" CENTRE DE RECHERCHE EN ECONOMIE ET
EN DROIT DU DEVELOPPEMENT INSULAIRE

Guadeloupe in the face of climate
change: the stylised facts and
macroeconomic conseguences

Maurice BILIONIERE
&
Alain MAURIN

Research Centre for Island Development Economics and Law
University of the French West Indies and Guiana
Fouillole Campus
Guadeloupe
Tel: 0590-48-32-77 Fax: 0590-48-33-05
E-mail:
maurice.bilioniere@gmail.com
alain.maurin@univ-ag.fr

July 2023

Université ¢
des Antilles ¢



La Guadeloupe face au changement climatique : sur les faits stylises et
les conséquences macroéconomiques

Guadeloupe in the face of climate change: the stylised facts and
macroeconomic consequences

Maurice Bilioniere, Alain Maurin
LEAD, UAG

Abstract:

Natural disasters have made up a large part of media headlines in recent years. These disasters are often
manifested in extreme weather events and are increasingly related to the phenomenon of global warming.
There are many examples from all over the world. Among the most recent, in early July 2023, from Monday
3rd to Thursday 6th, the average temperature record was broken four times on our planet, reaching the level
of 17.23°C. At the end of June 2023, the city of Penticton, in central British Columbia, recorded Canada's
all-time temperature record of 49.6 degrees Celsius. In this same city, during the month of December 2021,
the maximum temperature was 22.5 degrees on Monday 2nd, whereas the previous absolute peak for this
month was 11.2°C in 2012. In the USA, this winter warmth manifested itself in temperatures almost 20
degrees above normal in Washington, Montana, Wyoming and North Dakota. In February 2020, temperatures
in Antarctica exceeded the 20°C barrier for the first time.

Going back in time just a decade, similar observations have been made. Russia in 2010 was affected by "the
strongest heat wave in a thousand years," according to the Manager of the Russian meteorological services.
In the same year, Pakistan experienced the worst floods in its history, causing several thousands of deaths
and a major humanitarian crisis. In Central Europe, the floods of 2013 were described as historic with record-
breaking water levels. In some cases, the increase in these large-scale phenomena calls their classification
criterion into question. Indeed, since Typhoon "Haiyan" passed through the Philippines in 2013, scientists
have been seriously debating adding a sixth category to the Saffir-Simpson scale, which goes up to 5.
According to the Saffir-Simpson scale, a cyclone reaches its highest level with sustained winds measured at
252 km/h. However, the winds measured for Typhoon "Haiyan" reached 315 km/h, a difference of more than
60 km/h.

In developed countries and many emerging countries, the theoretical problems and practical decisions of
public policies to be implemented have undoubtedly occupied the thoughts and discussion forums of
researchers and decision-makers. In recent months, large countries such as China, the United States, Russia,
France, India and Pakistan have shown their limitations in coping with impressive and destructive floods,
severe droughts and massive forest fires. You can therefore only imagine the risks and impacts these natural
shocks have on small island territories, which rank among the most vulnerable countries in the world. In a
context where many scientists have tried to assess the environmental and economic consequences of global
warming for developed countries, it is therefore appropriate to increase knowledge for such territories where
the potential risks and impacts are still unknown and potentially more dangerous. Given the various
controversies between researchers about the evidence of climate change and whether it is a series of
exceptional events or a long-term persistent trend, it seems difficult to prove that climate change exists, even
more so in smaller territories.

Using very long time series, in monthly data over the period January 1951 to December 2022, this article
proposes a discussion and empirical study of the issue of climate change in the Caribbean with the case of
Guadeloupe. First, we present the main elements of the literature on the consequences of climate change in
the Caribbean. Secondly, we apply various approaches from time series statistics and econometrics to carry
out different modeling exercises based on changes in two key climate monitoring components: rainfall and
air temperature.

Keywords: Climate change; Rainfall; Temperature; Time series; seasonal unit root tests;
SARIMA modeling;



Résume :

Occupant une large part des titres traités dans 1’actualité des médias depuis maintenant quelques années, les
catastrophes naturelles qui se manifestent souvent par des événements climatiques extrémes sont de plus en
plus mises en relation avec le phénoméne du réchauffement climatique. Les exemples en sont légions aux
quatre coins du globe. Parmi les plus récents, figurent au début du mois de juillet 2023, du lundi 3 au jeudi
6, le record de température moyenne qui a été battu a quatre reprises sur notre planéte, pour atteindre le
niveau 17,23 °C. La ville de Penticton, au centre de la Colombie-Britannique, a enregistré fin juin 2023 le
record historique de température au Canada avec 49,6 degrés Celsius. Dans cette méme ville, durant le mois
de décembre 2021, la température maximale s’est établie a 22,5 degrés le lundi 2 alors le précédent pic absolu
pour ce mois était de 11,2 °C en 2012. Aux Etats-Unis, cette chaleur hivernale s’est manifestée par des
températures supérieures de presque 20 degrés a la normale dans les Etats de Washington, du Montana, du
Wyoming et du Dakota du Nord. En février 2020, 1’ Antarctique a connu des températures franchissant pour
la premiére fois la barre des 20°C.

En remontant dans le passé juste une décennie en arriére, des constats du méme ordre ont apportés. La Russie
en 2010 a été touchée par « une vague de chaleur la plus forte depuis mille ans » selon le responsable des
services météorologiques russes. Au cours de la méme année, le Pakistan a connu les pires inondations de
son histoire causant plusieurs milliers de morts et une crise humanitaire majeure. En Europe centrale les
inondations de 2013 furent qualifiées d’historiques avec des crues record. La multiplication de ces
phénomeénes de grandes ampleurs suscite dans certains cas une remise en question de leur critere de
classification. En effet, depuis le passage du Typhon « Haiyan » aux Tles Philippines en 2013, les scientifiques
s’interrogent sérieusement sur I’ajout d’une 6éme catégorie a 1’échelle de Saffir-Simpson qui en contient 5.
Cette derniere considére qu’un cyclone atteint son dernier échelon a partir de vents soutenus mesurés a 252
km/h. Or, les vents mesurés pour le Typhon « Haiyan » ont atteint les 315 km/h, soit une différence de plus
de 60 km/h.

Dans les pays développés et dans bon nombre de pays émergents, les problématiques théoriques et les
décisions pratiques de politiques publiques a mettre en ceuvre ont indiscutablement envahi les réflexions et
espaces de discussions des chercheurs et des décideurs. Si de grands pays comme la Chine, les Etats-Unis, la
Russie, la France, I’Inde et le Pakistan ont montré ces derniers mois toutes leurs difficultés a faire face a des
inondations impressionnantes, des crues destructrices, des sécheresses séveres et des feux de foréts
gigantesques, alors que dire en ce qui concerne les risques et les impacts de ces chocs naturels sur les petits
territoires insulaires qui, par excellence, figurent dans le haut du classement des pays les plus vulnérables de
la planéte. Dans un contexte ou nombre de scientifiques ont essayés d’évaluer les conséquences
environnementales et économiques du réchauffement climatique pour les pays développés, il apparait donc
opportun d’enrichir les connaissances pour de tels territoires ou les risques et impacts potentiels sont encore
méconnus et potentiellement plus dangereux. Si 1’on s’en tient aux différentes controverses entre chercheurs
au sujet de la mise en évidence du changement climatique entre évenements exceptionnels ou tendance
persistante qui s’inscrit dans la durée, il semble difficile de prouver son existence, a plus forte raison sur les
plus petits territoires.

En recourant a des séries temporelles tres longues, en données mensuelles sur la période de Janvier 1951 a
décembre 2022, cet article propose une discussion et une étude empirique sur la question du changement
climatique dans le cas la Guadeloupe. Dans un premier temps, nous procédons a une description de nos séries
climatiques visant a identifier leurs mouvements de court terme et tendances de long terme. Dans un
deuxiéme temps nous appliquons différentes approches de la statistique et de I’économétrie des séries
temporelles pour conduire différents exercices de modélisation autour des évolutions de deux composantes
clés du suivi du climat : la pluviométrie et la température de I’air.

Mots clés : Changement climatique ; précipitation, température, Séries chronologiques, tests de racines
unitaires saisonnieres, modelisation SARIMA
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Introduction

Although the Caribbean islands have varied topographical and geographical features, they share
a common set of characteristics such as their small size and high economic dependence on densely
populated coastal areas. These characteristics increase their vulnerability to climatic phenomena,
which are a proven threat to regional development, all the more so in the context of global warming
(Karmalkar et al., 2013). This phenomenon is very real, in spite of the scepticism that has surrounded
it until recently (Bjornberg et al., 2017). Yet natural disasters, which often take the form of extreme
climatic events, have dominated media headlines for several years now, and are increasingly being
linked to the phenomenon of global warming. There are many examples from all over the world.
The most recent ones include the beginning of the month of July 2023, from Monday 3rd to
Thursday 6th, when the average worldwide temperature reached record-breaking levels four times,
going up to 17.23°C. At the end of June 2023, the city of Penticton in central British Columbia
recorded the highest temperature ever in Canada, at 49.6 degrees Celsius. In the same city, during
the month of December 2021, the maximum temperature was 22.5 degrees on Monday 2, whereas
the previous absolute peak for this month was 11.2°C in 2012. In the United States, this winter heat
was reflected in temperatures almost 20 degrees above the normal one in the states of Washington,
Montana, Wyoming and North Dakota. In February 2020, temperatures in Antarctica broke the 20°C
barrier for the first time.

Going back in time just a decade, observations of a similar nature were made. In 2010, Russia
was hit by "the strongest heatwave for a thousand years", according to the head of the Russian
meteorological services. In the same year, Pakistan experienced the worst floods in its history,
causing several thousands of deaths and a major humanitarian crisis. In Central Europe, the floods
of 2013 were described as historic with record-breaking water levels. In some cases, the increase in
these large-scale phenomena calls their classification criterion into question. Indeed, since Typhoon
"Haiyan" passed through the Philippines in 2013, scientists have been seriously debating adding a
sixth category to the Saffir-Simpson scale, which goes up to 5. According to the Saffir-Simpson
scale, a cyclone reaches its highest level with sustained winds measured at 252 km/h. However, the

winds measured for Typhoon "Haiyan" reached 315 km/h, a difference of more than 60 km/h.

Météo-France's Arpege-Climat model predicts an average warming throughout the Caribbean
region of about 1.5°C over the ocean and 2°C over land (islands and mainland) per year between
recent and future decades (Berge et al., 2022). Increasingly excessive weather conditions in the

Caribbean also point in this direction. According to Webster and Holland (2005), the proportion and



number of Category 4 and 5 hurricanes on the Saffir-Simpson scale have almost doubled since the
year 1970. According to their research, over the 5-year period from 1970 to 2004, category 4 and 5
cyclones accounted for an increasing proportion of the total number of cyclones, rising from around
18% to almost 36%. Conversely, Category 1 and Categories 2 and 3 have been on the decline. The
year 2017 provided the third worst cyclone season in history in the area (Kemp-Benedict et al.,
2019). Current state-of-the-art models suggest that, globally, the average intensity of storms will
increase by around 5%, and that the proportion of higher intensity storms (Categories 4 and 5) will
increase by 13% (Knutson et al., 2019).

In view of the main impacts mentioned within the scope of global change, such as rising sea
levels, changes in marine and terrestrial biodiversity, coastal erosion or even the intensification of
cyclone activity, have worrying socioeconomic implications for the Caribbean islands. In a context
where a number of studies have attempted to assess the environmental and economic consequences
of sustainable climate change for developed countries (Pielke, 2007; Emmanuel, 2011; Ye et al.,
2019), it would seem appropriate to expand our knowledge of smaller territories where the potential
risks and impacts are hypothetically more dangerous. In recent decades, numerous publications have
attempted to identify the potential impacts of climate change on the Caribbean islands (Strobl, 2012;
Duvat, 2015; Acevedo, 2016; Moore et al., 2017; Thomas and Banjamin, 2018; Kemp-Benedict et
al., 2019; Spencer et al., 2020), but very few have attempted to determine the extent of climate

change in action.

The first section of this article presents the essential elements of the literature dedicated to
identifying climate change, while the second focuses specifically on its macroeconomic
consequences. The third applies time series analysis approaches to various modelling exercises
based on two key climate monitoring parameters: precipitation and air temperature. All in all, our
study could be useful to other Caribbean islands and, more broadly, to other small island developing

territories threatened by global warming.



I. Climate change in the French West Indies: a literature review of
findings and issues

1.1.Stylised facts about climate change

Changes in temperature and rainfall patterns

According to forecasts by Météo-France, average temperatures in Guadeloupe have increased by
almost 1.5°C over the 1965-2009 period. Using a climate modelling tool and two IPCC reference
scenarios, the specialists at Météo-France have also projected how the climate in Guadeloupe will
change by the year 2100. Irrespective of the scenario used, mean annual temperatures increase: up
to 2.3°C for minimum temperatures and 1.9°C for maximum temperatures in the RCP 4.5 scenario,
compared with 4.3°C for minimum temperatures and 3.3°C for maximum temperatures in the RCP
8.5 scenariot.

On a finer scale, “the GICC IMFREX? project revealed a trend for Guadeloupe between 1976 and
2003 of 0.36°+ 0.14/decade for a 95% confidence interval. From 1954 to 2003, the trend is 0.41°+
0.06/decade for a confidence interval of 0.95%3”. The IPCC's fifth report (2013) predicted an
increase in the average air temperature of 1.2° over the 2016-2035 period. As part of the CA3F
(Climate Change and Consequences for the French West Indies) project, which began in 2018,
Météo-France has shown that day/night dry-season temperatures in the French West Indies will
increase by about 1.5/1.5-2°C by the year 2055 and 2.5-3/2.5-3.5°C by the year 2080. As a result,
the highest temperatures observed in Guadeloupe over the last 25 years (around 34°C in the shade
during the day, 26-27°C at night) would be exceeded almost every year.

According to Figure 1, this upward trend in temperatures seems to have been a reality since the
1980s. This trajectory appears to be common to all the overseas regions, with only minor variations.
In Martinique, the homogenised series showed an average increase in temperature of around 1°C
over 40 years, with the highest levels of warming observed on average during the period from 1965-
2005. Based on IPCC models and scenarios, regional projections have recently been produced for
Martinique. Temperatures are projected to increase between 1.5 and 2.3°C (Saffache and Pelis,
2023).

With regard to precipitation, the fifth IPCC report (2013) predicts a global average increase in
precipitation by the end of the 21st century. Although it is difficult to obtain a clear trend in
hydrology in Guadeloupe according to the models used, average rainfall quantities could drop by
40% in February and rise by 60% in July, according to Météo-France projections based on IPCC
scenarios. This double movement in the opposite direction would increase the seasonal divide in the
rainfall system, with dry seasons becoming drier and wet seasons wetter. Other results obtained by
the experts at Météo-France using their Arpege-Climat model corroborate this trend. In Guadeloupe,
rainfall on the leeward coasts would decrease throughout the year in the dry season by the year 2055.
This projected drying up is greater by 2080 (-10/-15% across the whole of Guadeloupe) than by
2055 (-5%). In the wet season, it is equivalent for both horizons (-10-15%). Widespread drying is
accompanied by a decrease in the frequency of heavy rains and an increase in the frequency of
droughts. The number of days with rainfall exceeding 10 mm is reduced (-2 to -7 days) during the

1The Météo-France results are presented for the RCP (Representative Concentration Pathway) 4.5 scenario, which
corresponds to stable levels of CO2 emissions at a level of 660 CO2 equivalents after 2100, and the RCP 8.5 scenario,
which corresponds to an increase in GHG emissions; the concentration reaches 1,370 CO2 equivalents in 2100 and
continues to increase.

2“Management and Impacts of Climate Change” and “Impact of Anthropogenic Changes on the Frequency of Extreme
Wind, Temperature and Precipitation Events”.

3Based on the Météo-France document sent to the DIRAG in October 2009.



wet season for both time periods. On the other hand, the number of dry episodes (4 or more days
without rain) will increase significantly by the year 2080 (from 58 to 61 days/year) (SDAGE, 2021).

In Martinique, average annual rainfall is expected to increase by 1.7% by the year 2030 (Dupont,
2013). In addition, according to various IPCC scenarios, it is anticipated that the average annual
rainfall in Martinique will increase. Rainfall is expected to increase by 15-25% in the south and
centre of the island and by -3% to +8% in the north and north Atlantic, respectively (Comité du
bassin de la Martinique, 2016). Météo-France forecasts an increase of between 10% and 60% in
precipitation in July and a drop in precipitation in February (between 0 and 40%) over most of the
country. As a result, following the example of Guadeloupe, by 2071-2100, there could be a seasonal
divide, with an increase in extremely dry seasons (January to March), particularly in the north-west
region of the island, as well as an increase in extremely wet rainy seasons.

Climate change and cyclones

With regard to trends as regards certain climatic hazards, including cyclones, the fifth IPCC report
admits that there could be an intensification and/or potential increase in the number of intense
climatic events on a global scale. The proportion and number of Category 4 and 5 hurricanes on the
Saffir-Simpson scale have almost doubled since 1970 (Webster and Holland, 2005). Over the 5-year
period from 1970 to 2004, category 4 and 5 cyclones accounted for an increasing proportion of the
total number of cyclones, rising from around 18% to almost 36%. On the other hand, Categories 1,
2 and 3 have been in decline during the same period. According to experts at Météo-France, for
every one degree rise in sea temperature, cyclone wind speeds could increase by 3 to 5%. Scientists
explain this phenomenon by the fact that, in order for a cyclone to form, the temperature needs to
be at least 26.5°C over a depth of at least 60 metres. However, it is important to highlight that the
uncertainties involved in modelling extreme events are very high. According to Michel Desbois,
Director of research at the CNRS-Polytechnique weather laboratory, the apparent link between the
formation of hurricanes and rising temperatures needs to be interpreted, since the strength and
number of hurricanes vary naturally every 20-30 years.

Consequently, the conclusions of the regional projections are mitigated with regard to hurricanes.
Regional projections from the “Explore 2070 project conclude that there is no trend in hurricane
activity in the French West Indies. The general observation for the Atlantic basin is that there has
been no significant increase in the number of cyclones due to global warming over the last 50 years.
According to projections from the C3AF project, a reduction in the number of cyclones is even
expected across most of the basin. However, the most intense hurricanes (Categories 4 and 5) will,
on average, increase in number. Furthermore, cyclonic rainfall is also expected to increase by 5 to
15% (SDAGE, 2021).

1.2.Impact on the natural environment

Coastal erosion risks

The risk of coastal erosion is twofold for the French West Indies. On the one hand, this is one of the
identified consequences of climate change, which could, on the other hand, also be amplified by the
intensification of hurricanes. The IPCC report (2013) predicts a rise in sea levels, all scenarios
combined, of between +26 and +82 centimetres by the end of the 21st century (2081-2100), although
it specifies that the uncertainty surrounding the data is very high, particularly at regional level.

Based on Météo-France research, the intensification of cyclonic phenomena is likely to result in a
risk of a storm surge in the French West Indies, because when an intense hurricane approaches the
coast, there is a sudden increase in the sea level. In Guadeloupe, the inland coasts are the most
vulnerable, with a high or even very high risk (Figure 2). This could lead to a loss of 6 to 7% of the
surface area of Guadeloupe (Duvat, 2015). The results of the C3AF project suggest that the increase



in sea level will contribute to the permanent flooding of low-lying areas and to the extension of
storm surges in many coastal regions with very low slopes (SDAGE, 2021). In Guadeloupe, 70% of
buildings in coastal areas currently do not have a dedicated refuge floor, and in 2013, 23% of the
population lived less than 10 m above sea level. The foreseeable consequences of rising water levels
in Guadeloupe are as follows:

- 5% of the territory (78 km?) and 6% of the population exposed to marine submersion

(23,500 inhabitants);

- 6% of buildings exposed to marine submersion (14,500 buildings/229 critical
infrastructures);

- 160 km of eroding coastline by 2030 (with 7% of the coastline suffering minor erosion, 12%
moderate erosion and 6% significant erosion).

The study by Schleupner (2008) on coastal erosion on the island of Martinique reports that an
increase in sea level could cause premature erosion of the island's coastline, leading to a reduced
number of beaches. Erosion would affect 78% of mangroves, 98% of beaches and 86% of other
coastal wetlands in the event of an increase in sea level. According to the IPCC, a 38 cm rise in sea
level by 2090-2100 will likely reduce the size of Martinique by about fifty square kilometres,
leading to a gradual shrinking of numerous coastal communities.

Figure 2. Mapping of areas at risk from storm surges
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Source: Météo-France

Threats to biodiversity

The islands of the Caribbean basin have been classified as hotspots due to their rich biodiversity.
With regard to terrestrial biodiversity, no fewer than 13,000 species of vascular plants have been
recorded in the Caribbean (6,500 of which are endemic to a single island), 600 species of birds (27%
of which are endemic), 500 species of reptiles (94% of which are endemic) and 170 species of
amphibians (all of which are endemic) (Petit and Prudent, 2008). At the level of marine biodiversity,
no less than 26,000 km?2 of coral reefs are spread across the Caribbean islands, representing more
than 10% of the world's shallow reefs. Indeed, these islands contain a third of the world's mangroves
along 25% of their coastline.

The French West Indies have an exceptional biodiversity, with climatic conditions and a specific
geography that give them a highly diversified fauna and flora, as well as maritime areas of
considerable wealth. In Guadeloupe, for example, mangroves and backwater swamp forests cover



an area of about 7,000 hectares. Coral reefs can be found on all the islands in the archipelago. 109
species of fish have been recorded in the Grand Cul-de-sac Marin, three species of marine turtle still
lay their eggs on the beaches, and 17 species of cetacean have been recorded in Guadeloupe's waters
(Gargominy, 2003).

Within the context of climate change, marine biodiversity seems to be the most vulnerable to
temperature increases, particularly through coral bleaching. This is a phenomenon that occurred in
2005 when, under the pressure of a heat wave, 95% of the reefs in the French West Indies were
bleached. Coral is highly sensitive to temperature changes, and even a one-degree increase in
temperature risks bleaching, followed by death if there is a persistent increase in temperature. After
the 2005 episode, this affected 40% of corals in Guadeloupe and 13% of corals in Martinique. An
increase in tropical water temperatures of 2.8°C between now and 2100, projected by the IPCC,
could make bleaching episodes in 2005 more frequent: occurring every year or two between now
and 2030-2050 (UNEP 2006). More generally, the effects of climate change are likely to
significantly increase the damage and reduce the resilience of coral ecosystems.

Apart from coral reefs, seagrass beds are also particularly vulnerable to the effects of climate change
because of their location close to the coast and in shallow water. The increasing power of climatic
phenomena could exacerbate the destruction of this ecosystem. Mangroves, which play a vital role
in the life cycle of a number of species such as crabs, reef fish and birds, are also likely to suffer the
negative effects of climate change, particularly rising sea levels.

IPCC experts estimate that one in three plants threatened by climate change is endemic to island
states, and that 23% of island bird species are equally at risk. Foden et al. (2008) summarise the
various impacts attributed to climate change on species (Figure 3).



Figure 3 Potential impact of climate change on species
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Increase in sea surface salinity (SSM) and ocean acidification

Based on data covering the period 1970-2003, Delcroix and Cravatte (2009) used interpolation to
measure the SSM for different ocean basins. Their results show a degree of heterogeneity for the
different ocean basins. The geographical distribution of high salinity averages in the Atlantic, the
Pacific and the Arabian Sea is no coincidence, as these areas correspond to centres of significant
high wind and evaporation with low precipitation. Of all these areas, the Atlantic Ocean has the
highest salinity. Areas of low surface salinity are found mainly in cold regions, near large freshwater
rivers and inter-tropical convergence zones in the Pacific and the Atlantic. These areas have the
opposite characteristics of high salinity areas, i.e. heavy rainfall with low-amplitude surface winds.

With regard to the French West Indies in particular, the authors observed an upward trend in surface
salinity over the last ten years around Guadeloupe (+0.025). The drop in salinity in areas of low
relative salinity and the increase in areas of high relative salinity therefore reflect a strengthening of
regional contrasts. To understand what these contrasts actually represent, the authors will draw on
the conclusions of the work of Douville and Terray (2007) in relation to the response of the
hydrological cycle to anthropogenic forcing. In their article, they conclude that wetlands could
become wetter, while drylands could become even drier. Given that the territories of the West Indies
are located in an area where the SSM has increased by +0.025, according to their calculations, the
SSM could dry up at the same rate as the rise in temperatures. On the other hand, some specialists
see ocean acidification as a major risk for coral formations. Although scientific studies are still few
and far between, some conclusions point to a risk of decline in coral reefs. In the West Indies, apart
from corals, all marine organisms with a calcareous skeleton are affected, such as sea urchins,
families of molluscs and species of zooplankton with a calcareous envelope. If the degradation of
coral reefs increases, there could be an increase in ciguatera and the mass mortality of fish in tropical
regions.



1. A summary of the macroeconomic consequences of climate change

1.1. The economic risks and costs of hurricanes

There is a growing consensus in the scientific community that climate change could exacerbate
certain natural disasters (Kousky, 2017). Among these disasters, hurricanes cause major damage
and disrupt economic activity. Without claiming to be exhaustive, this section presents the recent
literature on the economic impacts of hurricanes, highlighting the diversity of the fields studied.

Strobl (2011) analyses the impact of hurricanes that affected US coastal counties, with an impact on
their economic growth rates between 1970 and 2005. To this end, he developed a destruction index
based on an equation linking monetary losses due to hurricanes, local wind speed and variables
characteristic of a county's exposure to risk. The econometric results suggest that a county's annual
economic growth rate drops by an average of 0.45 percentage points, 28% of which is due to the
departure of the wealthiest individuals from the affected counties, even when this has no effect on
national macroeconomic indicators.

The work of Albalate and Padro-Rosario (2018) seeks to assess the long-term effect of a hurricane
on a country's production, in this case, the impact of Hurricane Georges in 1998 on the economy of
Puerto Rico. In order to do so, they use the synthetic control method, adapted for the assessment of
public policies. Their results confirm the negative impact of hurricanes on a region's growth, with
Hurricane Georges causing direct damage estimated at US$ 4.3 billion. They also showed that
purchasing power parity in relation to GDP could have been 9% higher in 2010 if the hurricane had
never hit Puerto Rico.

Using a probabilistic model, Frame et al. (2020) estimate the average cost of the damage associated
with Hurricane Harvey at around US$ 90 billion. The damage caused by Hurricane Sandy, which
hit the east coast of the United States in 2012, was estimated at US$ 60 billion. Strauss et al. (2021)
break down these costs into the natural impacts of the hurricane and the potential influence of
climate change on these impacts. They conclude that about US$ 8.1 billion of the damage caused
by Hurricane Sandy is due to man-made factors.

While the various studies presented above have estimated the costs of the direct and/or indirect
impacts of hurricanes, Deryugina (2017) specifically focuses on hurricane-related social budget
expenditure, including disaster aid, unemployment insurance and medical benefits. Its results show
that aid earmarked for hurricanes represents about US$ 155 to US$ 160 per capita per hurricane
during the 1969-2012 period, while in the ten years after the hurricane, induced social spending
amounts to an average of about US$ 780 to US$ 1150 per capita. In a similar field of study, Jerch
et al. (2023) analyse the post-hurricane fiscal dynamics of municipalities in the United States. They
can exacerbate the fiscal pressure on municipalities by reducing tax revenue and debt financing, and
inhibiting their ability to make major capital investments in the decade after the hurricane. More
specifically, in the decade following major hurricanes, local sources of income and expenditure drop
by between 5 and 6%.

Another aspect of the literature on the impact of hurricanes refers to the displacement of people,
particularly coastal populations, that can result from the increase in sea level at the time of a
hurricane (Frazier et al., 2010). These studies show that natural disasters, including hurricanes, lead
to long-term population migration (Deryugina et al., 2018; Boustan et al., 2020; Billings et al.,
2022).

The history of the Caribbean is filled with references to the considerable loss of life and property
caused by hurricanes, and some researchers have even argued that hurricanes have played an



important role in the region's lack of development (Mulcahy, 2006). Over a period of 65 years (1950-
2014), the total cost of the damage caused by the 148 hurricanes recorded in 20 Caribbean islands
has been estimated at US$ 52 billion, an average cost of US$ 352 million per hurricane. The damage
caused represents on average of 82% of the GDP of these islands (Acevedo, 2016). Strobl (2012),
adopting a similar but improved methodology to that of his work applied to US counties, studies the
macroeconomic impact of hurricanes on the Central American and Caribbean region. Its results
show that, on average, a hurricane has led to a drop in economic growth of around 0.84 percentage
points in the region. The results of the study by Bertinelli et al. (2016) estimate that it costs about
USS$ 8 billion for a major hurricane every 50 years in the 29 islands in the region that were included
in the study. However, risks and losses are likely to vary considerably from one island to another.
Moore et al. (2017) develop a general equilibrium framework for conducting an assessment of the
impact of climate change and hurricane formation on the Caribbean region. Their conclusions
suggest losses of between US$ 350 and 550 million a year by 2100, or around 11 to 17% of the
GDP of the sample of 14 islands studied. The Category 5 hurricanes Maria and Irma ravaged
numerous Caribbean islands, including Dominica, Antigua and Barbuda, Saint-Martin and Puerto
Rico, causing an estimated US$ 220 billion in damage (Kemp-Benedict et al., 2019). For the islands
of Saint-Martin and Saint-Barthélemy alone, the insured damage is €2 billion (Montador, 2022). It
should be noted that if Hurricane Irma had passed over Guadeloupe, the cost of insured damage
would have exceeded €10 billion. Furthermore, a cyclone risk study carried out in 2020, which
reconstructed major events based on simulated trajectories, established average losses of €4.9 billion
in Guadeloupe resulting from Category 5/5+ cyclones. The damage caused by cyclone Hugo, which
devastated Guadeloupe in 1989, is estimated at 4 billion francs. The agricultural and tourism sectors
suffered losses estimated at CHF 466 million and CHF 152 million respectively (Desse, 2013).

Tropical storms have caused more than US$ 800 billion in damage over the last 20 years, including
US$ 58 billion in the 2018 season alone (Spencer and Strobl, 2020). From another point of view,
the hurricanes are equally having an impact on the Caribbean banking sector. In the aftermath of a
hurricane, the region's commercial banks were faced with an overall reduction in deposits and assets,
to which they reacted by reducing the supply of loans and drawing on their liquidity. Hurricanes are
associated with an increased overall bank risk, which translates to some extent into lower bank
profitability (Brei et al., 2019).

1.2. The economic risks and costs associated with sargassum

Historically, Sargasso seaweed species originated in the Sargasso Sea and only a minor quantity
reached certain territories in the Atlantic Ocean (Gower et al., 2013; Frazier et al., 2013). It was not
until 2011 that the stranding phenomenon began to be frequent and significant for numerous
territories in the Caribbean region. In the context of climate change and the eutrophication of the
oceans, there will likely be more frequent and abundant strandings (Smetacek and Zingone, 2013).
Currently their strandings are causing environmental, economic and health problems in the region.
It is therefore necessary to collect sargassum seaweed washed up on beaches, in order to preserve
the integrity of these ecosystems and reduce health risks and economic vulnerability. However, it is
costly for the affected regions to clean up sargassum.

For example, the Mexican government, invested about US$ 17 million to dispose of 522,226 tonnes
of sargassum in 2018, and about US$ 2.6 million to dispose of 85,000 tonnes in 2019 (Chavez et
al., 2020). Also in Mexico, the cost of cleaning up the beach at Cancun has been estimated at US$
1,000 per metre of coastline. The authorities have budgeted US$ 10 million and hired 5,000
temporary workers to clean up Mexico's Caribbean coast (Louime et al., 2017). Salter et al. (2020)
reported that in 2018, hotels on Mexico's northern Caribbean coast spent between US$ 128,770 and
US$ 284,830 per kilometre of coastline just on staff salaries and transporting sargassum to disposal



sites. The annual cost of cleaning up sargassum in the Caribbean has been estimated at US$ 120
million by Milledge and Harvey (2016) and US$ 210 million by Davis et al. (2021).

More recent work conducted by Rodriguez-Martinez et al. (2023) analysed the costs of cleaning up
sargassum for three municipalities in Mexico (Puerto Morelos, Solidaridad and Tulum) as well as
five hotels between Tulum and Cancun. Overall, clean-up costs range from US$ 0.3 to US$ 1.1
million dollars per kilometre for an annual volume harvested of between 10,105 and 40,932 cubic
metres per kilometre. Similarly, the estimated cost of cleaning up one cubic metre of sargassum is
between US$ 19 and US$ 85. For the city of Puerto Morelos, the annual clean-up costs, based on
the average unit price obtained from the hotels in this municipality and the volumes of sargassum
collected monthly by 14 hotels in 2018, 2019, 2021 and 2022, have made it possible to estimate an
average annual clean-up cost of US$ 1 million per kilometre. Monthly costs were estimated at
between US$ 10,186 and US$ 100,446.

In Guadeloupe, gquantitative data on sargassum strandings, and studies on their economic impact,
are relatively recent. It did not feature in weather news until the end of the decade of 2010, as was
also the case in the States and other islands of the Caribbean basin, thus it is easy to understand why
indicators on the flow of Sargasso seaweed were unknown until then.

Logically, the initiative to collect them came from the Syndicat Intercommunal pour la Protection
des Plages et des Sites touristiques (Intercommunal Association for the Protection of Beaches and
Tourist Sites), which commissioned the Chamber of Commerce and Industry of the Islands of
Guadeloupe (CCI IG) to conduct a study to measure the economic impact of the nuisance caused by
sargassum seaweed on businesses located in the areas concerned. It was based on a survey of a
representative sample of 424 companies during the period from 13 November to 8 December 2015.

While it is true that exercises for measurement of the macroeconomic impact are most commonly
based on computable general equilibrium models and econometric methods, it should be noted that
this quantitative survey approach seemed to be one of the only ones applicable, given the availability
of data. When implemented rigorously, with focus on the representative nature of the sample, the
quality of the questionnaire and practical data collection, quantitative surveys provide sufficiently
robust results. These results, in the form of proportions verified against the sample, are generalised
to all the entities in the population and calculated to work out the values of the desired impact.

As regards the impact of sargassum strandings on the coastline, the impact analysis involves
identifying the changes that have occurred in the activities or habits of the various categories of
stakeholders, measuring them and, ultimately, aggregating them and, where necessary, translating
them into monetary estimates.

The CCI-IG study report, which was written by Mathias Bini, indicated that one in three of the
companies surveyed had been affected by sargassum, and that the main material impacts were the
deterioration of machinery, air conditioning systems, computer electronics and premature wear and
tear on work tools. The impact on staff essentially consists of temporary closures and two positions
being made redundant.

The fishing industry, one of the most vulnerable, lost an average of 22 days at sea, was negatively
affected by the deterioration of its engines and the fact that it was impossible to carry out trolling.
Naturally, the tourist industry was also affected, particularly by its smell, which had a long-term
impact on the number of people visiting coastal accommodation structures and restaurants.

In monetary terms, Mathias Bini provides the following summary:
“In the first half of 2015, the total financial impact of these nuisances was €4.9 million in lost
earnings by the companies surveyed. While the range of sectors affected is quite broad,
including shops, B&Bs, hotels, restaurants, fishing, pleasure boat hire, scuba diving and



tourist vehicle hire, on average, businesses will have lost a minimum of €10,800 (fishing
sailors) and a maximum of €67,200 (restaurant owners).” (Bini, 2015, page 3).

By attempting to directly analyse data on sargassum strandings and clean-up costs where they exist,
it goes without saying that attempts at quantification would provide insights and results that could
not be envisaged through the use of other modelling approaches.

In Guadeloupe, the government has set up a statistical monitoring system that will produce data
from 2018 onwards. On the basis of observations of strandings in tonnes and volume by
municipality, it is already possible to describe some specific features of the stranding phenomenon.
Graph 1 shows an irregular pattern over the years. In 2018, collections took place from May to
September, with a significant peak in July (57,326 m®). The following year, in 2019, we can observe
a start earlier in the year, in the months of January to September, with two peaks this time, one in
February (16,431 m®) and one in July (16,182 mq). This trend seems to be confirmed in 2020, with
a collection period extending from January to September, but with a single peak in June (23,615
m?3). As illustrated in graph 1, it is clear that no two years are alike, whether in terms of the period,
the peaks observed or even the total volume collected (108,604 m? in 2018, 59,696 m? in 2019 and
47,452 m? in 2020). A closer look at the individual municipalities does not contradict this overall
observation, although Capesterre de Marie-Galante (CMG) stands out as the most affected,
accounting for about 60% of collections during the period studied (see graph 1).

Figure 4. Volumes of sargassum collected per month in Guadeloupe and Marie-Galante
between 2018 and 2021
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Table 1 indicates the total quantities of sargassum collected in tonnes for the municipalities of the
Guadeloupe islands affected by strandings between the years 2018 and 2022. This flow is notable,
given that the municipality of Capesterre de Marie-Galante is the most important final destination.
According to information from Météo-France, the geographical position of this municipality makes
it the gateway for Sargasso to the islands of Guadeloupe. In fact, more than 50% of the data on
collection for the period studied was recorded here.



Using this data and other administrative information, particularly logistical data (transport costs,
distances from collection points to the recovery site and transport times), Bilioniére and Lanneau
(2023) estimated the costs of collecting Sargasso seaweed in Guadeloupe for various municipalities
affected by strandings, based on two transport cost assumptions. Average daily costs range from €8
to €119 per tonne, based on flat-rate transport costs, and from €18 to €69, based on round-trip costs
(Table 2).

Table 1. Sargassum collected by municipality between 2018 and 2022 (in tonnes)

Municipalities Total tonnage
Anse-Bertrand 9142
Le Moule 14 093
Petit-Canal 5247
Le Gosier 2 746
Sainte-Anne 21 499
Saint-Frangois 11 963
Goyave 7 658
Petit-Bourg 12114
Capesterre Belle-Eau 12 613
Désirade 19 626
Terre-de-Bas 18 082
Terre-de-Haut 18 767
Capesterre de Marie-Galante 177 780

Source: PULSAR unit, Guadeloupe Prefecture

Figure 4. Average daily cost per tonne of sargassum (in euros)

Sites Flat-rate costs Cost per round
Petit-Bourg 8 18
Petit-Canal 22 25
Gosier 119 69
Sainte-Anne 11 23
Goyave 35 32
Capesterre Belle-Eau 30 29
Anse-Bertrand 27 26
Mould 27 30
Saint-Francois 31 29

Source: Bilioniére et Lanneau (2023)

1.3. The economic risks and impacts on tourism

In 2017, the tourism industry generated an estimated US$ 57.1 billion in the Caribbean, with a
projection that this would amount to US$ 83.3 billion by the year 2027 (Thompson et al., 2020).
Tourism is the main driving force behind the development of a lot of Caribbean islands. Although
it is flourishing, this specialisation is a source of external vulnerability. Indeed, tourism is also
considered to be highly climate-sensitive, even more so in the context of climate change, which is
a source of concern for Caribbean small island developing states (SIDS) (Stephenson et al., 2014).
Coastal destinations such as St Lucia, the Bahamas, Jamaica and Barbados are extremely vulnerable
to the direct and indirect impacts of climate change (such as storms and extreme weather events,
coastal erosion, infrastructure damage, rising sea levels, flooding, water shortages and water



contamination) (Spencer, 2019). In fact, small island economies specialising in tourism are
significantly more physically vulnerable to climate change than other territories, and therefore
present a development model with sustainability that cannot be guaranteed in the absence of
mitigation and adaptation policies (Goujon and Hoarau, 2020).

Climate change is already having a negative impact on the region's tourism sector, with rising
temperatures causing coral bleaching and droughts occurring more frequently, with an effect on
water availability. Damage and losses caused by storms and hurricanes have also increased. In 2015,
the damage caused by tropical storm Erika cost Dominique 90% of its GDP. The main tourist
infrastructures, notably, seaports and airports, are threatened by a one-metre rise in sea level. The
costs of rebuilding damaged infrastructure along the coast are disproportionately high for the
affected areas (Layne, 2017).

In Barbados, the potential losses to the tourism industry due to climate change have been estimated
at US$ 356 million under a moderate cyclone activity scenario (Moore et al., 2010). For Guadeloupe
and Martinique, the losses have been estimated at €45 million and €60 million respectively by 2100,
according to a pessimistic scenario of greenhouse gas increases (Dupont, 2013). In the Bahamas,
the damage caused by Hurricane Matthew, which hit the island during the 2016 season, was
estimated at US$ 600 million, mainly as a result of damage to tourism-related infrastructure, such
as Nassau airport (Stewart and Berg, 2017). In addition, rising sea levels could result in the
displacement of coastal communities, coastal erosion and loss of land, salinisation of aquifers and
damage or loss of coastal resources, infrastructure, including airports, major roads, and billions of
dollars of tourism superstructure for the islands of the Bahamas with little relief (Thomson and
Benjamin, 2018). Rising sea levels, combined with weak (category 1), moderate (category 3) and
strong (category 5) storms, could cause the destruction of 34%, 69% and 83% of tourist
infrastructure (hotels and resorts) respectively. In addition to flooding, coastal erosion affects 28%
of all hotels located between 0 and 50 m from the coastline, and 60% of tourist infrastructures
located between 0 and 100 m from the coastline. Taking into account the economic importance of
the sector, the potential impacts on tourism infrastructure will result in significant losses of revenue
and employment for the Bahamas islands (Pathak et al., 2021).

In addition to the impacts of hurricanes, which are well documented in the literature, the
accumulation of sargassum seaweed on beaches due to its massive stranding, the nauseating odours
arising from its decomposition, and the deterioration in the quality of beaches and coastal waters,
are other threats to tourist activities in the Caribbean islands. In fact, all these symptoms linked to
sargassum seaweed stranding could cause a reduction in tourist numbers, resulting in significant
economic losses (Bartlett and Helmer, 2021; Lopez-Contreras et al., 2021). More specifically,
sargassum strandings reduce growth in tourist arrivals by an average of 1.1% up to eight months
after they occur (Mohan and Strobl, 2023).

I11. Some empirical investigations of the climate change hypothesis
and macroeconomic impacts in Guadeloupe based on rainfall and
temperature series

3.1. Data

The acceptance or rejection of the hypothesis of climate change naturally invites us to examine the
evolution of the multitude of parameters that characterize meteorology. As awareness of the stakes
and consequences of climate change has grown, a number of preventive organizations have sprung
up. Throughout the world, many of them have specialized in observing and measuring the climate.



Today, the situation is one of thousands of climatological stations scattered in cities and rural areas
all over the world, along with satellites specialized in collecting meteorological data.

Under the coordination of the World Meteorological Organization (WMO), a weather measurement
network collects data on a daily basis, in accordance with international standards, most often
covering temperature (maximum and minimum), wind speed and direction, humidity, pressure,
radiation (solar and/or infrared) and precipitation. These variables, cited by Barrette (2005) and
added to those mentioned by Taha et al. (1999) (river discharge, lake levels, ice cover break-up date
and duration, and groundwater levels), are among the most relevant indicators for climate
monitoring.

The data we use in this study comes from Météo-France’s Regional Service for Guadeloupe. The
data cover the period from January 1951 to September 2023, that is to say a period of 73 years,
almost three quarters of a century, and which defines, above all, a time scale well adapted to grasp
the ongoing changes. Our monthly series trace the measurements of two essential climatic
components: average rainfall (or precipitation) expressed in millimetres (mm), this is the RRE
variable; and the temperatures (average, minimum and maximum) expressed in degrees Celsius
(°C), are denoted respectively as TNE, TXE and TM. Each of the four series recorded a total of 885
observations.

3.2. Description of the climate time series

Based on our four time series, the aim is to identify the main lessons to be learned from an
examination of their evolution, and to provide answers to important questions that are central to the
concerns of decision-makers and the general public. What are the characteristics of their individual
trajectories? What can be deduced from a comparison of their trends? Can we accept the hypothesis
of a change in monthly rainfall over recent decades? Can we validate the hypothesis of a global rise
in temperature over recent decades?

3.2.1. Chronological profiles of variables

As regards the visualisation of the changes to the Guadeloupe climate indicators and the analysis of
their progressions, it must be noted that the climate in Guadeloupe is tropical oceanic and is mainly
characterised by two seasons, the "dry" season and the "rainy" season, which is a time of frequent
and intense rains. Between these two seasons there are also two more or less marked shoulder-
seasons. Chronologically, the sub-annual division is as follows: the dry season is from February to
April, the first shoulder-season from May to June, the rainy season is from July to October and the
second shoulder-season from November to January.

Figures 1 and 2 illustrate the monthly changes in rainfall and the average, minimum and maximum
temperatures over the entire period. Without any ambiguity, the trajectories obtained draw curves
which show that they combine well-known movements associated with the components of a time
series. There is clearly a trend in both the rainfall series and the temperature series, a seasonal
component with a generating process that closely follows the above climate characteristics and an
irregular component.
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Table 1. Descriptive statistics (Quantitative data):
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3.2.2. Variability of observations

It is these trajectories that need to be dissected in order to identify elements that reveal the changes
taking place in Guadeloupe's climatic environment. On the basis of graphs 1 and 2 and simple
descriptive statistics indicators, we can easily draw some conclusions about the behavior of the
variables.

Short term movements

The average monthly rainfall has a very wide range, between 6 mm and 549.3 mm. This range
reflects a very high variability in the amount of rainfall that combines the effects directly linked to
the seasonality intrinsic to the rainfall patterns of the Guadeloupe archipelago and those arising from
long-term climate trends.

As regards this rainfall seasonality, the various figures show this significant difference between the
rainfall amounts recorded during the first half of the year (dry season) and those reached during the
second half (rainy season). More specifically, Figures 1 and 2 show an intra-annual distribution that
remains fairly rigid over time, with the presence of the lowest average rainfall in the first quarter in
particular and, conversely, the significantly higher contributions of the months of September-
October- November.

As regards the distribution of the values of the four series, it is observed that the variation between
the temperature series are quite close whereas it is much more significant for the rainfall series. The
calculated standard deviations reflect a similar finding: small variations in the temperature series
values and, on the contrary, a relatively high variation in rainfall. For the latter, fifty percent of the
values are below 118.2 mm, and the difference between the median and the minimum is 112.2 mm,
while the difference between the median and the maximum is close to 431.1 mm. This difference
between the average and the median as well as the distribution of the monthly rainfall amounts
reveal a certain asymmetry of the distribution of the variable, characterised by heterogeneous values
and the presence of extreme values. It is well known that the latter reflect the occurrence of
hurricanes and periods of droughts.

Beyond the parameters of central tendency and dispersion, it is also important to examine the shape
of the distribution of the variables by the average of moments of order 3 and 4. The first, the
Skewness coefficient, provides a measure of their degree of asymmetry in the distribution. It is
symmetrical when this coefficient is zero, it is spread to the left when it is negative and, it exhibits
a long tail on the right when it is positive. The coefficients obtained suggest a slight asymmetry to
the right for rainfall and a left asymmetry for the temperature variables. The central moments of
order 4, the Kurtosis coefficients provide information on the degree of flattening of a distribution.
The calculated values of the respective series RRE (4.22), TNE (2.31), TXE (2.29) and TM (2.18)
suggest that they exhibit a leptokurtic effect with tails that are wider than those of the normal law.

Long-term trends

More than for rainfall, examining temperature trajectories is the key exercise for detecting climate
changes. Figure 1 shows curves whose profile for each year accurately reflects the seasonal
variations of the tropical ocean climate, marked in Guadeloupe by the highest temperatures between
April and November and the lowest from December to March. This seasonality is the result of the
climate phenomena that occur during the dry season, namely the presence of a constant trade wind
and cool nocturnal temperatures and the rainy season which is rather marked by hot and humid
weather.



Figure 3 shows two contrary trends for our two climate parameters: a decrease in average annual
rainfall over the period 1951-2015 and an increase in annual temperatures over the same period. In
other words, rainfall tends to decrease in a context where temperatures become progressively
warmer. The report by Météo-France experts published in 2014 corroborates this observation, at
least in part, since it shows an increase in average annual temperatures of about 1.2°C over the last
60 years but no significant statistical changes in rainfall over the same period.

If rainfall is examined in greater detail, the average decrease seems to be insignificant but two years
are particularly noteworthy: 1997 and 2007. With rainfall below 90mm, more precisely 83mm in
1997 and 89mm in 2007, these two years have the lowest levels of rainfall during the 1951-2015
period.

Unlike the rainfall variable, changes in the three series of temperatures make it possible to clearly
support the presumption of a global trend of average temperature warming in Guadeloupe. From
these curves, two "climate peaks" are observed over the last two decades: one in 1998 and one in
2010. With an average temperature of 27.4°C, 1998 is the record year of the period 1951-2015. Only
the year 2010 comes close with an average temperature of 27.1°C. Consequently, these two years,
which were among the hottest of the last 60 decades, already seemed to confirm the warming trend
of +0.28°C per decade recorded since 1951. Observed values over the past ten years support these
findings of very high average temperatures, in excess of 27°.

In summary, the last two decades have two record years with the lowest rainfall (1997 and 2007)
and two record years with the highest temperatures (1998 and 2010) over the 1951-2015 period.
From the visualisation of the changes (in particular figures 1, 3 and 4), it can clearly be seen that the
temperatures were in a generally upward trajectory. These graphs unequivocally provide an
illustration of global warming, with a discernible rise in average, minimum and maximum
temperatures since the 1980s. Figure 4 allows the two subsets of points to be identified, showing
that the current period displays average temperatures one to two degrees Celsius higher than the
start period.



Figure 3. Series of means and standard deviations, 1951-2015
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Figure 4. Monthly precipitation and temperature time series, 1951-20123
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Figure 5. Monthly precipitation and temperature times series, 1951-2023
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Figure 5. Number of temperature and rainfall shocks per year
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Table 2. Shocks and trends in temperature and rainfall from 1951 to 2015

Shocks Trend

Number Gradient T-statistic
Rainfall 36 -0.04431 -3.64354
Min temperature 15 0.003020 32.0093
Av temperature 23 0.00232 28.8221
Max temperature 18 0.001639 17.2059




Our results show significant trends for all the climate parameters studied. Indeed, the t-statistics are
quite satisfactory and therefore the coefficients of the trend are very significant - positively
significant for the temperature series and negatively significant for the rainfall series. Over the
period studied, the minimum, average and maximum temperatures account for nearly the same
number of shocks, respectively 15, 23 and 18. It is interesting to note that these shocks are much
more numerous over the last four decades. Temperature shocks have therefore multiplied over the
last few years, especially for average and maximum temperatures, which experienced the same
shock peak in 1998. A year that, as we saw earlier, is distinguished by a record temperature during
the 1951-2015 period. As regards rainfall, there are considerably more shocks than for the
temperatures series (36). However, they are distributed homogeneously and do not appear to have
significantly changed over the period except for a peak in 1970 with four shocks during the year.

The graphical analyses previously carried out show unequivocally that changes in climate variables
are not stable over time. On the contrary, they sketch slightly increasing curves and different average
values according to sub-periods. But beyond these graphic examinations, the econometric literature
teaches that characterising the behaviour of a time series is based on formal tests of its non-
stationarity.

Non-seasonal unit roots tests

We applied standard unit root tests. The results of the Dickey-Fuller (ADF) test, Phillips-Perron
(PP) unit root tests and Kwiatkowski, Phillips, Schmidt and Shin (KPSS) test are reported in Table
3. For the first two, the test statistics were calculated using regression equations with or without a
constant and a deterministic trend under the null hypothesis of the presence of a unit root.

Applied to the series level while evaluating the deterministic and stochastic nature of the trend, the
various tests lead to generally unanimous results: the rainfall variable and the temperature variables
are all characterised by the lack of a non-seasonal unit root and are generated by a Trend Stationary
process. In particular, the ADF and Phillips-Perron test regressions produce high t-statistics for time
constant and drift as well as very low critical probabilities, well below the 5% threshold.

Table 3. Classical unit root test for the unemployment rates

ADF Phillips-Perron

Without With With Without With With

constant | constant | constant | constant | constant | constant

and trend and trend
RRE -0.98 -4.51 -5.42 -10.09 -18.08 -18.19
TNE 0.96 -1.47 -3.29 0.19 -11.06 -5.74
TXE 0.38 -1.93 -2.31 0.51 -12.58 -9.15
™ 0.78 -1.65 -2.55 0.28 -9.38 -5.76

Note: ADF, Phillips-Perron and KPSS are the ADF test statistics that include a constant and a time trend in the model,
with optimal lag selected automatically with the Akaike criterion.

For the model without trend, the 5% and 1% asymptotic critical values for the ADF and Phillips-Perron statistics are
—1.94 and —2.56, respectively. For the model without trend, the 5% and 1% asymptotic critical values for the ADF and
Phillips-Perron statistics are -3.44 and -4.02, respectively.

Seasonal unit roots tests

We performed the HEGY test from the estimate of the equation’s OLSs (2) within the EVIEWS
platform. An advantage of the add-in module of this software is that it proposes the automatic
selection of the number of delays to be introduced in the regressions, using the AIC criterion.
Referring to Wasserfallen (1986)’s recommendation, which suggests starting from a maximum
delay of up to twice the period of the series, the test is generally carried out by performing the
regressions of the four classical variants of the model (2): the presence of the constant, temporal



drift and seasonal dummies; the constant and seasonal dummies; the constant and the time drift;
only the constant term. But in reality, with our datasets whose deterministic seasonality has been
clearly demonstrated, the relevant equations for correctly conducting the HEGY test must contain
these seasonal deterministic terms. Using numerical simulation, Ghysels et al. (1994) have
demonstrated that their exclusion in the HEGY test can lead to biases and seriously distort the
results:
"it was found that when the data-generating processes have seasonal dummies, the regression
without seasonal dummies seriously distorts the test result [i.e. it leads to a large bias in the size
or too low power]. Hence, although inclusion of too many lags or irrelevant deterministic terms
(i.e. a constant, seasonal dummy, and/or a trend) tends to reduce the power of the tests, the safe
strategy in empirical applications is the inclusion of these (possibly irrelevant) terms in the model."”

The results reported in Table 4 are also to be complemented with those in Annex 1, which includes
the details of the estimates made. The null hypothesis of the presence of the non-seasonal root is
rejected for the two specifications considered with the critical values provided by the EVIEWS
software and extracted from Franses and Hobijn (1997). We find the same conclusion with the
comparison of t-statistics by considering the critical values given in table A.1 of Beaulieu and Miron
(1993, p.325). For the root -1, the results are unambiguously convergent. Indeed, the root -1 is
rejected in the two specifications that include them. The same is true for other seasonal modular unit
roots. In the regression results, it can thus be seen that the calculated F-statistics are well above the
critical values associated with the F-statistics of the Beaulieu and Miron table (1993).

In the light of the foregoing, we can accept the result that the four climatic series of Guadeloupe
considered here have no unit roots, both for the null frequency and for the frequencies relative to
the seasonal roots.

In addition to revealing the non-stationarity of the series and the influence of the seasonal
component in this non-stationarity, the HEGY test also provides another important teaching:
identifying the most appropriate filter for stationary data. When the series has a unit root at the zero
frequency, it is obviously the(1 — L)X, filter that must be applied. Conversely, if the unit roots are
present at all frequencies, it is the(1 — L12) X, filter that must be favoured. On the other hand, when
there is a small number of unit roots, systematic application of the(1 — L'?)X, filter is
contraindicated. It is this perspective that Pichery and Ouerfelli (1998) have highlighted in their
report on this issue. They recall that practical cases of integrated series at all frequencies are rare
and that this is due to a strong deterministic seasonal component that absorbs the variability of
seasonal variations (see HEGY, 1990, p.219).

Here, then, the implications of the absence of modular unit roots for the Guadeloupe climate series
suggest that most of the seasonality is deterministic in nature and that the latter should be captured
by seasonal dummies.



Table 4. Results of the HEGY tests of seasonal unit roots (*)

RRE Series TNE Series
Ctd model Cd model Ct model C model
Frequency Crit. Crit.
Crit. val. Crit. val. val. val.
Null 5%* Statistic. 5%*  Statistic. 5%* Statistic. 5%* Statistic.

Non seasonal u.r . (Zerofrequency)  -3.35 -7.2667 -2.81 -6.6493 -3.35 -4.8618 -2.81 -4.8618
Seasonal u. . (2 months per cycle) -2.81 -6.4967 -2.81 -6.8354 -2.81 -7.4724 -2.81 -7.4724
Seasonal u. . . (4 months percycle) 6.35 43.1334 6.35 71.5341 6.35 69.8389 6.35 69.8389
Seasonal u. . (2.4 months per cycle) 648 32.8672 6.48 50.9152 6.48 65.1171 6.48 65.1171
Seasonal u. . . (12 months per cycle) 630 28.7028 6.33 56.7358 6.30 61.9211 6.33 61.9211
Seasonal u. r. . (3months percycle) 6.40 34909 6.41 51.8535 6.40 67.5176 6.41 67.5176
Seasonal u. r. . (6 months percycle) 6.46 51.2846 6.47 66.9181 6.46 67.4298 6.47 67.4298

(*) Specification with ¢ (constant), t (time drift) and d (seasonal indicators).

Table 4. Results of the HEGY tests of seasonal unit roots (continued) (*)

TM Series TXE Series
Ctd model Cd model Ct model C model
Frequency Crit. val. Crit. val. Crit. val. Crit. val.
Null 5%* Statistic. 5%* Statistic. 5%* Statistic. 5%* Statistic.
Non seasonal u.r . (Zerofrequency)  -3.35 -7.2667 -2.81 -1.8947 -3.35 -3.7206 -2.81 -3.7200
Seasonal u. r. (2 months per cycle) .2.81 -6.4967 -2.81 -6.4614 -2.81 -7.5006 -2.81 -7.5006
Seasonal u. r. . (4 months per cycle) 6.35 43.1339 6.35 25.3058 6.35 60.7072 6.35 60.7072
. (2.4 months per

Seasonal u. r. cycle) 6.48 32.8672 6.48 39.2332 6.48 71.7559 6.48 71.7559
Seasonal u. r. . (12 months per cycle) 6.30 28.7028 6.33 33.5549 6.30 75.7785 6.33 75.7785
Seasonal u. r. . (3 months percycle) 6.40 34.9095 6.41 26.1494 6.40 58.0955 6.41 58.0955
Seasonal u. r. . (6 months percycle) 6.46 51.2846 6.47 33.1442 6.46 72.4652 6.47 72.4652

(*) Specification with ¢ (constant), t (time drift) and d (seasonal indicators).



Conclusion

Although monitoring the evolution of climate indicators is central to the day-to-day activities of
meteorological professionals and a major exercise in the work of geoscience and energy researchers,
it is relatively recent in the context of economic analysis. Indeed, the issue of global warming has
become a major concern for economists and policy-makers since the end of the 1990s, particularly
since the adoption of the Kyoto Protocol in December 1997 to the United Nations Framework
Convention on Climate Change (UNFCCC).

Within the Guadeloupe archipelago, as in the other Caribbean islands, the effects of climate change
are not a myth, but now seem to be tangible facts affecting the entire population, local and regional
authorities and even corporate performance. At the purely economic level, the stakes are
considerable and concern sectoral impacts in agriculture, fisheries, tourism, health, biodiversity and
among many others, the insurance industry.

The literature is full of empirical studies devoted to analysing climate change with a focus on the
change of the rainfall and temperature series. To this end, we conducted extensive statistical
investigations of the evolution of climate parameters in Guadeloupe. Various graphs and indicators
allowed us to characterise the movements of the series and to conclude on the greater variability of
rainfall compared to temperature measurements. The decomposition of the series and the estimation
of their components revealed their non-stationarity and the deterministic nature of their source of
variation. From the measurement of the shocks, there is evidence of an increase in the instability of
rainfall over the last years on the one hand and a significant positive trend for temperature and a
negative trend for rainfall on the other.

In order to deepen the modelling of the Guadeloupe climate time series, we used the seasonal
integration tests and the univariate approach of Box-Jenkins, which is a relevant alternative to the
large models frequently used in meteorological centres.

Our results show that the rainfall and temperature series of Guadeloupe are derived from non-
stationary processes whose trend and seasonality are purely deterministic in nature. Impelled by
deterministic processes, the Guadeloupe climate parameters taken into account here return to their
long-term movement and behaviour. For these series, modern econometric theory makes it possible
to detect that their structure has changed over time and makes it possible to accurately detect that
only the trend suggests climate change by slowly increasing over time (temperatures) and
conversely, seasonality remains overall stable. Moreover, the properties of these series also reveal
that the impacts generated by one or more random shocks at a given instant are only transient.
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