healthy Futures 

 

 



Source: WHO 



  
 
 

 
 
 
 
 

 
 
 

The Liverpool Malaria Model 

Hoshen and Morse, 2004 
Daily time step 
Climate drivers: 
•10 day accumulations of rainfall 
•Temperature 
 

Key difference from Aron & May basic model is 
temperature-dependent latent period in mosquito 
(sporogonic cycle) which requires T>18oC  

Presenter
Presentation Notes
Give only brief details.



ISI-MIP framework (methodology) 
ISI-MIP Inter-Sectoral Impact Model Inter-comparison.  
Aim: Using an ensemble of climate model simulations, scenarios and an 

ensemble of impact models to assess simulated future impact changes 
and the related uncertainties (health, agriculture, water ressources) 

Five malaria models investigated: MARA, LMM_ro, Vectri, Umea & 
MIASMA 

Output Variables:  
Length of the malaria transmission season e.g. LTS (in months) 
Malaria climatic suitability (binary 0-1). Defined if LTS >=3 months 
Additional person/month at risk for the future. 

Bias corrected climate scenarios were available for 5 emission 
scenarios [2.6, 4.5, 6, 8.5] emission scenarios and the historical 
simulations for 5 climate models. One Population scenario SSP2 
(IAASA) 

GCM1 - HadGem2-ES 
GCM2 - IPSL-CM5A-LR 
GCM3 - MIROC-ESM-CHEM 
GCM4 - GFDL-ESM2M 
GCM5 - NorESM1-M 
 
 



Malaria Background 1900s vs 2000s 

“obs” 

 Malaria Models driven by climate obs (CRUTS3.1) 

Caminade et al., 2014 

Malaria endemicity  
decreased worlwide 
Mainly due to 
intervention (bed nets, 
early diagnostic tests, 
vector control…) 



Impact of climate change on malaria distribution 

Climatic suitability simulated to increase for all malaria models 
over the Tropical highland regions and to decrease over low altitude regions for the 2080s 
(extreme emission scenario). Caminade et al., 2014 



Malaria 21st century scenario 
The effect of climate scenarios on future 
malaria distribution: changes in length of the 
malaria season. 
 
Each map shows the results for a different emissions 
scenario (RCP). The different hues represent changes in 
the length of the transmission season for the mean of 
CMIP5 sub-ensemble (with respect to the 1980-2010 
historical mean). The different saturations represent 
signal-to-noise (μ/Sigma) across the super ensemble 
(noise is defined as one standard deviation within the 
multi-GCM and multi-malaria model ensemble). The 
stippled area shows the multi-malaria multi GCM 
agreement (60% of the models agree on the sign of 
changes if the simulated absolute changes are above one 
month of malaria transmission).  
 
Simulated Increase in transmission over the 
highlands of Africa (east Africa, Madagascar, 
Angola, southern Africa) / decrease over the 
Sahel (extreme scenario / long term) 
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Malaria scenarios for Eastern Africa:  
the HEALTHY FUTURES EU project 

LMM  
malaria model 

VECTRI  
malaria model 

ISI-MIP 
5 GCMs 

CORDEX 
8 RCMs 

CMIP5 
10 GCMs 

Changes in simulated malaria prevalence based on two malaria models and different 
GCM/RCM ensembles (RCP8.5 from 1980-2005 to 2086-2095). Ensemble mean is shown 
Leedale et al., 2015 (Geo. Sp. Health, in review) 



Malaria models sensitivity in a warmer world 

Sensitivity of the simulated 
changes in the length of 
the malaria transmission 
season (LTS) to mean 
annual rainfall and 
temperature for the ISI-MIP 
ensemble over Africa.  
 
Mean changes in the length 
of the transmission season 
are calculated for all emission 
scenarios, GCMs and time 
slices. If the simulated 
absolute changes are above 
one month, then they are 
plotted versus mean future 
annual rainfall (mm – Y axis) 
and temperature (°C – X 
axis). Results are similar for 
the CORDEX ensemble (not 
shown). 
 
Mara, miasma: General 
Increase in LTS 
 
lmm_ro, vectri: Increase in 
the moderate temperature 
range, decrease for high 
temperatures (mosquito 
survival schemes) 

Sahel 

Sahel Sahel 

Sahel 

Malaria Model 1 Malaria Model 2 

Malaria Model 3 Malaria Model 4 



Future population at risk 





More recent scientific evidences that  
malaria is moving to higher altitude & latitude 



More scientific evidences that climate becomes 
increasingly suitable for malaria in Tropical highland 
regions BUT other parameters will be critical: 

Population movements, trade and urbanisation (expected to increase…) 
 
Technological development (vector control, vaccine?) 
 
Land surface changes (agriculture: fisheries, rice paddies… expected to 

change significantly in developing countries) 
 
Adaptation and evolution (mosquitoes resistance to insecticide, pathogen 

resistance to drugs…). Drug resistance on the rise for many pathogens 
 
Socio-economic development (changes in wealth and vulnerability) 
 
Indirect effects of climate change… 
 





Not only malaria moving to higher grounds… 
Japanese encephalitis in Nepal 2004-2008 

Increase of autochthonous  
disease transmission to non 
endemic regions (>2000m)  
in Nepal: 
 
Japanese encephalitis 
Malaria 
Dengue fever 
Lymphatic filiarisis 
Visceral leishmaniasis 
(Dhimal et al., 2015, PlosOne) 



Fasciola hepatica and its impacts 

Fasciola hepatica, also known as the 
common liver fluke or sheep liver 
fluke  is a parasitic flatworm of the 
class Trematoda, infects liver of 
various mammals, including humans.  
 
The disease caused by the fluke is 
called fascioliasis (also known as 
fasciolosis). Its life cycle requires a 
fresh water snail as intermediate host 
(wet grassland settings). 
 
F. hepatica is world-wide distributed 
and causes great economic losses in 
sheep and cattle. 
 
Increasing burden over the UK and 
other European countries over the 
past decades-> Gloworm EU project 
 
 

Liver of a sheep 
Infected by Fasciola hepatica 
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Fasciolosis Model (1/2) 
Monthly fasciola hepatica risk (Mt) : 
 
  
 
 
R: Rainfall (mm/month) 
P: Potential evapotranspiration (mm/month) 
N: Number of rainy days per month 
 
P was calculated using the Hargreaves equation: 
 
 
 
 
With Ra incoming extraterrestrial radiation in [MJm-2day-1] 
Ra=F(latitude, day of year) 
Mt capped between 0 and 100; Mt =0 if T<10ºC 
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How wet 
vs how warm  
are the soils? 

Ollerenshaw & Rollands, 1959 



Summer infections 
(acute or chronic) 

Summer infections 
(sheep acute) 
(VLA/SAC data) 

Climate “risk” e.g. Mt 
(Met Office UK data) 

Mt in MJJASO compared with sheep acute cases occurring the following winter/spring  
e.g. ONDJFM (summer infections) 

West Wales and the Valleys 1975-2011 

Fasciolosis Model (2/2) 

Caminade et al., 2015 after Ollerenshaw & Rollands, 1959 



Recent context observation vs model (1/2) 

Summer infections Mt model 
vs acute fasciolosis cases 
(sheep) 
 
300<Mt<400 occasional losses 
400<Mt<474 disease prevalent 
475<Mt severe epidemics 
 
Observed acute infections 
increased during the 2000s 
over western UK consistently 
with the climate-driven disease 
model results 
 
Model fails to reproduce the 
1980s hot spot over western 
Wales 
 



- Number of sheep with acute fascioliasis (VIDA) 
---  Mt Model values 
Gray shading: 300<Mt<400 
Red shading: 400<Mt 

Correlation between 
Mt model and observed number 
of sheep with acute infections 
(summer infections) 
1975-2011 
Dotted area:  
95% confidence interval (T-test) 
Regions with less than one 
infected sheep/year have been 
masked 

Recent context observation vs model (2/2) 



Fasciolosis over the UK future scenarios 

Moderate emission scenario-> 
slight increase in transmission risk 
in October for the 2080s 
 
Extreme emission scenario-> 
decreased risk in summer, 
increased risk in Apr-May and Oct-
Nov for England and Wales.  
 
 
Future risk over Scotland looks 
like past observations over 
western Wales, and this is the 
most endemic region according to 
the observed VIDA-SAC clinical 
data 
 



Conclusions and Perspectives 
• More recent evidences that climate change favoured the rise of vector-

borne diseases to higher latitudes and altitudes but: other factors to 
consider: increased travel and trade, land use, vulnerability of 
populations, drug resistance, economic development… 

• Current dynamical disease models can be improved (mosquitoes 
experience weather instead of climate + need to consider vulnerability 
data e.g. Healthy Futures EU project) 

• Multi data source simulations useful and needed (using ensembles 
of disease models, climate models, population and climate change 
scenarios, economic projections…) -> Work in progress ND-GAIN 
(Notre-Dame university, USA), World Bank… 

• Stop the race for model skill: look at where things might occur instead 
to anticipate the risk – potential ecological niche 

• Multi-disciplinary projects required (entomologists, epidemiologists, 
human and animal health specialists, climatologists-meteorologists, 
human scientists, interface scientists) e.g. One Health approach 

• Operational risk models (seasonal forecasts or based on satellite 
data…) for climate sensitive diseases (agro-meteorology far ahead) 
and link with climate services in their infancy stages. This is work in 
progress… 

 



Summer 2015: El Niňo is already there… 

Recent situation 

Chretien et al., 2015 

NOAA/NCAR 

June 2015 – ANSES Paris 
 
Heatwave related deaths: 
India, Pakistan (spring) 
 
Chikungunya cases: 
south-western USA (Texas) 
Colombia, Peru, Mexico, Caribeans 
 
Dengue cases: 
South east Asia, Sri Lanka, India 
 
To be continued… 



Thanks for your attention 

http://www.liv.ac.uk/qweci/ 

http://www.healthyfutures.eu/ 

http://www.liv.ac.uk/infection-and-
global-health/research/enhance/ 

http://www.gloworm.eu/ 
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