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PREFACE

Climate change is one of the biggest challenges that everyone should be aware of. Scientists or
researchers must produce scientifically-based information on climate change and its impacts
that end-users use to find adaptation strategies. Mostly, knowledge transfer plays an important
role in achieving this objective. Following this optic, this thesis capitalizes on scientific
knowledge developed by project INDECIS (http://www.indecis.eu/) to tailor climate change

information and its effects on the agriculture sector in Madagascar.

This dissertation is built by a compendium of three articles written during the Ph.D. course in
the Program of City, Territory, and Sustainable Planning at the University Research Institute
on Sustainability, Climate Change and Energy Transition (IU-RESCAT), Centre for Climate
Change (C3) and the Department of Geography of the Universitat Rovira i Virgili. Therefore,

this dissertation is planned as follows:

PART I presents the background of the thesis. Firstly, it presents the research introduction, the
working hypotheses, and the objectives. Secondly, it describes the thesis structure. Finally, it

explains the general theoretical framework of the dissertation.

PART II concerns the scientific publications. Three papers form the main core of the thesis,
which are:

- Randriamarolaza, L.Y.A., Aguilar, E., Skrynyk, O., Vicente- Serrano, S.M. &
Dominguez-Castro, F. (2021) Indices for daily temperature and precipitation in Madagascar,
based on quality- controlled and homogenized data, 1950-2018. International Journal of
Climatology, 42 (1), 265-288. Available from: https://doi.org/10.1002/joc.7243 [JCR QI, IF
3.651]

- Randriamarolaza, L.Y.A., Aguilar, E. & Skrynyk, O. (2023) Extreme temperatures
detection and attribution related to external forcing in Madagascar. International Journal of
Climatology, 43 (8), 3907-3924. Available from: https://doi.org/10.1002/j0c.8065 [JCR Q1, IF
3.651]

- Randriamarolaza, L.Y.A. & Aguilar, E. (2023) Rainy season and crop calendars
comparison between past (1950-2018) and future (2030-2100) in Madagascar. Meteorological
Applications, 30 (5), e2146. Available from https://doi.org/10.1002/met.2146 [JCR Q3, IF
2.451]



PART III consists of a discussion, a conclusion, a software tool, and future perspectives.

The INDECIS project supported this thesis. The project focused on an integrated approach for
the development across Europe of user-oriented climate indicators for GFCS high-priority
sectors: agriculture, disaster risk reduction, energy, health, water, and tourism. It was part of
ERAA4CS, an ERA-NET initiated by JPI Climate, and funded by FORMAS (SE), DLR (DE),
BMWEFW (AT), IFD (DK), MINECO (ES), ANR (FR) with co-funding by the European Union
Grant 690462). Moreover, the collaboration between the World Meteorological Organization
(WMO) and Universitat Rovira i Virgili (URV) brings additional funding.

I had also the opportunity to exchange experiences and knowledge with other experts on
climate during my doctoral thesis development. Therefore, I was a co-author of one paper that
contributed to INDECIS project activities. I would like to indicate that this paper does not form
the doctoral thesis but supports it.

- Skrynyk, O., Aguilar, E., Guijarro, J., Randriamarolaza, L.Y.A., and Bubin, S. (2021)
Uncertainty evaluation of Climatol's adjustment algorithm applied to daily air temperature time
series. International Journal of Climatology, 41(Suppl. 1), E2395— E2419.

Moreover, I presented a poster on “Climate Change Impacts on growing rice and maize seasons
in the highland of Madagascar” during the International Conference on Regional Climate
ICRC-CORDEX 2023 in Trieste (Italy), 25 — 29 September 2023. This conference gave me an
overview of regional climate downscaling methods that can be implemented in my future

research.
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ABSTRACT

Climate change imposes a challenge for all countries. Agriculture is a highly impacted and
climate-sensitive sector. Madagascar is among the most climate-vulnerable countries.
Therefore, tailoring and monitoring climate change and agriculture information helps the
decision-makers explore strategies to address the issues. This thesis contributes to improving
the climate change and agriculture information in Madagascar based on proven and recent
scientific approaches. Two important steps, quality control and homogenization of climate data
are undertaken before creating the climate change and agriculture information. Assessing the
quality and homogenizing the climate and weather observational datasets are crucial steps to
ascertain the reliability and reduce the uncertainty of the information. Calculating the climate
change indices and their trends allows us to appreciate and evaluate changes. Detecting and
attributing the causes of climate change helps to cope and mitigate climate change. Finally,
highlighting climate change’s effects on agriculture involves decision-makers and stakeholders
to establish adaptation strategies. In this thesis, Madagascar is taken as a case study. The quality
control is based on 19 functions. Detected errors are flagged following 4 categories. Using the
observational datasets on minimum and maximum temperatures, and precipitation from 28
synoptic weather stations of Madagascar over 1950-2018, most errors were detected in the
maximum temperature. The correction has been done using online support materials.
Therefore, most checked values were replaced by missing values. The homogenization
approach is automatic, but the results were compared with a semi-automatic approach. On the
one hand, this approach confirms the efficiency of automatic homogenization, and it has the
advantage of completing the missing values. The quality-controlled and homogenized
observational datasets are employed to derive climate indices and to analyze rainy season and
crop calendars. Temperatures increase in Madagascar. Changes in nighttime temperature are
higher than daytime temperature. Warm and cold events significantly increase and decrease
respectively. In addition, these extreme temperature events are mainly due to anthropogenic
forcing according to fingerprinting method. Changes in precipitation are mostly non-
significant. In general, the total precipitation amount has decreased, and an intensified drying
period has been detected in the last fifteen years. Changes effects pass mainly on the agriculture
sector. Mostly, the rainy season onset and cessation are late and early respectively.
Consequently, the length of the rainy season is shortened. Moreover, the crops' calendars are
disrupted. The results recommend farmers grow short-length crop cycles of rice and maize

crops in the future.



RESUM

El canvi climatic imposa un repte per a tots els paisos. L'agricultura és un sector molt afectat i
sensible al clima. Madagascar es troba entre els paisos més vulnerables al clima. Per tant,
adaptar 1 supervisar la informacio sobre el canvi climatic i I'agricultura ajuda els qui prenen
decisions a explorar les estratégies per abordar els problemes. Aquesta tesi contribueix a
millorar la informaci6 sobre el canvi climatic i1 l'agricultura a Madagascar a partir
d'enfocaments cientifics provats i recents. Es duen a terme dos passos importants, el control de
qualitat i I'homogeneitzaci6 de les dades climatiques abans de crear la informacio sobre el canvi
climatic i 'agricultura. L'avaluacié de la qualitat i 'homogeneitzacié dels conjunts de dades
d'observaci6 del clima i el temps son passos crucials per determinar la fiabilitat i reduir la
incertesa de la informacid. El calcul dels indexs de canvi climatic i les seves tendéncies ens
permet apreciar i avaluar els canvis. Detectar i atribuir les causes del canvi climatic ajuda a fer
front 1 mitigar el canvi climatic. Finalment, posar en relleu els efectes del canvi climatic en
l'agricultura implica els responsables de la presa de decisions i les parts interessades per establir
estratégies d'adaptacid. En aquesta tesi, Madagascar es pren com a cas d'estudi. El control de
qualitat es basa en 19 funcions. Els errors detectats es marquen seguint 4 categories. Utilitzant
els conjunts de dades d'observacid sobre temperatures minimes i maximes, i precipitacions de
28 estacions meteorologiques sindptiques de Madagascar durant el periode 1950-2018, la
majoria dels errors es van detectar a la temperatura maxima. La correccid s'ha fet utilitzant
materials de suport en linia. Per tant, la majoria dels valors marcats es van substituir per valors
que faltaven. L'enfocament d'homogeneitzacio és automatic, pero els resultats es van comparar
amb un enfocament semiautomatic. D'una banda, aquest enfocament confirma l'eficiencia de
I'homogeneitzaci6 automatica, i té 1'avantatge de completar els valors que falten. Els conjunts
de dades observacionals homogeneitzades i controlades de qualitat s'utilitzen per derivar indexs
climatics i analitzar calendaris de 1'¢poca de pluges i els cultius. Les temperatures augmenten
a Madagascar. Els canvis en la temperatura nocturna son superiors a la temperatura diiirna. Els
esdeveniments calids i freds augmenten i disminueixen significativament respectivament. A
més, aquests esdeveniments de temperatura extrema es deuen principalment al forcament
antropic segons el meétode d'empremta digital. Els canvis en les precipitacions son
majoritariament no significatius. En general, la quantitat total de precipitacié ha disminuit i
s'ha detectat un periode d'assecat intensificat en els darrers quinze anys. Els efectes dels canvis
passen principalment al sector agricola. Majoritariament, l'inici i la cessaci6 de la temporada
de pluges son tardans i primerencs, respectivament. En conseqiiéncia, la durada de la

temporada de pluges s'escurga. A més, els calendaris dels conreus es veuen alterats. Els
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resultats recomanen als agricultors que creixin cicles de cultiu de curta durada d'arros i blat de

moro en el futur.

RESUMEN

El cambio climatico impone un desafio para todos los paises. La agricultura es un sector muy
afectado y sensible al clima. Madagascar se encuentra entre los paises mas vulnerables al clima.
Por lo tanto, adaptar y monitorear la informacion sobre el cambio climatico y la agricultura
ayuda a los tomadores de decisiones a explorar las estrategias para abordar los problemas. Esta
tesis contribuye a mejorar la informacién sobre el cambio climatico y la agricultura en
Madagascar basandose en enfoques cientificos recientes y probados. Se llevan a cabo dos pasos
importantes, el control de calidad y la homogeneizacion de los datos climaticos antes de crear
la informacion sobre cambio climatico y agricultura. Evaluar la calidad y homogeneizar los
conjuntos de datos de observacion del clima y del tiempo son pasos cruciales para determinar
la confiabilidad y reducir la incertidumbre de la informacion. Calcular los indices de cambio
climatico y sus tendencias nos permite apreciar y evaluar los cambios. Detectar y atribuir las
causas del cambio climatico ayuda a afrontar y mitigar el cambio climatico. Finalmente,
resaltar los efectos del cambio climatico en la agricultura implica que los tomadores de
decisiones y las partes interesadas establezcan estrategias de adaptacion. En esta tesis,
Madagascar se toma como estudio de caso. El control de calidad se basa en 19 funciones. Los
errores detectados se marcan siguiendo 4 categorias. Utilizando los conjuntos de datos de
observacion sobre temperaturas minimas y maximas y precipitaciones de 28 estaciones
meteoroldgicas sinopticas de Madagascar durante el periodo 1950-2018, la mayoria de los
errores se detectaron en la temperatura maxima. La correccion se ha realizado utilizando
materiales de soporte en linea. Por lo tanto, la mayoria de los valores verificados fueron
reemplazados por valores faltantes. El enfoque de homogeneizacioén es automatico, pero los
resultados se compararon con un enfoque semiautomatico. Por un lado, este enfoque confirma
la eficiencia de la homogeneizacion automatica y tiene la ventaja de completar los valores
faltantes. Los conjuntos de datos de observacion homogeneizados y con control de calidad se
emplean para derivar indices climaticos y analizar la temporada de lluvias y los calendarios de
cultivos. Las temperaturas aumentan en Madagascar. Los cambios en la temperatura nocturna
son mayores que los de la temperatura diurna. Los eventos calidos y frios aumentan y
disminuyen significativamente respectivamente. Ademas, estos fendémenos de temperaturas
extremas se deben principalmente al forzamiento antropogénico segin el método de toma de

huellas dactilares. Los cambios en las precipitaciones en su mayoria no son significativos. En
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general, la cantidad total de precipitacion ha disminuido y en los ultimos quince afios se ha
detectado una intensificacion del periodo de sequia. Los efectos de los cambios se transmiten
principalmente al sector agricola. En su mayoria, el inicio y el final de la temporada de lluvias
son tardios y tempranos, respectivamente. En consecuencia, se acorta la duracion de la
temporada de lluvias. Ademas, los calendarios de los cultivos se ven alterados. Los resultados

recomiendan que los agricultores cultiven ciclos cortos de arroz y maiz en el futuro.
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PART I: THESIS BACKGROUND

CHAPTER 1 General introduction

Madagascar is the fourth biggest island in the world. It is in the Southwestern Indian Oceana
and separated from the African coast by the Mozambique channel with a width of 400 km.
Besides, it is home to endemic flora and fauna (Myers et al. 2000; Goodman et al. 2022).
Myers et al. (2000) classified Madagascar among the 25 biodiversity hotspots with 3.2 and
2.6% of plant and vertebrate species in the world respectively. This beauty is due to the
hospitality of its weather and climate. they indicated that Madagascar has mainly tropical
weather. Its weather and climate are mainly influenced by geographical position, reliefs, winds,
and Ocean (Battistini and Richard-Vindard 1974). Cornet (1974) explained the interaction
between reliefs and winds during the austral summer (December to February) and the austral
winter (June to August). He concluded that the austral summer (winter) was dominated by
monsoon (trade) winds from the northwest (southeast), triggered mainly by equatorial lows
(Mascarenes highs). Then three climate types appeared. Firstly, the regions without dry seasons
are noticed in the eastern part and central highlands influenced by droplets and fogs. Secondly,
the regions with well-established dry seasons are indicated in the western part. Finally, the sub-
arid regions were established in the south of Madagascar. Cornet (1974) noted some climate
varieties due to the influence of the latitudes. Updates analysis was done using contemporary
data based on surface measurement blended with satellite observations and numerical modeling
outputs (M. R. Jury et al. 1994 and 1995; Nassor and Jury 1997 and 1998; Mark R. Jury 2016).
These studies focused mainly on the Austral summer where most high-impact weather and
climate events occur such as tropical cyclones, floods, and drought. They remarked that the
more well-established the Inter Tropical Convergence Zone (ITCZ), the more intense the
tropical cyclones might trigger a flood. The opposite fostered high-impact drought events.
Furthermore, Ash and Matyas (2012) and Matyas (2014) noted that climate predictors (EIl Nino
Southern Oscillation, Indian Ocean Subtropical Dipole, Madden Julian Oscillation, Southern
Annular Mode) played important roles in the formation and trajectory of tropical cyclones in
Southwestern Indian Ocean and Mozambique channel. As it was difficult to attribute one
individual weather event to climate change, it remains a challenge to associate an extreme event
with climate change. Stott et al. (2016) showed that it was more evident to attribute the human
influence to extremely warm and cold temperature seasonal than to extreme precipitation

events, droughts, and storms. However, Fitchett and Grab (2014) pointed out that no
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statistically significant trends were found for the frequency of tropical cyclone landfalls in
Madagascar and Mozambique. However, their trajectories seemed to move to the South of
Madagascar. Then Barimalala et al. (2021) noticed that the west and southwest rainfall might
increase. In the future, Tadross et al. (2008) noticed that the frequency of cyclone formation
did not change but its intensity might increase in the Southwest Indian Ocean. Moreover, on
the one hand, Otto et al. (2022) found that rainfall associated with tropical cyclones increased
due to climate change in Madagascar. On the other hand, Harrington et al. (2022) concluded
that the low rainfall was not linked directly to climate change in the southern part of
Madagascar.

Africa is the most vulnerable continent to the impacts of climate change. Agricultural, health,
and water availability are the main affected as they are climate-sensitive sectors (African
Development Bank 2011). Madagascar's Gross Domestic Product (GDP) is supported by
agriculture, tourism, services, industries, and manufacturing according to the World Bank.
Agriculture and services contribute to 25 and 50% of the country’s GDP but they create 64 and
27% of employment respectively (available on
https://globaledge.msu.edu/countries/madagascar/economy visited on 15 May 2023). More
than 80% of Malagasy work in the agriculture and tourism sectors. With very little and limited
management and infrastructure on irrigation, smallholder farmers are rainfall-dependent for
growing staple crops such as rice and maize. Furthermore, climate change presents a threat to
these fauna and flora (Ingram and Dawson 2005). Moreover, Willis and Bhagwat (2009)
showed how climate change effects might extinct species through prediction modeling of
climate change impacts on biodiversity. The cost of damages is higher as highlighted by Busch
et al. (2012). Nhamo et al. (2019) remarked that Southern Africa is mostly vulnerable to
drought as most sectors of development are drought-sensitive, especially the agricultural sector.
For instance, Fayad (2023) pointed out that Madagascar's human development was hampered
by food insecurity and climate shocks. She found that climate issues, especially drought events,
were the first factor to increase food insecurity levels, especially in the South. Mostly, the
unpredictability of rainfall had an impact on the seeding period.

In general, Islands are threatened by sea level rise, extratropical and tropical storms, increasing
air and sea surface temperatures, and changing patterns of rainfall as stated by Nurse et al.
(2015). Therefore, this thesis concentrates on the climate change issues and their impacts on

the agriculture sector in Madagascar.
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1.1 Problematics, hypothesis, and objectives of the thesis

1.1.1 Problematics of thesis

Climate change issues mainly threaten the achievement of the sustainable development goal in
2030. Among African countries, southern Africa is the hardest hit by climate change effects
(Asafu-Adjaye 2014). Weiskopf et al. (2021) analyzed the impacts of climate change on seven
sectors in Madagascar. They found that plans and projects were designed to minimize climate
change effects, but scientific information was insufficient to implement those plans and
projects. Moreover, understanding the basis of climate change and helping decision-makers
manage climate-related risk needed reliable detection and attribution of climate change (G. C.
Hegerl et al. 2010b). Therefore, the efficiency and reliability of scientific information are
crucial, especially those related to climate change. Three questions have emerged in this thesis:
How do we proceed to have the efficiency and reliability of scientific information on
climate change?

How does climate change influence Madagascar's climate?

Is Madagascar's climate change due to natural or anthropogenic forcing?

Sasson (2012) mentioned that food security has been a great challenge for Africa. It may be
exacerbated by climate change. This fact was ascertained by Fayad (2023) for the Madagascar
case. As the agricultural sector is the most climate-sensitive sector, it is also the most impacted.
Drought is frequently the most devastating for this sector. For instance, Madagascar has faced
to food crisis due to recurring drought events over the last 30 years. The latest event was in
2020-2021 (Rigden et al. 2022). United Nations involves all countries in making strategies for
early climate action. Rice and maize are among the most staple foods of Malagasy.
Accordingly, the last question treated in this thesis is:

Does climate change affect the rainy season and crop calendars of rice and maize in

Madagascar?

1.1.2 Hypothesis of thesis

Climate change is real, the effects vary across Madagascar. Their causes are mainly due to
anthropogenic forcing as far as extreme temperatures are concerned. Their impacts are palpable

on the rainy season and crop calendars, especially for rice and maize crops.
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1.1.3

Objectives of thesis

This thesis contributes to ascertaining and updating scientific knowledge using the latest state-

of-the-art techniques on climate change consequences, causes, and impacts on the agriculture

sector, especially on rice and maize cultivation in Madagascar.

Thus, it could be taken as a scientific reference for implementing adaptation plans in the

agricultural sector. In this thesis, rice and maize crops pick up as a concrete example.

This thesis has six specific objectives:

1.

Assess the quality control of observational datasets by using the INQC tool developed
by the INDECIS project;

Homogenize the quality-controlled observational datasets by applying two different
approaches;

Calculate climate change indices proposed by the ClimInd package also developed by
the INDECIS project and appreciate their trends to deduce changes;

Apply fingerprinting method to detect and attribute changes in extreme temperatures
by considering external forcing;

Analyze the impacts of climate change on rainy seasons and deduct its effects on rice
and maize crops calendars;

Describe the future perspectives.
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CHAPTER 2 Research design and methodology

2.1 Research design

This dissertation is built by a compendium of three articles. Its structure is established to
improve science-based climate information as recommended by the WMO on GFSC, or the
Global Framework for Climate Services (Hewitt et al. 2012). In addition, Vaughan et al.
(2016) pointed out that climate services should be built on the best available science. Therefore,
the concepts’ science and tools used are the results of research by the INDECIS project. Figure
1 shows the logical order and relationship of chapters of eight chapters. Firstly, Chapter 1 deals
with the background and context of the thesis. Then chapter 2 shows the research design and
methodology. Chapters 3 to 5 form the body of the thesis. They group the three papers compiled
in this thesis. After, Chapter 6 contains the general discussion and conclusion. Finally, the last

chapter describes future perspectives.
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2.2 Methodology

The methodology consists of ensuring the data reliability, assessing climate indices, detecting,
and attributing causes of climate change through climate indices, and creating climate
information for the agriculture sector. Details of methods are already included in every paper
respectively. Therefore, this section gives a general overview and methods’ relationship
between papers.

2.2.1 Data reliability

Data reliability assessment is a crucial stage as it refers to data completeness, consistency, and
accuracy. In this thesis, three steps are taken to achieve these objectives for the in-situ datasets.
First, the basic control focuses on plotting the time series of observational datasets. It permits
checking inconsistent values. Moreover, it helps to perform the next step, advanced control, by
setting up threshold and window values. Second, the advanced control is based on a statistical
test. INQC tool is used. Skrynyk et al. (2023) described the 19 different physical tests in INQC.
After, error and suspect values were corrected using online materials. Finally, removing non-
climatic factors or inhomogeneities and infilling the missing values from quality-controlled
observational datasets increase the accuracy. Two complementary techniques of
homogenization are adopted automatic and semi-automatic (i.e., human intervention on
breakpoint acceptance). We employ Climatol and HOMER softwares respectively. Seasonal
and annual trends are calculated to compare their results.

2.2.2 Climate change indices

The method is designed to update and compare the previous results done by Tadross et al.
(2008) and Vincent et al. (2011). Therefore, annual indices calculated with STARDEX and
Rclimdex are compared with ClimInd using quality-controlled and homogenized daily
observational data. Their trends at 0.05 level are examined on station-by-station and regional.
As updates, period length is increased, and new indices are added. These indices contributed
to the next study.

2.2.3 Detection and attribution of extreme temperatures

The detection and attribution approaches are based on checking the influence of external
forcings on extreme temperature indices (i.e., coldest and warmest night and day, cold and
warm nights and days, very cold night, and very warm night). On the one hand, wavelet
coherence is used to examine the linkage between indices and SSTs. On the other hand, the
standard optimal fingerprinting method is used to establish the influence of human activities

on climate as described by Ma et al. (2023). Then they explained that this is a regression method
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of observation on the expected climate responses to external forcings. In this thesis, climate
models’ robustness is checked before applying these two methods. This is done by comparing
regional annual indices from in-situ and multi-model ensemble mean data. The centred root-
mean-square difference, correlation, and standard deviation were calculated to justify the
relationship.

2.2.4 Climate information for the agriculture sector

The objective is to understand the climate change impacts on the rainy season and rainfed crops
such as rice and maize crops. The method focuses on the comparison of the rainy season
characteristics and crop calendars between the past period (1950-2018) and the future period
(2030-2100). To achieve the goal, a multi-model ensemble is built to minimize uncertainty.

Romanovska et al. (2023) adopted a similar approach in West Africa.
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This study updates knowledge on climate evolution in Madagascar from 1950
to 2018. Changes were analyzed using annual and seasonal climate indices at
regional and station level. The original daily series of minimum and maximum
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for temperature indices were mostly significant at 0.05 level and compatible
with warming. Changes in minimum temperatures were greater than those for
the maximum, leading to a significant decrease in the diurnal temperature range
(DTR). Warm nights increased more than warm days, (0.70 days-decade™) and
cold nights decreased more than cold days, (0.21 days-decade™). In addition, we
found more stations with significant trends for very cold nights (92.60%) than for
very warm days (51.80%) but they progressed differently (decrease and increase,
respectively). Station-by-station precipitation index trends were mostly non-
significant at 0.05 level, and most regional precipitation index showed decreasing
trends. A shift in precipitation magnitude was observed around 2000-2018, a
period of intensified drying (where 70.40% of stations recorded non-significant
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tude and duration) highlighted the situation, especially in the south-east at an
annual timescale.
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INTRODUCTION

1 |

The expert team on climate change detection and indices
(ETCCDI) developed different indices to assess and moni-
tor trends on climate extremes. Some of these indices are
globally comparable and mostly based on tails of the dis-
tribution of meteorological variables, (Zhang et al., 2011).
Globally, changes in daily minimum temperature indices
were faster than for daily maximum temperatures, and
more heavy precipitation events were observed, as stated
in Dunn et al. (2020).

In Africa, a first indices analysis indicated that cold and
warm events decreased from 1960 to 1990 (Easterling
et al., 2003). These first findings were improved by introduc-
ing climate data quality control and homogenization pro-
cesses. Therefore, more recent papers showed that cold and
warm events were decreasing and increasing respectively
for Southern and West Africa (New et al., 2006), Western
and Central Africa (Aguilar et al., 2009) and the Western
Indian Ocean Region (Vincent et al., 2011). Also, Barry
et al. (2018), using an updated data set, found that warm
extremes were increasing and cold extremes decreasing in
West Africa. In addition, homogenization improved coher-
ency in the mean temperature trends among stations in
South Africa (Kruger and Nxumalo, 2017).

In Madagascar, Tadross et al. (2008) and Vincent
et al. (2011) agreed that annual temperature means
increased from 1961 to 2005 and 1961 to 2008, respec-
tively. However, certain inconsistencies were found for
specific meteorological stations.

This study updates our understanding on how climate
has changed in Madagascar. In comparison to the studies
mentioned above, we extended the data period to 1950-
2018 and used newly quality-controlled and homoge-
nized data, including an assessment based on several cli-
mate indices. This assessment is highly relevant given
climate change projections in the region. Nematchoua
et al. (2018) suggested that warming could increase by
more than 2°C, compared with 1960-2000, over the next
decade in Madagascar based on A2 scenarios. According
to Hoegh-Guldberg et al. (2018), 1.5°C above pre-
industrial levels of global warming will be accompanied
by larger temperature extremes and increased intensity
and frequency of heavy precipitation and drought. For
this reason, checking whether some of these projected
changes could already be recorded in the observational
data sets was a priority. For this purpose, we use a set of
28 quality controlled and homogenized stations (see Sec-
tion 3 for details) and compute over them a set of 37 indi-
ces (see Dominguez-Castro et al. 2020), which extend the
traditional set of ETCCDI indicators, to provide a com-
plete assessment of the recent climate trends in Madagas-
car. Therefore, objectives of this study are to present
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trends in observational indices on daily temperature and
precipitation and analyze drought intensity, magnitude and
duration in Madagascar over 1950-2018.

2 | STUDY AREA

Madagascar is located in the Western Indian Ocean,
situated between latitudes 12°-25°S and longitudes
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TABLE 1 Synoptic weather stations list

Percentage of daily gaps
Stations Longitude Latitude  Elevation = WMO numbers  Start End RR TX TN
Ambohitsilaozana 48.5 -17.7 786 67067 1928 2018 0.3 2.9 1.6
Analalava 47.8 —14.6 57 67019 1901 2017 26 15.5 32.6
Andapa® 49.6 -14.7 474 67022 1935 2008 52.7 51.4 51.6
Antalaha 50.3 —15.0 6 67025 1905 2018 0.2 18.9 18.7
Antananarivo 47.5 -18.9 1,310 67085 1943 2018 1.1 0.3 0.4
Antsirabe 47.1 -19.9 1,540 67107 1957 2018 2.8 9.2 8.7
Antsiranana 49.3 -12.4 105 67009 1901 2018 0.1 1.5 1.5
Antsehihyb 48.0 -14.9 28 67020 1923 2018 14.5 60.2 57.8
Arivonimamo?® 47.2 -19.0 1,450 67109 1950 1981 100 54.2 54.2
Besalampy 44.5 -16.8 36 67037 1928 2018 27 17.1 15.9
Farafangana 47.8 —22.8 6 67157 1902 2018 0.7 71 8.4
Fianarantsoa 47.1 -21.5 1,106 67137 1902 2018 0 0.8 0.8
Ivato 47.5 —18.8 1,264 67083 1947 2018 0.4 0.5 0.5
Maevatanana® 46.8 -17.0 77 67045 1901 2017 17.3 40.5 40.5
Mahajanga 46.4 -15.7 22 67027 1897 2018 0 0.1 0.1
Mahanoro® 48.8 —19.8 5 67113 1903 2018 13.7 9.1 8.9
Maintirano 44.0 -18.1 25 67073 1903 2018 5.3 213 21.2
Mananjary 48.4 =21.2 6 67143 1901 2018 1.3 16.7 15.1
Morombe® 434 -21.8 4 67131 1928 2018 0.9 24.5 244
Morondava 443 —20.3 8 67117 1902 2018 33 4.8 4.2
NosyBe 48.3 -13.3 11 67012 1901 2018 6.7 7.8 7.7
Ranohira® 45.4 —22.6 823 67152 1935 2018 0.2 11.2 11.2
SainteMarie® 49.8 -17.1 9 67072 1947 2018 0.5 15.4 15.8
Sambava 50.2 —14.3 5 67023 1932 2018 1.8 14.5 15.2
Taolagnaro 47.0 -25.0 8 67197 1903 2018 0.5 0.6 0.7
Toamasina 494 -18.1 6 67095 1898 2018 0.7 7.3 6
Toliary 43.7 —234 9 67161 1901 2019 2 24 1.8
Vohemar® 50.0 -13.4 5 67017 1901 2017 19.5 15 14.7

Note: The longitude and latitude expressed in degrees and tenths of degree. Negative latitude corresponds to the southern, and longitude to the western,
hemispheres. The percentages of valid values were calculated over period 1950-2018.

“Removed from analysis due to shorter records.

®Not used by HOMER.

TABLE 2  Station relocation records

WMO numbers Name Station relocation Reasons

67085 Antananarivo March 1, 1953 Moved to Betongolo
67143 Mananjary March 12, 1953 Moved to airport
67117 Morondava October 1, 1955 Moved to airport
67197 Taolagnaro February 20, 1953 Moved to airport
67161 Toliary August 1955 Moved to airport

43°-51°E, and a surface area covering ~590,000 km?. The the easterly trade winds. Figure 1 shows the relief of
climate is conditioned by its geographical position, relief, Madagascar and the location of the available meteorolog-
the maritime influence and wind regime, which is mainly ical stations. The high mountains, running from north to
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TX TN
Checked values 892 205
Validated 35 11
Corrected 201 194
Set to missing 656 0
Total values passing QC 704,764 705,451
Total raw values 705,656 705,656
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FIGURE 3  Examples of error types in raw data (a) erroneous
and (b) suspects and collectively suspects

south, make the east and west as windward and leeward
coasts respectively. Therefore, the west coast temperature
is 1 to 3°C higher than on the east coast, but the east
coast is wetter. The climate is clearly separated into two
main seasons: wet and hot from November to April, and
dry and cool from May to October. Mean annual temper-
ature varies from 14 to 22°C in the highlands, and from
23 to 27°C in coastal areas. The lowest temperature
occurs in July in the highlands, and the highest in
November on the west coast. Their values are lower than
5°C and higher than 36°C respectively. The total annual
rainfall varies from 350 mm on the south-west coast to
4,000 mm in the bay of Antongil (east coast).

RR Total TABLE 3 Summary of QC process
85 1,182

4 50

6 401

75 731

705,571 2,115,786

705,656 2,116,968
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During the hot, wet season, the easterly trade wind
weakens but converges with the north-west monsoon
wind to form the Inter-Tropical Convergence Zone
(ITCZ), which covers the northern half of Madagascar.
The analysis of annual zonal mean maximum precipita-
tion and sea surface temperature done by Keshtgar
et al. (2020) in Indian Ocean indicated that annual mean
location of ITCZ was approximately 5.5°S. Moreover,
Keshtgar et al. (2020) indicated also that the farthest
south seasonal mean location of ITCZ was observed dur-
ing December-January-February (DJF) and was approxi-
mately 7.5, 10.5 and 11.5°S according to analysis of
seasonal zonal mean precipitation, mean wind speed
near equator and zonal mean meridional wind respec-
tively. Besides, Jury et al. (1994) found that ITCZ moved
polewards to 15°S during DJF by analyzing outgoing
longwave radiation. For instance, Randriamahefasoa and
Reason (2017) noticed that this shift to southward of
ITCZ associated to ENSO events influenced on the wet
day frequency (daily rain exceeds 1 mm) in South and
South-west regions. In addition, wet spells of these
regions were also influenced by the development of tropi-
cal temperate trough (TTT) over Southern Africa and
Mozambique channel from November to February as
lined up by Macron et al. (2016). Ratna et al. (2013)
showed that the TTT also modified the ITCZ structures.
On the other hand, Donque (1972) remarked on the exis-
tence of a Mozambique Channel Trough (MCT) during
this season. Then Barimalala et al. (2020) demonstrated
that MCT appeared in December, intensified in February
and weakened in May. Moreover, they concluded that a
weak MCT activity caused dry conditions in Madagascar.
Besides, the strong MCT activity promoted a cyclonic cir-
culation over Mozambique channel (Barimalala
et al., 2020). Tropical cyclones (TCs) are frequent during
this season. Madagascar is included in Southwest Indian
Ocean basin (SWIO). It is boarded by Indian Ocean to
the East and the Mozambique channel to the West. In
SWIO, the frequency and tracks of (TCs) were related to
ITCZ intensity and structure (Jury et al., 1994). Jessica
et al. (2016) ascertained that TCs period spanned from



RANDRIAMAROLAZA ET AL.

International Journal

umber of stations

Number of monthly breakpoints

O
[
[}
[N}
[N}
[N

|

T T T T T T T

1950 1958 1966 1974 1982 1990 1998 2006 2014
--- Climatol — HOMER

FIGURE 4 Comparison between number of monthly
breakpoints for temperature for HOMER (line) and Climatol (dash)
versus number of stations (cross). Number of stations was
calculated from quality-controlled data such as data availability
over the reference period 1961-1990 was 90% and no missing
values more than 15 days in a year to calculate annual mean. The
adjustment curves were done by LOESS function

November to April and its maximum activities were dur-
ing DJF. On average, 9.7 tropical systems occurred of
which around 97% (i.e., 9.4 up 9.7 on average) strength-
ened to tropical storms from which around 51% (i.e., 4.8
up 9.4 on average) became tropical cyclones (i.e., similar
as hurricane or typhoon) each year during November to
April as pointed out by Leroux et al. (2018). Besides, trop-
ical activity and number of TC days were influenced by
Indian Ocean Dipole (IOD) and El-Nifio Southern Oscil-
lation (ENSO) according to Jessica et al. (2016). Besides,
Matyas (2015) showed that tropical cyclones formed in
northern (southern) of Mozambique channel part if
Indian Ocean Subtropical Dipole and Southern Annular
Mode were negative (positive) phase. During the dry, cool
season, the easterly trade wind dominates the island as
noted by Donque (1972), who classified Madagascar into
five climatic regions. Most regions receive rainfall during
the hot, wet season, but the east coast continues to get
rain even during the dry, cool season.

The eastern regions (reference stations: Vohemar,
Sambava, Andapa, Antalaha, Sainte Marie,
Ambohitsilaozana, Toamasina, Mahanoro, Mananjary,
Farafangana, Taolaganro) are the most humid and
threatened by tropical cyclones from the Indian Ocean.
They receive around 2,500 mm per year and mean
annual temparature is below 25°C. The central regions
(reference stations: Ivato, Antananarivo, Arivonimamo,
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Antsirabe, Fianarantsoa, Ranohira) are dominated by
altitude climate. The mean annual temperature is around
20°C, and total annual rainfall around 1,200 mm. The
western  regions (reference  stations:  Analalava,
Antsohihy, Mahajanga, Maevatanana, Besalampy,
Maintiarano, Morondava, Morombe) are dry due to the
foehn effect, although these regions receive rainfall when
the ITCZ and Mozambique channel depression are well
established. Annual rainfall is ~1,000 mm and mean
annual temperature is above 25°C. The south and south-
west regions (reference stations: Toliary) are dominated
by a semi-arid climate. Annual rainfall is roughly
500 mm and mean annual temperature is around 23°C.
The extreme north and north-west regions (reference sta-
tions: Antsiranana, Nosy-be) receive almost the same
quantity of rainfall as in eastern regions, but the dry
period is well-defined. The spatial pattern of rainfall is
more discontinuous than temperature specifically in the
south-western (dry area), where a single extreme rainfall
can contribute a significant proportion of the annual
rainfall (Tadross et al., 2008).

3 | DATA AND METHODOLOGY

3.1 | Data

Daily minimum and maximum temperature and daily
precipitation data measured at 28 synoptic stations were
taken from the Directorate General of Meteorology
(DGM) of Madagascar. Most of the stations are in coastal
areas (Figure 1). Although the DGM stores some data
prior to 1950, 1950-2018 are taken as the study period
due to the high proportion of non-missing values at all
stations (see Figure 2, Table 1). Metadata information, in
addition to basic locational aspects, is very limited and
we are only aware of the different station relocations
listed in Table 2.

3.1.1 | Data quality control

Quality control (QC) is necessary to improve the accuracy
of observations by detecting and identifying errors in the
process of recording, manipulating, formatting, transmit-
ting and archiving data (Aguilar et al, 2003;
‘WMO, 2020). For this purpose, we applied INQC, a new
software developed by the authors within the framework
of the INDECIS project (see https://cran.r-project.org/
web/packages/INQC/index.html). INQC can be applied
to quality control temperature, precipitation, relative
humidity, wind speed, atmospheric pressure, snow depth,
sunshine duration and cloud cover, and it was tested
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TABLE 4
precipitation (%/10 years) per method

Parameters Methods ANN
TX Climatol 0.21 (0.17;0.25)
HOMER 0.20 (0.12;0.28)
TN Climatol 0.24 (0.20;0.28)
HOMER 0.29 (0.24;0.34)
™ Climatol 0.22 (0.19;0.26)
HOMER 0.25 (0.20;0.31)
DTR Climatol —0.04 (—0.07;-0.01)
HOMER —0.07 (—0.13;0.00)
RR Climatol —2.07 (—3.38;-0.90)
HOMER —2.34 (—4.00;-1.15)
Parameters Methods
X Climatol
HOMER
TN Climatol
HOMER
™ Climatol
HOMER
DTR Climatol
HOMER
RR Climatol
HOMER

Note: Boldface indicates significant trends at 0.05 level.

Annual and seasonal regional average trends and the confidence interval (in brackets) for temperature (°C/10 years) and

DJF MAM
0.16 (0.11;0.22) 0.21 (0.16;0.26)
0.13 (0.07;0.19) 0.19 (0.14;0.25)
0.22 (0.17;0.28) 0.26 (0.21;0.31)
0.23 (0.19;0.27) 0.29 (0.23;0.34)
0.19 (0.13;0.24) 0.24 (0.20;0.28)
0.18 (0.13;0.24) 0.24 (0.20;,0.27)

—0.04 (—0.07;0.00)
—0.10 (—0.14;-0.05)
—0.96 (—2.76;0.95)
—1.24 (=3.32;1.00)

—0.04 (—0.08;0.00)
—0.08 (—0.14;-0.01)
—2.35(—5.19;0.32)
—2.56 (—5.54;0.60)

JIA SON
0.20 (0.16;0.23) 0.27 (0.21;0.33)
0.18 (0.10;0.26) 0.23 (0.10;0.35)
0.23 (0.19;0.27) 0.26 (0.21;0.30)

0.28 (0.21;0.33)
0.21 (0.18;0.25)
0.23 (0.17;0.30)
0.00 (—0.06;0.00)
—0.07 (=0.13;-0.01)
—3.04 (~8.50;1.68)
—4.05 (~10.17;0.17)

0.29 (0.22;0.35)
0.26 (0.21;0.31)
0.27 (0.17;0.36)
0.00 (—0.04;0.05)
—0.11 (—0.20;-0.03)
—4.52 (—6.61;-1.78)
—5.34 (=7.77;-3.00)

Abbreviations: ANN, Annual; DJF, December-January-February; DTR, Diurnal temperature range and RR, Precipitation; JJA, June-July-august; MAM,
March-April-may; SON, September-October-November; TM, mean temperature; TN, minimum temperature; TX, maximum temperature.

within the framework of the project using a benchmark
data set (Guijarro et al., 2019, Guijarro et al., 2018 and
Pérez-Zanon et al., 2018).

INQC identifies erroneous (e.g., negative precipita-
tion), suspect (e.g., outliers to the empirical distribution)
and collectively suspect (e.g., runs of consecutive values)
observations and, based on a flag system, provides infor-
mation to the analysis for further inspection. The soft-
ware is flexible and was parameterized to capture the
climate of Madagascar by specifying different thresholds
for temperatures and precipitation coherent with the
study area section. The Extreme Value Approach was
used to determine these thresholds. For instance, the
highest and lowest temperatures were set at 40 and 0°C,
respectively. INQC was applied station-by-station and
flagged observations were grouped in Table 3. The appli-
cation of INQC enabled obvious errors to be identified,
such as those in the Fianarantsoa station (Figure 3a),
introduced during the digitization and manipulation of
the data set, when minimum temperature values were
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inadvertently replaced by rainfall values in early January
2018. The software also identified sequences of values
that highlighted certain problems in the data set. This
happened with the Ivato maximum temperature series,
which were provided without the decimal point from
2006 to 2013. These values were compared with the Anta-
nanarivo maximum temperature series and SYNOP
reports  (http://www.ogimet.com/synops.phtml.en) for
2006-2013. Unfortunately, most values were validated
because of the lack of decision support materials.
Another case (Figure 3b) is the series of identical values
found at Sainte Marie station in March 2017, combined
with interdiurnal values that were too high. These values
were errors and could be corrected by using SYNOP
reports.

The quality control process also resulted in the valida-
tion of extreme values and unusually long spells. For
example, a daily value of precipitation exceeding the
500 mm-day " pre-set threshold was found on January
21, 1977 (559.1 mm) at the Morondava station. This case



RANDRIAMAROLAZA ET AL.

International Journal [ RMets

of Climatology

FIGURE 5 Annual regional X
anomalies of Climatol (grey) and | f\/\
HOMER (black) 5] AL AN oo A SNl e
homogenized data =] /Y
O
TN
2] A AN
5ol oo, A o sk 7
£ 3] /\.\_,/\ \\\//\v/ Y S
o]
2]
™
o ] PV
541 A A=t << ¢
52l " A = \ o
< e ] - &N VA4 =
9] e
2]
DTR
31 v/-\
5al VAN A \ )
= AWV #
vV
RR
&1 A A .
f ol \ A N \/\ A A
gol '/ \A/'\//\_/\/\/\f /\ /\/\N\,v/ Vi A MNaoa A
] ¢ | “ R ; \/ Y J

-30

T T
1950 1960

was caused by Tropical Storm Domitile, which lasted
from January 18, to January 23, 1977. Therefore, the
value was validated and saved. INQC also detected
unusually long spells with no precipitation in Mahajanga
(April-November 2014) and Ranohira (April-September
2013). Even though they are statistically suspect, they
represent extremely dry seasons and were validated.

The approach adopted for validating flagged values
was based on comparing the observations with neigh-
bouring stations and consulting different archives. For
the period 1950-1968, values were checked against the
archives of the NOAA Central Library (https://library.
noaa.gov/Collections/Digital-Docs/Foreign-Climate-
Data/Madagascar-Climate-Data#039758671) which stores
scans of Malagasy daily climate data from 1935 to 1968.
For 1969 to 2018, they were compared with SYNOP
reports. Finally, the FIRINGA website (http://www.
firinga.com/activite-cyclonique/ocean-indien.html),
which archives tropical cyclone seasons in the South-
West Indian Ocean Basin, was used for rainfall events
associated with tropical cyclone seasons from 1969/1970
to 2018/2019. However, we were aware that precautions
should be taken with synoptic messages as they might
offset the absolute values of indices. Trends could be
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stable, as shown by the comparison of SYNOP and
ECA&D data for temperature and precipitation
(Besselaar et al., 2012). Moreover, the FIRINGA website
highlighted the events without giving any observational
values on precipitation, although it helped to make a
decision between replacing the value by missing data or
keeping the current value. Table 3 summarizes the QC
process. A total of 1,182 values were checked, from which
50 were validated, 401 were corrected and 731 set to
missing.

3.1.2 | Data homogenization

Non-climatic factors such as station relocations, changes
in instruments, observation procedures and local envi-
ronment can affect the homogeneity of long-term obser-
vational. Inhomogeneities could cause sudden and
gradual biases in climate data and impact on climate
analysis, specifically on climate trends (Peterson
et al., 1998; Trewin, 2010). Thus, homogenization, or at
least homogeneity assessment, is a mandatory prelimi-
nary step before tackling any sound climatological analy-
sis. From the large number of different homogenization
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TABLE 5 Selected CLIMIND climate indices and its ETCCDI equivalent

Elements ClimInd Description ETCCDI Unit

Temperature CDD Cold spell duration cspr’ Days
WSD ‘Warm spell duration WwsDI” Days
CN Percentage of days when TN < 10th percentile TN10P %
CD Percentage of days when TX < 10th percentile TX10P %
GTN Mean of TN TNMean °C
GTX Mean of TX TXMean °C
NTN Minimum of TN TNn °C
NTX Minimum of TX TXn °C
XTN Maximum of TN TNx °C
XTX Maximum of TX TXx °C
N Tropical nights with TN > 20°C TR20 Days
D32 Days with TX > 32°C - Days
CSD Maximum consecutive summer days (MCSU25) - Days
SUD Summer days with TX > 25°C Su25 Days
VCD Days when TN < 1st percentile (TN1P) - Days
VWD Days when TX > 99th percentile (TX99P) - Days
WN Percentage of days when TN > 90th percentile TN9OP %
WD Percentage of days when TX > 90th percentile TX90P %
DTR Mean difference between TX and TN DTR °C
ETR Difference between the maximum TX and the minimum TN - °C
VDTR Mean absolute day-to-day difference in DTR - °C

Precipitation D50mm Heavy precipitation days with RR > 50 mm RR50mm" Days
DI9s5P Very wet days with RR > 95p - Days
DD Dry days with RR < 1 mm - Days
DR1mm Wet days with RR > = 1 mm RR1mm" Days
LDP Maximum length of consecutive dry days (RR < 1 mm) CDD Days
LWP Maximum length of consecutive wet days (RR > =1 mm) CWD Days
R10mm Days precipitation > = 10 mm RR10mm Days
R20mm Days precipitation > = 20 mm RR20mm Days
R95TOT Precipitation exceeding 95p divided by total precipitation R95P" %
R99TOT Precipitation exceeding 99p divided by total precipitation R99P" %
SDII Precipitation in wet days divided by number of wet days SDII mm-days™
RTI Total precipitation PRCPTOT mm
RTWD Total precipitation in wet days (PRCWTOT) - mm
RX Highest amount of daily precipitation RX1day mm
RX5D Maximum consecutive 5-day precipitation RX5day mm
SPEI Standardized precipitation-evapotranspiration index - Z-units

calculated at 3- and 12-month timescale

Note: Dash (-) means climate indices are not included in ETCCDI. Asterisk (*) indicates that climate indices were not calculated in Vincent et al (2011).
Abbreviations: RR daily rainfall; TX, daily maximum temperature; TN, daily minimum temperature.

approaches, we selected Climatol (see Guijarro, 2018)
and used the source code of the development version (see
http://www.climatol.eu/),  extensively tested via
benchmarking in the MULTITEST and INDECIS pro-
jects. We chose to detect inhomogeneities over monthly
data and then adjust to the daily scale instead of direct
detection from daily values. This improved the signal to
noise ratio and the performance of the method
(Guijarro, 2018). Climatol detects breakpoints (potential
inhomogeneities) using a modified version of SNHT (see
Alexandersson, 1986; Alexandersson and Moberg, 1997;
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Moberg and Alexandersson, 1997). The monthly adjust-
ments are calculated by orthogonal regression or
Reduced Major Axis in which all scatter points are
adjusted to a regression line by minimizing the perpen-
dicular distance.

The data set was also homogenized with HOMER for
comparison purposes. HOMER is the result of the
European COST Action ES0601(2006-2011) (Venema
et al., 2012) and uses completely different detection and
adjustment methods (see Mestre et al., 2013). As HOMER
only adjusts annual and monthly climate data (Mestre
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TABLE 6 Regional trends with the confidence intervals

(in brackets)
Index (Climind/ Trends (confidence Unit/
Rclimdex) interval) decade
CDD/CSDI —2.28 (—3.20; —1.48) Days
WSD/WSDI 3.81 (1.98; 6.01) Days
CN/TN10P —1.52 (-1.90; —1.18) %
CD/TX10P —1.31 (-1.72; —0.86) %
GTN/TNMean 0.24 (0.20; 0.28) °C
GTX/TXMean 0.21 (0.17; 0.25) °C
NTN/TNn 0.29 (0.19; 0.39) °C
NTX/TXn 0.11 (0.00; 0.22) °C
XTN/TNx 0.24 (0.11; 0.36) °C
XTX/TXx 0.23 (0.07; 0.36) °C
TN/TR20 7.72 (6.29; 9.22) Days
D32 0.43 (0.18; 0.66) Days
CSD/MCSU25 4.41 (1.76; 6.90) Days
SUD/SU25 5.40 (4.39; 6.48) Days
VCD/TN1P —0.79 (-1.12; —0.49) Days
VWD/TX99P 0.82 (0.17; 1.54) Days
'WN/TN9OP 3.01 (1.84; 4.28) %
‘WD/TX90P 2.38 (1.27; 3.49) %
DTR/DTR —0.04 (=0.07; —0.01) °C
ETR —0.05 (—0.26; 0.15) “C
VDTR 0.01 (-0.03; 0.04) °C

Note: Boldface indicates significant at 0.05 level.

et al., 2013), it was complemented by the approach
described in Vincent et al. (2002) for temperature. For
precipitation, annual factors were directly applied to the
daily data. HOMER needs a limited amount of data, so
the data set was reduced to 19 stations.

HOMER was run in a semi-automatic mode
(i.e., assessing whether to accept or reject the breakpoints
suggested by the test; metadata was used to validate
breakpoints) meanwhile Climatol was run in a fully auto-
matic mode. Despite the fact that a larger number of
breakpoints were detected in HOMER (see Figure 4 for
illustration), the regional trends were fairly similar, as
suggested by Table 4 and Figure 5, which shows regional
time series. Both homogenized data sets, produced inde-
pendently and using completely different approaches,
suggest a strong warming across the island, uniformly
distributed throughout the year and slightly higher for
night-time temperatures, which results in a small reduc-
tion in the DTR. These warming trends were coupled
with uniform drying trends.

Once we remarked that both approaches return simi-
lar results, we used the data set homogenized with
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Climatol, since it includes a larger number of stations
and the fact that it can be run safely in fully automated
mode, which will enable our analysis to be seamlessly
updated when additional data records become available.
In addition, Climatol uses an iterative process to fill gaps
in mean and standard deviation calculation, a task not
performed by HOMER (Figure 5).

3.2 | Methods

3.21 | Climate indices calculation

Annual and seasonal climate indices were obtained using
the quality-controlled and homogenized data set
described in the previous sections. They were calculated
using the CLIMIND package, developed by the INDECIS
project (see Dominguez-Castro et al., 2020), which
includes 125 sector-oriented indicators computed from
surface air temperature, precipitation, relative humidity,
wind speed, cloudiness, solar radiation and snow cover.
Due to the characteristics of our data set, we calculated a
subset of 37 climate indices which rely solely on tempera-
ture or/and precipitation. The Standardized Precipitation
Evapotranspiration Index (SPEI, Vicente-Serrano
et al., 2010) factors in the climatic water balance, deter-
mined from the difference between precipitation and ref-
erence evapotranspiration (ETO0). Hargreaves formula
(Hargreaves, 1994) was used to calculate ETO because
there was not sufficient data available to apply more
robust procedures (e.g., the Penman-Monteith, which
needs data on wind speed, solar radiation and relative
humidity). CLIMIND expands the set of ETCCDI indica-
tors that were used in a previous paper by Vincent
et al. (2011) covering the Western Indian Ocean coun-
tries. Table 5 shows the set of 37 climate indices used,
and a brief description of the indicator (see Dominguez-
Castro et al., 2020 for a full description). For the sake of
comparison with Vincent et al. (2011) and with other
regional or global papers, we added a column with the
ETCCDI names.

3.22 | Area averaging and trend calculation

To extract regional time series, we adopted the approach
by Vincent et al. (2011) and calculated the average depar-
tures to the WMO reference 1961-1990 period for tem-
perature and precipitation. However, the departures were
divided by the 1961-1990 mean for total precipitation
(RTI or PRCPTOT), total precipitation wet days (RTWD),
maximum precipitation (RX or RX1day) and maximum
5-day precipitation (RX5D or RX5day). Thereafter,
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FIGURE 6 Station-by-station decadal
trends and annual regional anomalies
(fitted curve calculated using a LOESS
function) of TXMean, TNMean and DTR.
Solid point-up and point-down triangles
indicate significant positive and negative
trends at 0.05 level. Asterisk means no
trend. Shaded colours are interpolation
from the inverse distance weighted (IDW)
function
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regional time series were obtained by averaging all
stations.

We calculated the drought characteristics (i.e., intensity,
magnitude and duration) based on 3- and 12-month SPEI
series. Drought events occur if 3- and 12-month SPEI values
are lower than zero, similar to Dominguez-Castro
et al. (2019). Drought duration is the period of consecutive
years with SPEI <0. Drought magnitude and maximum
intensity correspond to the sum and maximum severity of
absolute values in drought duration, respectively. We
adopted the z-score transformation as it is commonly used
for drought monitoring (e.g., Morid et al., 2006; Abrha and
Hagos, 2019; Byrd et al., 2020). Therefore, drought charac-
teristics were transformed to z-score using the Equation (1)
before calculating trends:

@
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Where i is the year from 1950 to 2018; Z; is the z-score at
year i; X; is the drought characteristic at year i; X is the
mean of the drought characteristic; ¢ is the standard
deviation of the drought characteristic.

Trends and their significance at 0.05 level are calcu-
lated for each index, station and regional time series on
an annual scale, using the Sen slope method (Sen, 1968)
as implemented by Zhang (Zhang et al., 2000). Calcula-
tions were made with the ‘zyp’ R package (Bronaugh and
Werner, 2019). This package implements the method
and was used in many papers, such as Barry et al. (2018)
and Yosef et al. (Yosef et al., 2019; Yosef et al., 2021). The
lower and upper limits of trend confidence interval are at
0.025 and 0.975, respectively. Both approaches—area
averaging and trend calculation — have been used in simi-
lar papers (e.g., Aguilar et al., 2005; Aguilar et al., 2009;
Vincent et al., 2011; Barry et al., 2018).
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FIGURE 7 Station-by-station decadal trends

and annual regional anomalies (fitted curve TN10P

calculated using a LOESS function) of TN10P,

TX10P, TN90OP and TX90P. Solid point-up and

point-down triangles indicate significant positive

and negative trends at 0.05 level. Shaded colours

are interpolation from the inverse distance

weighted (IDW) function
TX10P
TNOOP
TX90P

4 | RESULTS

41 | Temperature indices

Regional temperature indices present a temporal evolu-
tion in agreement with warming (Table 6 and Figures 6
and 7). All trends are significant at the 0.05 level, except
for ETR and VDTR, which both show the evolution of
differences within daytime and night-time temperature
and suggest a significant general decrease of —0.04°C
/decade, as confirmed by the DTR. Also, trends in night-
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time indices, that is, those computed over minimum tem-
peratures, are higher than for daytime (maximum
temperature) indices. For example, warm nights indicate
increasing trend of 3.01%/decade, whereas warm days
show a positive trend of 2.38%/decade. We observe the
same pattern when comparing the decrease in cold nights
(—1.52%/decade) versus the decrease in cold days
(—1.32%/decade). These four indices illustrate another
feature of warming in Madagascar: it is due to both the
occurrence of warmer weather and the suppression of
cold weather, but the former mostly dominates. These
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TABLE 7
trends

Index

(Climind/Rclimdex)

CDD/CSDI
WSD/WSDI
CN/TN10P
CD/TX10P
GTN/TNMean
GTX/TXMean
NTN/TNn
NTX/TXn
XTN/TNx
XTX/TXx
TN/TR20

D32
CSD/MCSU25
SUD/SU25
VCD/TN1P
VWD/TX99P
‘WN/TN9OP
‘WD/TX90P
DTR

ETR

VDTR

Index

(Climind/Rclimdex)

D50MM/RR50mm
D95P

DD
DR1mm/RRImm
LDP/CDD
LWP/CWD
R10mm/RR10mm
R20mm/RR20mm
R95TOT/RI5P
R99TOT/RI90OP
SDII
RTI/PRCPTOT
RTWD/PRCWTOT
RX/RX1day
RX5D/RX5day
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Percentage of stations with positive significant, positive non-significant, negative significant and negative non-significant

Positive trends (%) Negative trends (%)
Significant Non-significant Significant Non-significant
0 0 66.7 14.8
59.3 11.1 0 0
0 0 100 0
3.7 74 77.8 11.1
100 0 0 0
100 0 0 0
66.7 29.6 0 3.7
44.4 37 18.5 0
70.4 29.6 0 0
51.9 37 0 7.4
88.9 0 0 0
14.8 7.4 0 7.4
63 7.4 3.7 0
55.6 14.8 0 0
0 0 55.6 37
333 18.5 0 3.7
100 0 0 0
77.8 222 0 0
74 14.8 37 37
11.1 44.4 222 222
11.1 37 14.8 22.2
Trends (confidence interval) TABLE 8 Regional trends with the
Unit/decade confidence intervals (in brackets)
1950-2018 2000-2018
—0.20 (—0.32; —0.07) —0.11 (—0.29; 0.07) Days
—0.54 (—0.88; —0.25) —0.21 (—0.56; 0.06) Days
0.59 (-0.29; 1.49) —0.36 (—0.88; 0.29) Days
—0.60 (~1.45; 0.26) 0.30 (=0.29; 0.79) Days
1.09 (—0.46; 2.71) ~0.41 (~1.18; 0.25) Days
0.02 (-0.12; 0.16) —0.04 (—0.16; 0.04) Days
—0.87 (—1.35; —0.39) —0.08 (—0.58; 0.33) Days
—0.67 (—1.01; —0.35) —0.25 (—0.65; 0.25) Days
—0.51(—1.07;0.14) —0.65(~1.05;-0.11) %
—0.39 (=0.71; -0.07)  —0.24 (=0.58; 0.01) %
—0.18 (—0.31; —0.02) —0.12 (—0.30; 0.06) mm~days'1

—2.07 (=3.38; —0.90)
—2.10 (-3.35; —0.91)
—1.52 (-2.85; —0.19)
—1.85 (—3.43; —0.29)

Note: Boldface indicates significant at 0.05 level.

—0.51 (~1.61; 0.46)
—0.51 (—1.63; 0.41)
—1.24 (-2.16; 0.13)
—1.10 (—2.76; 0.04)
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FIGURE 8 Station-by-station decadal
trends and annual regional anomalies (fitted
curve calculated using a LOESS function) of
PRCPTOT, SDII, R95P and R99P. Solid point-up
and point-down triangles indicate significant
positive and negative trends at 0.05 level.
Asterisk means no trend. Shaded colours are

PRCPTOT

interpolation from the inverse distance
weighted (IDW) function

SDIl

R95P

R99P

two features are also evident from other indices, for
example, the annual average of daily minimum tempera-
tures (GTN) and the annual mean of daily maximum
temperature (GTX). The seasonal analysis shows that
warming occurs across the four seasons and is strongest
in spring (Table 4). Finally, looking at trends at station
level, even though noticeable differences in values are
evident from Figures 6 and 7, they do not present a clear
spatial pattern and uniform warming across the island.
Table 7 shows the percentage of stations with significant
positive/negative trends for each index.
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4.2 | Precipitation indices

The analysis of the regional time series of precipita-
tion indices and their trends in Madagascar displays
an evolution towards drier conditions. The first five
decades of the study period show values fluctuating
around the long-term mean. At the turn of the cen-
tury, precipitation decreases, and we observe the
same pattern for the different climate indices. Not
only PRCPTOT decays (—2.07 mm-decade™, signifi-
cant at the 0.05 level), but also the number of rainfall
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FIGURE 9 Station-by-station decadal trends
and annual regional anomalies (fitted curve
calculated using a LOESS function) of Rx1day,
Rx5day, RR10 mm and RR20 mm. Solid point-up
and point-down triangles indicate significant
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days per year falls (—0.60 days-decade™) in the
same proportion as dry days raise (0.59 days-decade™).
The indices based on the upper tail of the distribution
also display negative trends (e.g., the heavy precipita-
tion fraction, R95TOT, -0.51 mm-decade™; SDII,
—0.18 mm-decade ™). The longest dry period (LDP) dis-
plays increasing trend of 1.09 days-decade™. These
trends suggest a shift in the magnitude of precipitation,
driven by fewer precipitation events leading towards
smaller accumulations. Table 8 shows the trends for

1980 1990 2000 2010 20:
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the 1950-2018, also trends for the 2000-2018 period of
intensified drying.

As expected, observed trends in precipitation indices
show more spatial diversity than those observed in tem-
perature indices. Most significant drying trends occur in
the east coast area (Figures 8 and 9). Moreover, we
remark a large percentage of stations with negative
trends (mostly non-significant) for all indices except for
dry days (DD) and the longest dry period (LDP) for the
2000-2018 period of intensified drying (Table 9).
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TABLE 9 Percentage of stations with positive significant, positive non-significant, negative significant and negative non-significant

trends
i Positive trends (%) Negative trends (%)

Significant Non-significant Significant Non-significant

(Climind/Rclimdex)  1950-2018  2000-2018  1950-2018  2000-2018  1950-2018  2000-2018  1950-2018  2000-2018
D50mm/RR50mm 3.7 0.0 11.1 29.8 259 74 29.6 40.7
D95pP 0.0 3.7 14.8 14.8 37.0 11.1 37.0 55.6
DD 259 14.8 55.6 333 74 14.8 11.1 22.2
DR1mm/RRImm 74 14.8 11.1 222 29.6 11.1 51.9 40.7
LDP/CDD 259 0.0 40.7 444 3.7 11.1 259 37.0
LWP/CWD 74 7.4 14.8 222 74 11.1 333 44.4
R10mm/RR10mm 0.0 3.7 11.1 259 259 3.7 63.0 51.9
R20mm/RR20mm 0.0 0.0 14.8 18.5 29.6 3.7 37.0 63.0
R95TOT/R95P 3.7 3.7 333 29.6 222 11.1 37.0 55.6
R99TOT/R90P 0.0 0.0 14.8 18.5 18.5 3.7 33.3 37.0
SDII 3.7 0.0 22.2 37.0 18.5 7.4 55.6 55.6
RTI/PRCPTOT 0.0 0.0 14.8 29.6 29.6 7.4 55.6 63.0
RTWD/PRCWTOT 0.0 0.0 11.1 259 29.6 7.4 59.3 63.0
RX/Rx1day 0.0 0.0 25.9 222 18.5 11.1 51.9 66.7
RX5D/Rx5day 0.0 3.7 222 18.5 74 74 70.4 70.4

43 | Drought indices 5 | DISCUSSION

Figure 10 shows the regional drought events (black
bars) from 1950 to 2018. Maximum and minimum
drought events (49 and 34) appear at the beginning
(September-October-November) and end (March-
April-May) of the wet season, respectively, a situa-
tion that makes difficult to establish a cultural calen-
dar in Madagascar. More severe drought events occur
after the 1980s, which are more consecutive during
the 2000-2018 period of intensified drying detected
in the precipitation section (see Section 4.2).
Figure 11 and Figure 12 present station-by-station
decadal trends of drought magnitude and duration
respectively. They point to drought being a local
phenomenon in Madagascar. For instance, south-
eastern stations (e.g., Farafangana and Ranohira)
indicate large increasing trends in the magnitude and
duration of drought annually. More than 70% of sta-
tions record positive non-significant drought charac-
teristic trends at 0.05 level at annual and seasonal
scales (except for December-January-February).
Table 10 shows the percentage of stations with posi-
tive significant, positive non-significant, negative sig-
nificant and negative non-significant trends at annual
and seasonal scales.

This paper generated very robust daily records by
adopting the latest methods and tools on daily data qual-
ity control (QC) and homogenization. These steps were
essential for a robust assessment of climate trends.
According to Hunziker et al. (2017), QC procedures
might improve a part of the data homogeneity specifically
for the sparse network. We scrupulously checked 1,182
values detected as errors by INQC developed within the
framework of the INDECIS project. Homogenization was
a crucial step in climate analysis, as pointed out by
Squintu et al. (2020). We performed daily homogenization
with Climatol and HOMER, complemented by the
approach described in Vincent et al. (2002). They were in
good agreement as far as timing of breakpoints were con-
cerned and showed a good overlap of annual regional
anomalies. Moreover, annual and seasonal regional trends
were almost consistent and significant at the 0.05 level.
Climatol homogenization improved the accuracy and reli-
ability of indices' trends, as Skrynyk et al. (2021) concluded.
Therefore, climate indices were calculated using the daily
homogenized series with Climatol.

This paper attempted use climate indices to increase
knowledge on how climate changed in Madagascar from
1950 to 2018. As expected, due to the nature of both
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FIGURE 10 Regional drought characteristics from 3- and 12- month SPEI series. ‘mi’ and ‘mg’ indicate maximum intensity and
g g g y

magnitude values during consecutive drought periods (black bars), respectively

meteorological elements (i.e., temperature and precipita-
tion), our analysis demonstrated that the changes in tem-
perature had a higher degree of spatial coherence than in
precipitation. Moreover, changes in both were noticeable,
as suggested by the regional and station-by-station trends,
most of which were significant at the 0.05 level for all indi-
ces during the last seven decades. Changes in temperature
corroborated with warming. Changes in precipitation were
moving towards drier conditions. Changes in drought
characteristics indicated more consecutive drought events.
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In agreement with Tadross et al. (2008), we found that
warming occurred across all seasons and the highest
warming appeared in spring. The web portal on climate
change in the Southwest Indian Ocean (http://
regionalclimate-change.sc/) provides a climate profile for
member countries and we found that annual mean tem-
perature increased in the region. However, our regional
average of annual mean temperature was 0.02 and
0.08°C-decade™ higher than for Comoros and Seychelles,
respectively. Tara James et al. (Tara James and
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FIGURE 11 Station-by-station decadal trends
and annual regional anomalies (fitted curve
calculated using a LOESS function) of drought
magnitude. Solid point-up and point-down triangles
indicate significant positive and negative trends at
0.05 level. Asterisk means no trend. Shaded colours
are interpolation from the inverse distance weighted
(IDW) function. DJF, December-January-February;
MAM, March-April-May; JJA, June-July-August;
SON, September-October-November

Stacia, 2014) wrote that mean annual temperature had
in Mauritius, which was
0.07°C-decade™ lower than our trend. Our regional mean

increased 0.15°C-decade™
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of annual maximum temperature trend was about 0.02
and 0.05°C-decade™ higher than in Vincent et al. (2011)
and Barry et al. (2018). The regional mean of annual
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FIGURE 12 Station-by-station decadal trends
and annual regional anomalies (fitted curve
calculated using a LOESS function) of drought
duration. Solid point-up and point-down triangles
indicate significant positive and negative trends at
0.05 level. Asterisk means no trend. Shaded colours
are interpolation from the inverse distance weighted
(IDW) function. DJF, December-January-February;
MAM, March-AprilMay; JJA, June-July-August;
SON, September-October-November

and spring (SON) for mean temperature. The opposite
was observed in South Africa according to Kruger and
Nxumalo (2017)). As also pointed out by Alexander
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TABLE 10 Percentage of stations
with positive significant, positive non- Index Timescale
significant, negative significant and
negative non-significant trends at the Magnitude ANNUAL
annual and seasonal scales
DIJF
MAM
JJIA
SON
Duration ANNUAL
DIJF
MAM
JJA
SON

et al. (2006), Xu et al. (2013) and Barry et al. (2018), we
observed a significant decrease in regional trends of the
diurnal temperature range (DTR). This change was
observed in 37% of our stations versus 49% of Chinese sta-
tions by Xu et al. ( 2013). Vincent et al. (2011), using a
shorter and less complete version of the Malagasy climate
data presented here, also pointed out the negative trend
in DTR, although it was non-significant. Our findings
also aligned with Niang et al. (2015), presented for the
whole of Africa, including Madagascar. We noticed that
extreme temperature indices were highly significant at
0.05 level, but those for the daily minimum temperature
were most meaningful, similar to those in Israel indicated
by Yosef et al. (2019). As pointed out by Aguilar
et al. (2005), Alexander et al. (2006), New et al. (2006),
Aguilar et al. (2009), Vincent et al. (2011), Xu
et al. (2013), Whan et al. (2014), Abatan et al. (2016),
Kruger and Nxumalo (2017), Barry et al. (2018) and Dunn
et al. (2020), we observed a significant increase in warm
nights and days, and a decrease in cold ones. The major-
ity of stations (100% for night-time indices and 77.8% for
daytime indices) indicated these warming trends,
although Xu et al. (2013) observed a lower percentage for
China. In addition, changes were more noticeable
for high extremes (TX90P and TN9OP) than low extremes
(TX10P and TN10P) and their regional trend values were
smaller and larger respectively compared with Vincent
et al. (2011). Moreover, very high extremes (TX99P) and
very low extremes (TN1P) had significant positive trends
(observed in 33.3% of stations) and significant negative
trends (observed in 55.6% of stations) respectively.
Finally, our tropical nights (TR20) and summer days
(SU25) regional trend values were also about 2.58 and
0.68 day-decade™ higher than in Vincent et al. (2011).
Precipitation changes were less significant and non-
coherent spatially than in temperature, as highlighted by
New et al. (2006), Tadross et al. (2008), Vincent
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Positive trends (%) Negative trends (%)

Significant Non-significant  Significant Non-significant
14.8 70.4 0 14.8
11.1 59.3 0 29.6
11.1 70.4 0 14.8
7.4 74.1 0 18.5
74 74.1 0 18.5
7.4 37 0 BY/
37 18.5 0 37
7.4 14.8 BY/ 0
11.1 18.5 0 3.7
0 333 0 0

et al. (2011), Barry et al. (2018), Yosef et al. (2019) and
Dunn et al. (2020). However, a significant decreasing
regional trends was mostly explored for all indices except
for dry days (DD), longest dry period (LDP) and the lon-
gest wet period (LWP). The reduction in total precipita-
tion (PRCPTOT) was then associated with the reduction
in heavy precipitation indices (e.g., RR50mm, RR20mm,
RR10mm, R95TOT and R99TOT), the intensity of precip-
itation (SDII), amount of daily and maximum 5-day pre-
cipitation (RX1lday and RXS5day) similar to Vincent
et al. (2011) for the Western Indian Ocean and Aguilar
et al. (2009) for Guinea and Central Africa. This reduc-
tion was most obvious in the east coast area and agreed
with Tadross et al. (2008). The regional trend of
PRCPTOT was about 0.56%/decade smaller from 1950 to
2018 than in Vincent et al. (2011). On the contrary, some
authors observed an increase in total precipitation
accompanied by an increased simple daily
precipitation index, heavy precipitation, daily precipita-
tion and maximum 5-day precipitation for Global
(Alexander et al., 2006 and Dunn et al., 2020), Central
America and northern South America (Aguilar
et al., 2005), Zimbabwe (Aguilar et al., 2009) and West
Africa (Barry et al. 2018). Moreover, New et al. (2006)
found a reduction in total precipitation, but daily rainfall
intensity significantly increased for South and West
Africa. Our study detected a shift in the magnitude of
precipitation (i.e., a decrease in the number of precipita-
tion events causes a reduction in the amount of rainfall)
which was more tangible in the 2000-2018 period of
intensified drying (in agreement with more than 60% of
stations). This period was prone to extreme drought
events (i.e., intensity greater than 2). Their magnitude
and duration increased from 1950 to 2018. This result
was ascertained by Kogan and Guo (2016), and Masih
et al. (2014) noted severe and extreme drought events in
the 21st century globally and in Africa, respectively. A
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fact that may be related to the long drought in Australia
called the ‘Big dry’ (Ummenhofer et al., 2009 and
Heberger, 2012) which ran from 1997 to 2010.

Madagascar houses endemic fauna and flora
(Goodman and Benstead, 2005; Raven et al., 2020), and
such changes in temperature and precipitation threaten
this biodiversity. For instance, Raxworthy et al. (2008)
observed an upslope displacement of 30 species in the
Tsaratanana Massif in northern Madagascar due to
warming trends. Moreover, we showed that, if drought
magnitude and duration increased, then the effects of
drought could be seen in the environmental system, as
pointed out by Vicente-Serrano et al. (2020). For instance,
Sato et al. (2014) observed that lemurs altered their diets
to cope with environmental stress due to changes in tem-
perature and rainfall patterns. In addition, these changes
affect socioeconomic sectors in Madagascar. Harvey
et al. (2014) indicated the effects of climate change for
smallholder farmers and Nematchoua (2019) outlined the
increasing demand for cooling energy. Our findings contrib-
ute to implementing adaptation and mitigation strategies to
cope with such threats in Madagascar. For instance, articles
on climate change adaptation (e.g., Hannah et al., 2008;
Busch et al, 2012) and on climate change mitigation
(e.g., Nogueira et al., 2020) may be updated.

This paper reveals new features in changes
(e.g., appearance of very extreme cold nights and warm
days, a shift in precipitation magnitude and ever-
increasing consecutive drought events) in the climate of
Madagascar. The next step in this research is to delve fur-
ther into an analysis of the findings by continuous
improvement in the data set through Data Rescue
(DARE) and homogenization, in order to reduce uncer-
tainty (Skrynyk et al., 2021). For example, elements
(e.g., solar radiation, wind speed, etc.) should be added to
use a more robust estimation of reference evapotranspira-
tion (Begueria et al., 2014). Future key questions are: are
model outputs from CMIP5, CMIP6 or CORDEX consis-
tent with our observational trends? And do our observa-
tional trends relate to certain atmospheric mechanisms?

6 | CONCLUSION

This paper used state-of-the-art daily data quality control
and homogenization processes to guarantee robustness in
climate data records before assessing climate trends.
It also gave a broader range of climate indices to
update knowledge on climate change in Madagascar.
Our findings were most significant at 0.05 level for
temperature indices at regional and station level. The
temporal evolution of our regional temperature indi-
ces followed the warming. At station level, all stations
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(100%) indicated significant positive trends for means
of annual temperatures and 74% presented negative
DTR trends. For temperature extremes, night-time
indices were higher than daytime indicators. Most
precipitation indices had negative trends, and total
precipitation (PRCPTOT) decreased (significant at
0.05 level) for regions, but at station level significant
negative trends were 29.6 and 7.4%, and non-
significant ones were 55.6 and 63.0% from 1950 to
2018 and 2000 to 2018, respectively. Regional time
series also showed a shift in precipitation magnitude,
which caused intensified drying after 2000 for all indi-
cators. Drought indices highlighted an increased
number of drought events after the 1980s.
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1 | INTRODUCTION

During the last decades, the scientific community has
identified global and regional warming trends. In this

Enric Aguilar’ | Oleg Skrynyk?

Abstract

In this article, we use standard extreme temperature indices to detect and attri-
bute external forcing in Madagascar. These indices are calculated from observa-
tions and multi-model ensemble mean responses on anthropogenic-plus-natural
(ALL), greenhouse gases (GHG), natural (NAT) and anthropogenic (ANT) which
are subtracted from ALL and NAT forcings over 1950-2018. Correlation analysis
emphasizes that the observed changes are more influenced by ENSO events, espe-
cially in minimum temperature. The observed changes are regressed or combined
with model simulations from the sixth phase of the Coupled Model Inter-
comparison Project (CMIP6) to assess human impacts in indices. CMIP6 models
with ALL, GHG and ANT forcings correspond well with the observations for the
frequency indices than the intensity indices. Moreover, decadal trends indicate the
existence of anthropogenic warming according to observations and multi-model
ensembles with ALL, GHG and ANT forcings. Detection and attribution parties
identify and justify the causes of the observed changes. We do this by performing
the single-signal and two-signal analysis using the Regularized Optimal Finger-
printing (ROF) method with Total Least Square (TLS) regression. We estimate
internal climate variability by means of control model simulations. As a result, we
note an inconsistency in the warming trend with the NAT forcing. The influence
of ALL, GHG and ANT forcings is detectable for standard extreme temperature
indices between 1950 and 2018. Nearly, observed changes are attributed to GHG
and ANT forcings except for coldest night and warm nights in Madagascar.

KEYWORDS

attribution, detection, extreme temperature indices, fingerprint, Madagascar, model
simulations

regard, IPCC ARG indicates that global temperatures now
are 1.07°C warmer than those from the preindustrial
times. In Madagascar, the yearly mean of the minimum
and maximum temperatures increased by 0.24°C/decade
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and 0.21°C/decade, respectively (Randriamarolaza

et al,, 2021). Many authors have attempted to attribute
the detected trends to human activities, for example, San-
ter et al. (1996) or Bindoff et al. (2013). However, most of
the studies in D&A analysis focus on mid-latitudes. Otto
et al. (2015), Peterson et al. (2012) or Peterson et al.
(2013), stressed the lack of studies to attribute extreme
climate events in Africa. Furthermore, the African conti-
nent suffers from poor quality and scarcity of observa-
tional data (Otto et al., 2013, 2015) which can interfere
with the development adequate D&A studies. Nonethe-
less, Otto et al. (2020) provided some suggestions to
address these problems. Following their advice, the pur-
pose of this article is to apply the D&A analysis on
extreme temperature changes in Madagascar by using a
rare quality controlled and homogenized observational
dataset (Randriamarolaza et al., 2021). Namely, we seek
to understand the influence of external forcing (anthro-
pogenic and natural) and to identify their robustness sep-
arately on extreme temperature changes. We apply a
standard  regression-based  optimal  fingerprinting
approach, similar to Sonali and Kumar (2020). It is note-
worthy that variant approaches exist depending on the
transformation of the variables. For instance, a standard
approach is applied directly with the indices by Morak
et al. (2011, 2013), Christidis and Stott (2016) and Dong
et al. (2018). Variables are converted to probability-based
indices in Zhang et al. (2013), Min et al. (2013) and Kim
et al. (2016) or fit an extreme value distribution in Wang
et al. (2020) before implementing a standard approach.
Since the majority of studies use the standard approach
directly with the indices, we adopt it to simplify and facil-
itate the comparison of results. The remainder of this
article is organized as follows: Section 2 describes the
data and methodology. Section 3 presents key findings.
Finally, Section 4 sets out both the discussion and the
conclusion.

2 | DATA AND METHODOLOGY

2.1 | Observational data

For this study, we used the observational dataset of Mala-
gasy daily minimum and maximum air temperatures devel-
oped by Randriamarolaza et al. (2021). The dataset contains
26 synoptic weather stations in Madagascar (see Table 1),
quality-controlled with the INQC package (available at
https://CRAN.R-project.org/package=INQC) and homoge-
nized with the Climatol (available at https://CRAN.R-
project.org/package=climatol) software. Inhomogeneities
were detected at the monthly scale before adjusting daily
data by interpolating monthly factors. Skrynyk et al. (2021)
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analysed the effects of Climatol homogenization on daily
data and found substantial improvements in the accuracy
and reliability of the temperature indices trends. Indices
calculation was performed with ClimInd (Dominguez-
Castro et al., 2020). The indices are categorized as intensity
and frequency (see Table 2). Their anomalies were derived
by subtracting a corresponding average value calculated
based on the WMO reference period 1961-1990, as in Vin-
cent et al. (2011) and Randriamarolaza et al. (2021). Subse-
quently, the regional anomaly time series were computed
as the average of the anomalies across all stations. Lastly,
regional anomaly series were smoothed using a 5-year mov-
ing average.

2.2 | Seasurface temperature data

The monthly Extended Reconstructed Sea Surface Tem-
perature, version 5 (ERSST V5), with a resolution of
2° X 2° (Huang et al., 2017), was employed in our analy-
sis in order to construct a time series of the El Nifio
Southern Oscillation Index (ENSO). Therefore, we delim-
ited the ENSO region from 160° E to 80° W in longitude
and from 5° S to 5° N in latitude. Sea surface temperature
(SST) is averaged at all grid points of the ENSO region to
obtain a single time series of monthly values. This time
series is further used to compute the annual SST. The
annual anomalies are then calculated according to the
reference period 1961-1990. El Nifio and La Nifia events
occur when SST anomalies are higher than 0.5°C and
lower than —0.5°C, respectively (refer to Figure 1la).
ENSO influence on the regional anomalies of the extreme
temperature indices was analysed by using the Morlet
wavelet function as in Torrence and Compo (1998) and
Jevrejeva et al. (2003). Specifically, we used the wavelet
coherence to measure the strength of the relationship
between two time series as a function of frequency or
period (see Section 2.4, for details). The performance of
this method was highlighted by Torrence and Compo
(1998), Yi and Shu (2012) and Liang et al. (2013).
Figure 1b shows the wavelet power spectrum of the con-
structed ENSO index time series. ENSO events' cycle
which is around 2-7 years can be clearly seen in the fig-
ure. The extreme ENSO events such as El Nifio at 1982—
1983 and 1997-1998 (also pointed out by Santoso
et al., 2017) were captured by the wavelet transform.

2.3 | Model simulations data

Model simulation data sets on daily minimum and maxi-
mum temperatures, used to estimate the expected
responses of the climate system to external forcings, were
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TABLE 1 List of synoptic stations

P I— Stations Longitude (°) Latitude (°) Elevation (m) WMO numbers
Ambohitsilaozana ~ 48.5 -17.7 786 67067
Analalava 47.8 —-14.6 57 67019
Antalaha 50.3 -15.0 6 67025
Antananarivo 47.5 -18.9 1310 67085
Antsirabe 47.1 =199 1540 67107
Antsiranana 49.3 -12.4 105 67009
Antsohihy 48.0 -14.9 28 67020
Besalampy 44.5 -16.8 36 67037
Farafangana 47.8 -22.8 6 67157
Fianarantsoa 47.1 =215 1106 67137
Ivato 47.5 -18.8 1264 67083
Maevatanana 46.8 -17.0 77 67045
Mahajanga 46.4 =15.7 22 67027
Mahanoro 48.8 -19.8 5 67113
Maintirano 440 -18.1 25 67073
Mananjary 48.4 =21.2 6 67143
Morombe 434 -21.8 4 67131
Morondava 443 -20.3 8 67117
NosyBe 48.3 -13.3 11 67012
Ranohira 45.4 -22.6 823 67152
SainteMarie 49.8 =171 9 67072
Sambava 50.2 =14.3 5 67023
Taolagnaro 47.0 -25.0 8 67197
Toamasina 49.4 —-18.1 6 67095
Toliary 43.7 -234 9 67161
Vohemar 50.0 -134 5 67017

TABLE 2 List of climate indices used in the study.

Category Index Indicator name Definition Unit

Intensity TNn Coldest night annual minima of daily minimum temperature °c
TXn Coldest day annual minima of daily maximum temperature °C
TNx Warmest night annual maxima of daily minimum temperature °C
TXx Warmest day annual maxima of daily maximum temperature °C

Frequency TN10P Cold nights Percentage of days with Tmin <10th percentile %
TX10P Warm nights Percentage of days with Tmax <10th percentile %
TN9OP Cold days Percentage of days with Tmin >90th percentile %
TX90P Warm days Percentage of days with Tmax >90th percentile %
TN1P Very cold night Count of days with Tmin <1st percentile days
TX99P Very warm day Count of days with Tmax >99th percentile days

obtained from the Sixth Phase of the Coupled Model December 9, 2020). CMIP6 historical model simulations
Inter-comparison Project (CMIP6) archive (available at differ depending on four elements: realization, initializa-
https://esgf-node.llnl.gov/search/cmip6/,  visited  on tion methods, perturbed physics and forcing. All
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(a) FIGURE 1 (a) Time series of
| ENSO index. (b) Wavelet power
g spectrum of ENSO index. The bold
g - ‘ contours represent a significant area
s ‘ at level 0.05 against red noise. The
E o cone of influence indicates where the
5 effect of edge is important.
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Minimum temperature Maximum temperature TA B L_E % THORE B
simulations per ensemble member.
Members ALL GHG NAT CTL ALL GHG NAT CTL
rlilp1fl 4 8 8 12 S 4 4 11
r2ilpifl 0 8 8 0 0 3 3 0
r3ilp1fl 3 8 8 0 3| 4 4 0
r4ilp1fl 1l 2 2 0 i 1 1 0
r5ilplfl 1 2 2 0 1 1 1 0
r6ilp1fl 1 1 i 0 i 1 1 0
r7ilp1fl 1 1 1 0 1 1 1 0
r8ilp1fl 1 1 1 0 i 1 1 0
r9ilp1fl il ! il 0 1 1 1 0
r10ilp1fl 1 1 0 1 0
Total 14 33 33 12 15 18 18 11

historical model simulations with similar elements are
grouped in an ensemble member. In our study, we
choose 10 ensemble members with different realizations
but similar initialization methods, perturbed physics and
forcing.

Each ensemble member contained historical model
simulations with anthropogenic-plus-natural (ALL),
greenhouse gases (GHG) and natural (NAT) forcings.
The GHG simulations represent climates with well-mixed
greenhouse gases composed primarily of carbon dioxide,
methane and nitrous oxide (Meinshausen et al., 2017).
Table 3 shows that more than 50% of the runs were per-
formed under the first three ensemble members. In
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addition, Table 4 illustrates that values of minimum and
maximum temperatures were taken from 95 and 62 runs,
respectively. These runs were produced using 19 models.
However, only the ensemble member r1ilplfl had con-
trol or pre-industrial simulations (CTL runs). The most
repeated model, which has more than 10% in all runs, is
CanESMS5 (Swart et al., 2019).

O'Neill et al. (2016) described the pathways of societal
development, the Shared Socioeconomic Pathways
(SSPs), as the future evolution of society with respective
emissions scenarios used to drive climate models. Ssp245
is a central scenario in which trends continue their his-
torical patterns without substantial deviations. The
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TABLE 4 Numbers of model
simulations for all ensemble members.

Minimum temperature

Models
ACCESS-CM2
ACCESS-ESM1-5
AWI-CM-1-1-MR
AWI-ESM-1-1-LR
BCC-CSM2-MR
CanESM5
CESM2
FIO-ESM-2-0
FGOALS-g3
HadGEM3-GC31-LL
MIROC6
MRI-ESM2-0
MPI-ESM-1-2-HAM
MPI-ESM1-2-HR
MPI-ESM1-2-LR
NESM3
NorES2-LM
NorESM2-MM
TaiESM1

Total

corresponding CMIP6 experiment ssp245 is considered as
reference one in CMIP6-endorsed Model Intercompari-
son Projects (MIPs) and is employed to extend the histori-
cal simulation period beyond 2015 in detection and
attribution MIP (O'Neill et al., 2016). For example, Gillett
et al. (2016) used ssp245 to continue the historical simu-
lation period to 2020. In our study, we selected model
simulations that existed simultaneously in ssp245 and
with ALL forcing for all members. As the historical simu-
lation with ALL forcing period was only from 1850 to
2014 (Eyring et al., 2016), we extracted the time period
over 1950-2014 then extended it from 2015 to 2018 by
using ssp245. Thereafter, we uniformed their grid resolu-
tion to 1° by 1°.

A multi-model ensemble mean was built by averaging
daily minimum and maximum temperature at each grid
point of all model simulations and all members for each
forcing, respectively. Therefore, regional time series were
computed by averaging temperature over all grid points
for multi-model ensemble mean with ALL, GHG and
NAT. Thereafter, we computed annual indices by using
ClimInd software for each grid point and regional time
series. Annual index anomalies were calculated by taking
WMO reference 1961-1990 as in the observational data.
These steps were applied to all the considered runs (ALL,

P e |
Maximum temperature

ALL GHG NAT CTL ALL GHG NAT CTL
0 0 0 1 0 0 0 1
0 3 3 1 0 3 3 1
0 0 0 1 0 0 0 0
0 0 0 1 0 0 0 1
0 3 3 0 1 2 2 0
8 10 10 0 8 10 10 0
0 3 3 0 0 3 3 0
0 0 0 1 0 0 0 1
2 3 3 0 3 0 0 0
0 0 0 1 0 0 0 1
1 3 3 0 1 0 0 0
2 5 5 0 1 0 0 0
0 0 0 1 0 0 0 1
0 0 0 1 0 0 0 1
0 0 0 1 0 0 0 1
i 0 0 0 il 0 0 0
0 3 3 1 0 0 0 1
0 0 0 1 0 0 0 1
0 0 0 1 0 0 0 1
14 33 33 12 15 18 18 11
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GHG, NAT and CTL). From these results, the anthropo-
genic (ANT) forcing was formed by subtracting ALL and
NAT forcings. Therefore, ANT includes GHG and short-
lived gases and aerosols. The CTL runs were split into
two parts to create two independent estimations of inter-
nal variability, following Ribes et al. (2013). Finally,
5-year moving averages were calculated with regional
average index anomaly time series for model simulations,
CTL runs and multi-model ensemble means with ALL,
GHG, ANT and NAT forcings.

2.4 | Methods

241 | Wavelet coherence

The wavelet analysis is often used to extract isolated and
time-localized events (Lilly, 2017) or to analyse localized
intermittent oscillation in time series. It also can be used
to study the linkage between two time series (Grinsted
et al., 2004). We use wavelet analysis, following the
approach described in Torrence and Compo (1998), to
assess the strength of relationship between observational
intensity and frequency indices and ENSO index based
on period or frequency. Torrence and Compo (1998)
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FIGURE 2 Regional average anomalies time series and the
fitted trend lines for intensity and frequency indices over
1950-2018.

pointed out that the choice of a wavelet basis function
was crucial, but it depended on the type of analysed data.
The Morlet wavelet function is a complex sine-shaped
Gaussian function, mostly employed with climate data,
for example, by Yi and Shu (2012) and Ruwangika et al.
(2020). We adopt it to derive the continuous wavelet
transform of intensity and frequency indices' time series.
Their significance correlation is assessed by using the
wavelet coherence method. We use the R package ‘biwa-
velet’ (Tarik et al., 2018) to conduct this method.
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24.2 | Trend calculation

We use trend analysis to quantify long-term changes over
1950-2018. As in Randriamarolaza et al. (2021), we use
the Sen's slope method (Sen, 1968), implemented by
Zhang et al. (2000) to calculate station-by-station and
regional index trends and their confidence intervals. This
approach is applied to observational time series, individ-
ual model simulations, CTL runs and multi-model
ensemble mean with ALL, GHG, ANT and NAT forcings.
The method is applied for each grid point to have spatial
distribution of indices trends. The R package ‘zyp’,
(Bronaugh & Werner, 2019), method, is used for calcula-
tion. This package has been employed in many articles
such as Barry et al. (2018), Yosef et al. (2019, 2020) and
Randriamarolaza et al. (2021). Besides, trends’ sign com-
parison was done between multi-model ensemble mean
and each model simulation. Then we filtered the grid
points where 75% of model simulations under ALL,
GHG, ANT and NAT forcings had the similar trends’ sign
and significant at 0.05 level than in multi-model ensem-
ble mean under ALL forcing (see Figures 2 and 3).

243 | Standard optimal fingerprinting
The standard optimal fingerprinting method proposed by
Allen and Tett (1999) and Allen and Stott (2003) with
generalized linear regression Equation (1) is expressed as
Y=(X-v)B+e, (1)
where Y is observations, X is multi-model ensemble
mean, v is internal variability which is due to the interac-
tion between atmosphere and ocean (Dima et al., 2005),
is scaling factor and ¢ is regression residual. It is used to
quantify influences from external forcing. The amplitude
of scaling factor measures presence or absence of signals
in the observations. However, uncertainty arises mainly
from quantification of internal climate variability of the
climate system. Mostly, control simulations of climate
models are used to assess the internal climate variability
(Curry & Webster, 2011). Therefore, two independent
noises from CTL runs are used to obtain the best estimate
of scaling factors and their 5%-95% uncertainty levels
(i.e., confidence intervals at 0.05 level) and to run the
residual consistency check (RCC). RCC is performed to
test the hypothesis if model simulation internal variabil-
ity is consistent with observations. According to Stott
et al. (2011), Dong et al. (2018) and Dileepkumar et al.
(2018), if the best estimate of scaling factor and their
uncertainty are greater than zero, we detect the influence
of forcing. Besides, if the best estimate of scaling factor is
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Wavelet coherence between intensity and frequency indices and ENSO events over 1950-2018. The bold contours represent

a significant area at level 0.05 against red noises and right (left) arrows indicate if their direction is in phase (anti-phase). The cone of
influence indicates where the effect of edge is important. Cor. coef. means correlation coefficient.

consistent with the unit (i.e., scaling factor uncertainty
interval contains the unit), we attribute an observed
change to this forcing.

Ribes et al. (2013) developed an alternative to the
standard optimal fingerprinting method called * Regular-
ized Optimal Fingerprinting (ROF)’. ROF method avoids
the use of a truncated Empirical Orthogonal Function
(EOF) projection to estimate the scaling factor p in the

60

Equation (1). This method was used by Ribes et al.
(2013), Wan et al. (2014), Lo et al. (2016) and Dileepku-
mar et al. (2018). It is implemented in the R Package
ECOF-V1, which stands for Environment Canada’s Opti-
mal Fingerprint coded by Feng Yang (https://www.wcrp-
climate.org/ictp-2014-tutorials. Accessed August 2, 2020),
adapting the original code used in Ribes et al. (2013). We
carry out single-signal and two-signal analyses by using
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TABLE 5

Regional trends with its confidence intervals (in brackets) in the observations (OBS) and multi-model ensemble mean

responses on anthropogenic-plus-natural (ALL), greenhouse gases (GHG) forcings over 1950-2018

Decadal trends (

fid interval)

Index Units OBS

TNn °C/10 years 0.29 (0.19,0.39)

TXn °C/10 years 0.11 (0.00;0.22)

TNx °C/10 years 0.24 (0.11;0.36)

6% °C/10 years 0.23 (0.07;0.36)
TN10P %/10 years —1.52 (-1.90;-1.18)
TX10P %/10 years —1.31 (-1.72;-0.86)
TN9OP %/10 years 3.01 (1.84;4.28)
TX90P %/10 years 2.38 (1.27;3.49)
TN1P days/10 years —0.79 (-1.12;-0.49)
TX99P days/10 years 0.82 (0.17;1.54)

Note: Bold face indicates significant trends at 0.05 level.

the ROF method with Total Least Squares (TLS) regres-
sion as implemented in this package. On the one hand,
the single-signal analysis performs the regression of the
observations against the multi-model ensemble mean
responses to ALL, GHG, ANT and NAT forcings, respec-
tively. The objective is to check if the influence of each
forcing can be detected in the observed changes. On the
other hand, the two-signal analysis objective is to detect
if the influence of ANT and NAT can be separated in
presence of other signals. We use the 5-year moving aver-
ages of the regional anomaly time series of the observa-
tions and multi-model ensemble mean with ALL, GHG,
ANT, NAT and CTL runs to carry out the D&A analysis
over 1950-2018. This approach was used by Lu et al.
(2018) to reduce data dimensionality.

3 | RESULTS

31 | Observed changes in extremes

Figure 2 shows regional indices anomalies and their
trends. The changes in regional temperature extremes are
significant at 0.05 level and in agreement with warming.
Changes in intensity indices are similar except for TXn
from 1950 to 2018. However, TNx and TXx increase at a
faster rate than TNn and TXn. Warm-frequency events
(i.e., indices related to maximum temperature) increase
and cold-frequency events (i.e., indices related to mini-
mum temperature) decrease. Similar as pointed out by
Randriamarolaza et al. (2021), warm frequency events
are changing with a faster rate than cold frequency
events (see Figure 2). Observations' trend values ascertain
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ALL GHG

0.15 (0.12;0.19) 0.17 (0.16;0.20)
0.16 (0.13;0.19) 0.17 (0.15;0.19)
0.20 (0.16;0.25) 0.20 (0.18;0.21)
0.21 (0.17;0.26) 0.22 (0.20;0.24)

—2.17 (—2.54;—1.80)
—2.24 (—2.62;—1.84)
5.54 (1.20;2.65)
4.02 (2.78;5.25)
—0.89 (—1.09;-0.72)
1.09 (0.50;1.67)

—2.36 (-2.58;—2.17)
—2.28 (~2.51;-2.08)
4.42 (3.49;5.29)
3.72 (3.01;4.64)
—1.05 (~1.25;,—0.85)
1.25 (0.73;1.97)

these results (see Table 5). On the one hand, Figure 3
shows that intensity indices associated with minimum
temperature are mostly correlated to ENSO events and
they are in phase. This correlation may explain the peak
of TNn around 1997/1998. On the other hand, frequency
indices are mostly in phase with ENSO events except the
TN90P, TN10P and TN1P (see Figure 3). On the other
hand, intensity and frequency are well correlated to mini-
mum and maximum temperatures at a 0.05 significance
level, except for TXn (see Table 6). The cold nights
(TN10P) and warm days (TX90P) have the highest corre-
lation coefficients with minimum and maximum temper-
atures, respectively. Moreover, TN10P (TX90P) and
minimum temperature (maximum temperature) evolve
in the opposite direction (similar direction). However,
the minimum and maximum temperatures only explain
76% and 82% of the variance of TN10P and TX90P,
respectively.

3.2 | Spatial and temporal patterns in
observations and simulations

Tables 5 and 7, presented in the previous section, shows
also the regionally averaged trends for ALL, GHG, ANT
and NAT forcings. On the one hand, trends of the multi-
model ensemble mean under ALL, GHG and ANT forc-
ings agree in sign and significance at 0.05 level with OBS,
although OBS trends are mainly larger and smaller for
intensity and frequency indices, respectively. We may
explain this situation using Figure 4, which shows the
Taylor diagrams (Taylor, 2001) and combines three
parameters (standard deviation, root-mean-square [RMS]
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TABLE 6
confidence interval.

Yearly mean of minimum temperature

of Climatology

Correlation between temperature extremes and yearly mean of the minimum and maximum temperatures with 95%

Yearly mean of maximum temperature

Coefficient of Coefficient of Coefficient of Coefficient of
Index correlation determination correlation determination
TNn 0.74 [0.61;0.83] 55% 0.64 [0.48;0.76] 41%
TXn 0.42 [0.20;0.60] 18% 0.48 [0.28;0.65] 23%
TNx 0.74 [0.61;0.83] 55% 0.74 [0.60;0.86] 54%
TXx 0.73 [0.60;0.82] 53% 0.78 [0.66;0.86] 60%
TNIOP  —0.87 [—0.92;—0.80] 76% —0.78 [—0.86;—0.66] 60%
TX10P  —0.77 [—0.85;—0.66] 60% —0.81 [-0.88;—0.71] 66%
TN9OP  0.86 [0.79;0.91] 75% 0.85[0.77;0.90] 72%
TX90P  0.84 [0.75;0.90] 70% 0.90 [0.85;0.94] 82%
TN1P —0.74 [-0.83;-0.61] 55% —0.66 [-0.78;-0.50] 44%
TX99P  0.66 [0.51;0.78] 44% 0.72[0.58;0.82] 52%
priisiahon, eyl e e A )
multi-model ensemble mean responses Index Units ANT NAT
on anthropogenic (ANT) and natural TNn °C/10 years 0.17 (0.14:0.19) 0.01 (—0.02;0.04)
PTG OS2 TXn °C/10 years 0.17 (0.15;0.20) 0.01 (—0.03;0.05)
TNx °C/10 years 0.19 (0.16;0.21) 0.01 (—0;02;0.04)
TXx °C/10 years 0.21 (0.18;0.25) 0.00 (—0.03;0.04)
TN10P %/10 years —2.22(-2.58;-2.17) 0.01 (—0.21;0.88)
TX10P %/10 years —2.27 (-2.50;-2.03) 0.02 (~0.25;0.30)
TN9OP %/10 years 4.85 (3.85;5.84) —0.11 (—0.53;0.63)
TX90P %/10 years 4.07 (3.25;4.91) —0.37 (—0.71;-0.05)
TN1P days/10 years —0.99 (-1.16;-0.80) 0.06 (—0.08;0.20)
TX99P days/10 years 1.45 (0.94;2.05) —0.15 (—=0.31;0.00)

Note: Bold face indicates significant trends at 0.05 level.

difference and correlation coefficient) to match patterns
between OBS and multi-model ensemble mean responses
on ALL, GHG, ANT and NAT forcing. The amplitudes of
variation (standard deviations) of OBS are greater and
lower than multi-model ensemble means under ALL,
GHG and ANT forcings for intensity and frequency indi-
ces, respectively. For instance, the coldest (warmest) day
and night of the multi-model ensemble mean with ALL,
GHG and ANT are less (well) correlated with OBS and
have high (low) RMS. Their spatial interpolation of
trends (Figures 5 and 6) indicates that more individual
model simulations are in concordance with the multi-
model ensemble mean for the warmest day and night
compared to the coldest day and night. Besides, fre-
quency indices of the multi-model ensemble mean with
ALL, GHG and ANT forcings are well correlated with
OBS. Nevertheless, warm events (TN90P, TX90P and

62

TX99P) are more scattered than cold events (TN1OP,
TX10P and TN1P) of the multi-model ensemble mean
with ALL, GHG and ANT forcings. In general, OBS
changes are consistent with the multi-model ensemble
mean responses on ALL, GHG and ANT forcings (see
Figures 5 and 6). However, individual model and multi-
model ensemble mean responses on ALL, GHG and ANT
show discrepancies for some very extreme indices such as
TN1P and TX99P. The North Western (NW) region is the
hottest area in Madagascar and, in this region, the fre-
quency of TXn and TX10P decrease and increase, respec-
tively (see Figure 5). This situation is the opposite of the
global warming effect. Therefore, it may be due to micro-
climate effects or to the homogeneity aspect and missing
data filling in climate data records. On the other hand,
the multi-model ensemble mean under NAT forcing
trends are non-significant except for TX90P, with the
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ALL

FIGURE 4 Taylor diagrams of intensity and frequency indices. The square on the x-axis indicates OBS considered as a reference. Dots
indicate the 5-year mean regional of multi-model ensemble members under ALL, GHG, ANT and NAT forcings. Concentric circles from
OBS and origin represent centred root-mean-square (RMS) difference and standard deviation, respectively. Radial axis indicates the
correlation coefficients between OBS and ensemble member.
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FIGURE 5 Spatial distribution trends over 1950-2018 of intensity and frequency indices related to minimum temperature in the
observation and multi-model ensemble mean responses to ALL, GHG, ANT and NAT forcings. Crosses mark the agreement of at least 75%
of the model simulations on the trends' significance at 0.05 level and sign with multi-model ensemble mean.
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FIGURE 6 Spatial distribution trends over 1950-2018 of intensity and frequency indices related to maximum temperature in the
observation and multi-model ensemble mean responses to ALL, GHG, ANT and NAT forcings. Crosses mark the agreement of at least 75%

of the model simulations on the trends' significance at 0.05 level and sign with multi-model ensemble mean under ALL forcing.
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opposite sign to the other time series. Figure 4 shows any
variation compared to OBS. Beyond this, any individual
model under NAT forcing agrees with the multi-model
ensemble mean under ALL forcing on indices trend sign
and significance. Figure 6 shows a similar situation with
ANT forcing related to intensity and frequency indices
associated with maximum temperature. This is due to
small numbers of individual models. Figure 7 represents
the 5-year moving averages of the regional anomaly time

TNx

°C
0 1
0 1

-2 -1
-2 -1

1960 1975 1990 2005
TXn

1960 1975 1990 2005
TNn

°C
0 1
0 1

-2 -1
-2 -1

1960 1975 1990 2005 1960 1975 1990 2005

© . _TN1OP

TX10P

%
16 -8 0
-16 -8

1960 1975 1990 2005 1960 1975 1990 2005

© ©
2 2
@ ©
e o
? ?
© ©
° s
1 1

1960 1975 1990 2005 1960 1975 1990 2005

o TN1P o
© ©
4
%‘Q =]
©
i T
s <
! 1960 1975 1990 2005 :
— OBS —— ALL —— GHG —— ANT —— NAT
FIGURE 7 5-year moving averages of the regional anomaly

time series of the observational and multi-model ensemble
simulations. Shaded area show 5%-95% confidence interval of the
selected model simulations.
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series of the observational and multi-model ensemble
means with ALL, GHG, ANT and NAT forcings over
1950-2018. Regional average anomaly time series of OBS
are mainly included in the model simulation ranges
(i.e., 5%-95%), especially for ALL, GHG and ANT forc-
ings. On the contrary, the regional multi-model ensemble
mean response on NAT forcing anomaly time series oscil-
late around the mean (see Figure 7).

3.3 | Detection and attribution results
The single-signal analysis result is shown in Figure 8. It
indicates that the intensity and frequency indices' scaling
factors and lower limits of confidence intervals are
greater than zero under ALL, GHG and ANT forcings.
Therefore ALL, GHG and ANT influences are detected.
Notice that observed changes are attributed to an exter-
nal forcing if its influence is detected and the confidence
interval of a corresponding scaling factor includes the
unit. As ALL and ANT are composed by different forcing,
single-signal analysis highlights this combined effect. On
the one hand, observed changes of TXx, TNn, TN10P,
TX10P, TN9OP and TX90P are not attributed to ALL forc-
ing. On the other hand, similar results are observed with
ANT forcing except for TXx and TN10P. However, most
observed changes are attributed to GHG forcing except
for TNn and TX10P. Besides, observed changes of TNXx,
TXn, TN1P and TX99P are attributed to all external forc-
ing except NAT. However, any external forcing is attrib-
uted to TNn and TX10P. Most RCC tests fail for NAT
forcing except for TXx. It means that NAT forcing is
inconsistent with observed changes.

We perform a two-signal analysis with ANT and NAT
forcings to determine whether their influence can be
detected separately. Figure 9 ascertains that NAT and ANT
influences are detected for TXx and its observed changes
are attributed only to ANT forcing. It also displays that
observed changes of TNx, TN10P and TX99P are attributed
to ANT forcing. On the contrary to single-signal analysis,
observed changes of TX90P are attributed to ANT forcing.
Moreover, observed changes of TNn, TXn and TN1P are
inconsistent with ANT and NAT forcings. The other indices
are consistent with NAT forcing even if NAT influence is
not detected. In a nutshell, most observed changes are
attributed to GHG and ANT forcings.

4 | DISCUSSION AND
CONCLUSIONS

This article presents for a very first time a D&A analysis
for Madagascar. Our results demonstrate that on the one
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FIGURE 8 Single-signal analysis of best estimates of scaling factors (dots) and their 5%-95% uncertainty levels (bars) from multi-model
ensembles under ALL, GHG, ANT and NAT forcings. If the residual consistency check (RCC) is failed or no detection found (scaling factor
is less than zero), bars are missing.
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hand, regional and station-by-station trends in intensity
and frequency indices point to the effects of global warm-
ing in Madagascar. Moreover, regional intensity and fre-
quency indices are influenced by ENSO events,
particularly indices associated with minimum tempera-
ture. On the other hand, observational and multi-model
ensemble simulations with ALL, GHG and ANT forcings
are well-matched in terms of regional intensity and fre-
quency indices. Almost similar patterns are observed
between OBS and multi-model ensemble members with
ALL, GHG and ANT forcings, particularly for frequency
indices, based on the Taylor diagram. However, any rela-
tionship found between OBS and multi-model ensemble
members with NAT forcing. Spatial distribution of trends
in intensity and frequency indices ascertain these find-
ings. The ROF method demonstrates that the observed
changes of intensity and frequency indices are mostly
influenced by ALL, GHG and ANT forcings. Moreover,
observed changes are mainly attributed to ANT and GHG
forcings. Any observed changes in intensity and fre-
quency indices are influenced by NAT forcing.

The state-of-the-art on D&A analysis recommends
using a high-quality observational dataset (Coumou &
Rahmstorf, 2012), so we used quality-controlled and
homogenized observations of daily minimum and maxi-
mum temperatures (Randriamarolaza et al, 2021).
According to Zhai et al. (2018), uncertainties might come
from methods’ selection in D&A analysis. In this article,
we applied the standard optimal fingerprinting method by
using ROF with TLS regression to drive single-signal and
two-signal analyses against ALL, GHG, ANT and NAT
forcings. ROF method used an inverse of the covariance
matrix avoiding projection steps, providing improved accu-
racy (see Ribes et al., 2013). As underlined by Hannart
et al. (2014), errors might arise from internal variability,
model error or observational error in D&A analysis. They
suggested that if all errors shared the same covariance,
TLS was the best statistical method to perform D&A analy-
sis. Nevertheless, the robustness of results was based on
model simulations and statistical methods used as pointed
out by Hegerl and Zwiers (2011) and Zhai et al. (2018). In
this article, we selected model simulations, which contrib-
uted to the IPCC AR6 from the CMIP6 archive. Model
simulations had similar initialization methods, perturbed
physics and forcing, but they had different realizations.
We built multi-model ensemble mean responses on forc-
ing to overcome uncertainties. Before assessing D&A anal-
ysis, we analysed the relationship between indices and
ENSO events. Moreover, we compared CMIP6 ensemble
members under ALL, GHG, ANT and NAT forcings with
observations using the Taylor diagram method. Finally,
we made spatial and temporal comparisons between
observed and model simulation trends over 1950-2018.
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Our findings are consistent with those for the global
and regional scales. The observed indices trends were
consistent with our previous analysis (Randriamarolaza
et al., 2021). However, this article was completed with a
brief assessment of ENSO's influence on indices by using
wavelet coherence method. As underlined by Dong et al.
(2018) for Asia, warm event changes were also more pro-
nounced after the 1980s. On the other hand, the influ-
ence of external forcing was detectable in observations
for intensity and frequency indices in temperature
extremes over 1950-2018 in Madagascar. Mostly,
observed changes of intensity and frequency indices were
attributed to GHG and ANT forcings. These results were
mostly consistent with Global and Europe results over
1961-2010 and Asia results over 1958-2012 found by
Christidis and Stott (2016) and Dong et al. (2018), respec-
tively. However, the influence of GHG forcing on TNn
and TXn were not detected in Europe. The influence of
ALL forcing on TNx, TXx, TNn and TXn were not credi-
ble in Asia for lower and higher latitudes, respectively.
Moreover, regional average index trend behaviours were
comparable to Globally and European average index
trends in Christidis and Stott (2016). For percentile-based
indices, Morak et al. (2013) found similar warming trends
by telling that TX10P, TX90P, TN10P and TN9OP
decreased and increased over 1951-2013, respectively.
These observed changes were influenced by external forc-
ing at 5% level. Noticed that Morak et al. (2013) and
Christidis and Stott (2016) did not adopt a multi-model
approach but they employed indices directly with optimal
fingerprinting method. Nevertheless, Min et al. (2013)
and Kim et al. (2016) employed a multi-model approach,
but they transformed variables to probability-based index
before applying standard optimal fingerprinting methods.
They found that observed changes of TXn, TXx, TNn and
TXx were influenced by external forcing. Then Kim et al.
(2016) observed that CMIP5 models agreed better with
observed changes in TNx and TXx than the previous
study with CMIP3. We also found similar agreement
between CMIP6 models and observed changes, especially
for frequency indices in Madagascar.

We recognize, as a setback of this article, that we did
not evaluate model performance at regional levels. More-
over, individual model numbers might be insufficient.
However, we selected ensemble members with similar
initialization methods, perturbed physics and forcing.
Besides, index regional time series of OBS, ALL, GHG,
ANT and NAT forcings were compared to capture their
evolution (see Figures 6 and 7). But we might add the vali-
dation of models against observation as adopted by Otto
et al. (2013) to improve our results. Therefore, this research
might be improved by tackling these gaps issues and imple-
menting standard optimal fingerprinting methods with a
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probability-based index or extreme value theory. We might
also extend the study with other indices (e.g., indices related
to precipitation). However, it was important to think about
how to apply these findings on real time to assess actual
risks by connecting them to sector impacts such as agricul-
ture, health and so on.
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1 | INTRODUCTION

The rapid population growth pressures global food
security (Gerardeaux et al, 2012), especially in Africa
(Sasson, 2012). Rice and maize are among the world's most

| Enric Aguilar®

Abstract

This paper analyzes rainfall data to characterize the rainy season and define
rice and maize crop calendars for current and future conditions in
Madagascar. The daily rainfall data are taken from observational climate
records and climate model simulations from the CMIP6 under the SSP245 and
SSP585 scenarios. Rainy season characteristics are calibrated to fit rice and
maize crop growth stages. The comparison between the past (1950-2018) and
the future (2030-2100) highlights changes in the onset and cessation dates,
which happen later and earlier, respectively. This causes the reduction of the
rainy season duration, which affects the rice and maize crop calendars, espe-
cially its sowing or seeding periods. The worst (best) case is mainly observed in
the southeast (southwest). On the one hand, the southwestern region may
need to adapt to grow rice and maize crops with short or medium crop cycles
in the future. In the Highland or Central land, the length of the sowing or
seeding period increases. On the other hand, the North and East face a signifi-
cant reduction in the length of the sowing or seeding period. Rice endures
more than maize. Growing rice crops twice a year may not be possible in the
future. But rather, we observe minor changes in the West. Our analysis sug-
gests the imperative necessity to advise smallholder farmers to rely on short
crop cycle varieties of rice and maize crops. Predominantly, the harvesting
period is postponed. It is recommended to carefully consider our results for the
definition of food policies.

KEYWORDS

climate projection, Madagascar, maize and rice crop calendars, rainy season

important crops to support food security. For instance,
they are a staple food and main crops in Madagascar.

Rice crops can grow under three environments such
as irrigated, rainfed upland, and lowland. Madagascar
has the largest rice fields, which represent around 15% of
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all of Africa (Diagne et al., 2013). However, the rice fields,
which have been divided for generations, diminish in size
in the Highland of Madagascar (Andrianantoandro &
Bélieres, 2015). Moreover, smallholder farmers had con-
straints due to pests and weeds for rainfed rice and water
management and infrastructure problems for irrigated
rice in the eastern part of Madagascar (Droge
et al., 2020). On the other hand, global climate change
effects would affect rice crop growth and production
(Lanka, 2004; van Oort & Zwart, 2018). Randriamarolaza
et al. (2022) found that the amount of precipitation
decreased, and drought events appeared frequently dur-
ing September-October-November. Therefore, some
studies have been set up to tackle such issues. For
instance, Saito et al. (2018) focused their research on the
improvement of crop varieties in the tropics, especially
for rainfed upland rice crops. Fujisaka (1990) established
for the western part of Madagascar, three and four
research priorities on rainfed lowland and upland rice,
respectively. In Madagascar, promoting upland rice culti-
vation is one key major to increasing rice production.

In Africa, Baskin (2022) noticed that climate change
might decrease maize production as it affected the
growth stages of maize crops. Therefore, Epule et al.
(2022) highlighted that increasing maize yields did not
depend only on increasing harvest area. They recom-
mended thinking about high-yielding and drought-
tolerant varieties as well as climate-smart information to
brief farmers about changes in the growing season. For
instance, Kostandini et al. (2013) indicated the benefits
eamed from drought-tolerant maize.

The objective of this work is to understand the effects
of the changing climate on rainfed maize and rice crops
in Madagascar by studying the characteristics of the rainy
season, its onset, duration, and cessation, and formulat-
ing crop calendars for the present and future based on
observed and projected climate data.

The remainder of the paper is organized as follows:
Section 2 describes the data and methodology. Section 3
presents key findings. Finally, Section 4 sets out both the
discussion and the conclusion.

2 | DATA AND METHODOLOGY

2.1 | Data

This study uses observational data (OBS) provided by the

Directorate General of Meteorology of Madagascar (DGM)

and Global climate projection data from the Sixth Phase of

the Coupled Model Inter-comparison Project (CMIP6).
OBS consists of 26 quality controlled and homoge-

nized time series of daily atmospheric precipitation sums.
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The time series were developed by Randriamarolaza et al.
(2022). The spatial location of the corresponding weather
stations on the territory of Madagascar is shown in
Figure 1. Their data period covers 1950-2018.

Global Climate Models (GCMs) projection data are
obtained from the CMIP6 under the Shared Socioeco-
nomic Pathways SSP245 and SSP585 scenarios. Their
data range from 2030 to 2100. They are publicly available
through the Earth System Grid Federation (https://esgf-
node.llnl.gov/, last visited on May 2022). Three criteria
were set out to select the GCMs, which are:

Native resolution of GCMs is 100 km

GCMs products contain daily precipitation

- GCMs are chosen from the five ensemble members,
which have different realizations but similar initializa-
tion methods, perturbed physics, and forcing as in Ran-
driamarolaza et al. (2023). However, ensemble
members should contain at least two GCMs.

The selected GCMs are listed in Table 1. The number of
GCMs and ensemble members is the same for both SSP245
and SSP585 scenarios. A Madagascar land mask was used
to extract daily precipitation from GCMs. Then, the data of
spatial resolution were converted to 1 degree by 1 degree
using “remapbil” function in the Climate Data Operators
(CDO) package (Schulzweida et al., 2017). Afterward, we
created a multimodel ensemble mean for each five ensem-
ble members by employing “ensmean” function in CDO.
Then, all multimodel ensemble means were ensembled to
build a super-ensemble model. From the super-ensemble
model, the data were interpolated to the weather station
locations by means of the nearest-neighbor method.

2.2 | Methodology

Our analysis consists of two steps: the determination of
the rainfall season characteristics (onset, cessation,
length) defined according to the local climate and the
needs of each crop and the definition of the crop calen-
dar. The analysis, detailed in the remainder of this sec-
tion, is performed with self-developed software INCLICS,
available at https://github.com/Lucmto/INCLICS.

2.2.1 | Rainy season characteristics

Madagascar is an island in the Indian Ocean. It is boarded
by the Indian Ocean at the East and Mozambique channel
at the West. The rainy season straddles 2 years. Climatolog-
ically, the rainy season lasts from November to April. As
the rainy season may start and end either earlier or later,
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FIGURE 1 Spatial location of the synoptic weather stations on the territory of Madagascar and its topography.
TABLE1  GCMslist MRIESM2-0  CESM2-WACCM  CESM2  BCC-CSM2-MR

rlilplfl X X X

r2ilplifl X X

r3ilplfl X X

r4ilplfl X X X

r5ilp1fl X X

we set the rainy season from August to July. Rice and
maize are the main crops in Madagascar. Oldeman (1990)
established the agroclimatology zones favorable for
growing rice in Madagascar. He calculated the monthly
precipitation and potential evapotranspiration ratio to
define water availability. He found nine zones to be poten-
tially adequate for rice cultivation. However, a poor
irrigated rice system exists in Africa and Madagascar.
Therefore, most farmers especially smallholder
farmers grow rice and maize crops following the rainy
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season. Rainfed lowland and upland rice are the types of
rice cultivation in Madagascar.

In this paper, we improve the criteria by using daily
precipitation instead of monthly precipitation to define
the onset and cessation dates of the rainy season. Lieb-
mann et al. (2012) determined that the onset and cessa-
tion dates occurred when daily precipitation are greater
and lower than the annual daily average respectively.
However, this definition gives only potential dates of the
start and end of the rainy season. This may cause a high
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TABLE 2

ZAE
Sahel

Savanna

Guinea

Meteorological Applications
‘Science andTechnalogy forWea her and Ciimste

Literature review of onset and cessation dates definition.

Onset definitions

First occasion after May
1 that the 10- day total
exceeds half the
evaporation assuming
a daily evaporation of
5 mm.

Date after 1 May when
rainfall accumulated
over three consecutive
days was at least
20 mm and when no
dry spell within the
next 30 days exceeded
7 days.

20 mm in 2 days or at
least 2 days of rainy
days within 7 days and
no dry spell within the
next 21 days exceeded
7 days.

30 mm within 10 days,
after which there is no
dry spell longer than
seven (7) days within
the next 30 days.

20 mm in 2 days or at
least 2 days of rainy
days within 7 days and
no dry spell within the
next 21 days exceeded
7 days.

Defl: 25 mm in 5 days
and at least 2 days of
rainy days (which are
0.1 mm) and no dry
spell more than 7 days
within 30 days.

Def2: 25 mm in 6 days
and no dry spell more
than 10 days within
40 days.

First occasion after May
1st with more than
20 mm of rain in
2 days and with no dry
spell of 10 days or
more in the next
30 days.

RANDRIAMAROLAZA and AGUILAR

Cessation definitions

10 mm in 10 days after
which no rain falls for
the next 10 days.

First day after September
1st when soil with a
60 mm water-holding
capacity gets
completely depleted,
assuming daily
evapotranspiration rate
of 5 mm and remains
depleted for at least 5
consecutive days
without recovering to
maximum capacity in
the next 15 days
respectively.

Countries Crops
Mali Cereal crops
Southern Sahelian (maize, millet,
and Sudanian of sorghum)
West Africa
Mali Cereal crops
Ghana (maize, millet,
sorghum)
Maize
Cereal crops
(maize, millet,
sorghum)
Mali and Burkina
Faso

Southwest Burkina
Faso and Upper
East Ghana.
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rate of false alarms, especially for onset dates. Therefore, rainy days within 5 days and no dry spell within the next
we learn from the knowledge of different research studies 21 days exceeding 7 days. This definition ascertains the
listed in Table 2. Rice crops are more sensitive to drought  availability of water for juvenile rice plants, especially for
than maize crops. Moreover, water stress is more impor-  upland rice. For maize crops, we define the onset dates as
tant in rice than in maize crops. We establish two defini-  the first day after August 1 with more than 25 mm of rain
tions of the onset of the rainy season according to the  in 7 days and no dry spell within the next 21 days exceed-
rice and maize crops respectively. For rice crops, we ing 10 days. Maize crops can grow without excessive
define the onset dates as the first day after August 1 with rainy days. Notice that a dry day is a day with less than
more than 20 mm of rain in 2 days and at least 2 days of ~ 0.85 mm of rainfall. These definitions avoid false alarms.

Early Normal Late

/ 7 Date
(month-day)
Jul-31
Jun-25
May-19
: . r-13
r-07
Jan-30
Dec-25
Nov-18
Oct-13
Sep-06
Aug-01
/ /) Date
(month-day)
/ y Jul-31
Jun-25
-19
: : ' Roris
Mar-07
Jan-30
Dec-25
Nov-18
Oct-13
Sep-06
Aug-01
/ /) Date
(month-day)
; Jul-31
Jun-25
-19
: : & mw
Mar-07
Jan-30
Dec-25
Nov-18
Oct-13
Sep-06
Aug-01

FIGURE 2 (a)Rainy season onset dates for rice crops. Dots represent synoptic weather stations. (b) Rainy season onset dates for maize
crops. Dots represent synoptic weather stations.

OBS

SSP245

SSP585
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The similar cessation dates definition adopted by Boansi ~ as clay loam. Therefore, its water-holding capacity is
et al. (2019) depending on the soil's water-holding capacity =~ 150 mm. Oldeman (1990) found that PET reaches more
and daily evapotranspiration (PET) is applied. Soil's water- ~ than 6 mm/day during the summertime, especially in the
holding capacity depends on soil texture and other factors ~ western part. It decreases to 2 mm/day over the wintertime,
such as soil preparation on fertilizers and nutrients. Mostly,  especially in the highland or central land of Madagascar.
soil texture is defined by sand, silt, and clay percentage. Therefore, we set the PET value to 5 mm/day. By gathering
Oldeman (1990) described that Ferrallisol is the major soil those elements, we define the cessation dates as the first
type in Madagascar. In the middle West of Madagascar, the  day after March 1 when soil with a 150 mm water-holding
percentage of sand, silt, and clay are 47%, 21%, and 32%,  capacity gets completely depleted, assuming a daily evapo-
respectively (Fujisaka, 1990). According to a workshop note transpiration rate of 5 mm/day and remains depleted for at
prepared by Armstrong et al. (2001), this texture is classified least five consecutive days without recovering to maximum

Early Normal Late

/
i
i

OBS

Date
(month-day)

Jul-31
Jun—25g

r—_1 3
r-07

SSP245

Date
(month-day)

SSP585

Date
(month-day)

FIGURE 2 (Continued)
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capacity in the next 15 days respectively. This definition is
applied to rice and maize crops.

As explained by de Shannon (2021), onset and cessation
dates are supposed to be normally distributed. Then they
are classified as early, normal, and late when their probabil-
ities are less than 0.33, between 0.33 and 0.67, and greater
than 0.67, respectively. The length of the rainy season is the
number of days between the onset and cessation dates.

These definitions have been applied to OBS and
CMIP6 under SSP245 and SSP585 scenarios.

The onset dates, cessation dates, and the length of rainy
season deduced from OBS are spatialized using inverse

Early

OBS
(month-day)
| Jul-31

Ray-10

: . : r-13
r-07

Jan-30

Dec-25

Nov-18

Oct-13

Sep-06

Aug-01

SSP245

SSP585

FIGURE 3

Normal
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distance weighted (IDW) interpolation to 1 degree by
1 degree resolution. IDW was predominantly used to inter-
polate rainfall as Chen and Liu (2012), Muzakky et al
(2022), and de Oliveira Aparecido et al. (2022) used it to esti-
mate spatial rainfall in Tawain, Indonesia, and Brazil,
respectively. This step converts the onset dates, cessation
dates, and length of rainy season deduced from OBS to have
the same resolution as CMIP6 under SSP245 and SSP585
scenarios. This permits to calculate the spatial differences
between OBS and CMIP6 under SSP245 and SSP585 scenar-
ios. The results highlight the evolution of onset dates, cessa-
tion dates, and length of rainy season in the future.

Late

Date

Rainy season cessation dates for rice and maize crops. Dots represent synoptic weather stations.
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2.2.2 | Crop calendars season to fit the rice and maize crops’ growing seasons.

Crop varieties are different following their length of crop
In general, farmers needed decadal information on climate cycle (LCC). In Madagascar, LCC is classified into three cat-
or weather to manage crop growth. The rice and maize crop  egories: short (S), medium (M), and long (L). It is 105, 130,
calendars are established by referring to the latest date for ~ and 145 days (90, 120, and 150 days) for rice (maize) crop
sowing or seeding. The seeding period is the dates range  varieties respectively. We suppose that the growing season
between the earliest and latest of seeding dates. Thus, the does not end later than late cessation dates. Then, we com-
harvesting period is defined by the earliest and latest dates ~ bine crop cycle lengths and late cessation dates to deter-
to start the harvest. In this paper, we transform the rainy =~ mine the latest dates for sowing or seeding. Thereafter, crop

Early Normal Late

OBS

Days

SSP245

Days

SSP585

Days

FIGURE 4 (a)Rainy season duration for rice crops. Dots represent synoptic weather stations. (b) Rainy season duration for maize crops.
Dots represent synoptic weather stations.
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OBS

SSP245

SSP585

FIGURE 4 (Continued)

calendars are established and contained the sowing or seed-
ing and harvesting periods. The crop calendars are estab-
lished for each weather station location. They are grouped
in five regions such as North (NosyBe, Antsiranana, Vohe-
mar, Antalaha, Sambava), West (Mahajanga, Maintirano,
Besalampy, Maevatanana, Analalava, Antsohihy), Highland
(Ambohitsilaozana, Antananarivo, Ivato, Antsirabe, Fianar-
antsoa, Ranohira), East (Sainte Marie, Toamasina, Maha-
noro, Mananjary, Farafangana, Taolagnaro), South-west
(Toliary, Morombe, Morondava). Then the results obtained
from OBS and CMIP6 under SSP245 and SSP585 scenarios

80
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are compared, especially the mean length of sowing or
seeding period for each region.

3 | RESULTS
3.1 | Rainy season characteristics

Figure 2a, b shows onset dates for rice and maize. In the
past, the earliest, and latest onset dates happen in
the East (August-September) and the South-west
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(December-January) respectively. Rice onset dates lagged Figure 3 displays cessation dates for rice and maize.
maize 1 month, that is, November-December (October— The earliest and latest cessation dates are March-April
November) see the majority of normal onset dates for rice  and June-July, respectively. The earliest cessation
(maize). In the future, the onset dates are delayed. They dates remain in the South. However, this situation is
shift from November (October) to January (December) more tangible in the South-east than South-west in the
for rice (maize). Moreover, we observe the latest onset future. Furthermore, the cessation dates extend to
dates in the North and the South. Instead of September-  May-June in Highland in the future. Generally, the
October, the onset dates become December-January for  early (late) onset dates are associated with the late
rice during the late rainy season in the East. (early) cessation dates.

Early Normal Late

a) Onset

{

b) Cessation

°88883

-20
-40
-60
-80

Days
100

°8838

-20
-40
-60
-80
-100

c) Duration

Days
100

°8538

-20
-40
-60
-80

FIGURE 5 (a)Spatial differences between OBS and CMIP6 under SSP245 scenario according to rice growing conditions. Dots represent
synoptic weather stations. (b) Spatial differences between OBS and CMIP6 under SSP585 scenario according to rice growing conditions. Dots
represent synoptic weather stations.
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FIGURE 5

(Continued)

These results reflect the variability of the rainy season
duration. Figure 4a, b exhibits that the rainy season dura-
tion is more than 200 days in the East and the North.
Nevertheless, It becomes less than 200 days for rice in the
future. Alongside, a significant improvement in rainy sea-
son duration, more than 200 days, is seen for maize on
Highland. Mostly, the reduction of rainy season duration
affects the North, East, and South-east in the future. The
reduction is between 20 and 80 days.

This is because the onset and cessation dates are late
and early, respectively. For instance, the worst situation is

Normal
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Late

Days

Days
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bbbl 3888

in the South-east. However, some parts of West and High-
land or Central land benefit from the lengthening of the
rainy season duration. For instance, the best illustration is
the case of the South-west (see Figures 5a, b, and 6a, b).

3.2 | Rice and maize crop calendars

The sowing or seeding period starts principally from
August to December for rice and maize crops in the obser-
vation period. It is shifted from November to January,
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especially for rice crops in the future. This situation post-  all (i.e., short, medium, and long) and only short varieties
pones the harvesting period. On the one hand, the negative ~ may be grown for East and North respectively, but the har-
impacts are more important for rice than maize crops,  vesting period is postponed in January instead of

especially in the North and East. For instance, all districts November (Figures 7b and 8b). Moreover, Tables 3 and 4
grew predominately rice and maize crops twice a year in  ascertain the decreases in the length of sowing or seeding
the North and East. Nevertheless, any and short rice crops ~ period of more than 75 (70) and 100 (35) days for rice
can be grown twice a year respectively for North and East  (maize) crops in the North and East, respectively. Insignifi-
in the future (Figures 7a and 8a). Regarding maize crops, cant changes are seen for the West as the length of sowing

Early Normal Late

a) Onset
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-20
-40
-60
-80

b) Cessation

88383
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-80
-100

c) Duration
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°85883

-20
-40
-60
-80

FIGURE 6 (a)Spatial differences between OBS and CMIP6 under SSP245 scenario according to maize growing conditions. Dots
represent synoptic weather stations. (b) Spatial differences between OBS and CMIP6 under SSP585 scenario according to maize growing
conditions. Dots represent synoptic weather stations.
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FIGURE 6

(Continued)

or seeding period diminishes around 10 and 2 days for rice
and maize crops respectively in the future (Figures 9a, b,
Tables 3 and 4). On the other hand, the positive impacts
are observed in the Highland and South-west. The length
of the sowing or seeding period increases to around 10 and
30 days for rice and maize crops respectively in the future
(Tables 3 and 4). The granary rice of Madagascar
(i.e., Ambohitsilaozana) may have a chance to improve rice
growth conditions (Figure 10a). As the South has a dry cli-
mate, rice crops are mostly not suitable. However, a new

Normal
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opportunity may be observed in the future as far as grow-
ing rice and maize crops are concerned (Figure 11a, b).

4 | DISCUSSION AND
CONCLUSIONS

This paper uses the state-of-the-art science to produce cli-
mate and weather information critically important for agri-
culture sectors. The quality of climate and weather datasets
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FIGURE 8 (a)Rice crop calendars
for East. Green and Yellow colors
represent the sowing or seeding and
harvesting periods respectively. (b) Maize
crop calendars for East. Green and
Yellow colors represent the sowing or
seeding and harvesting periods
respectively.

is assessed. For instance, OBS datasets are quality con-
trolled and homogenized (Randriamarolaza et al., 2022).
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Climate model simulation datasets are taken from the Sixth
Phase of the Coupled Model Inter-comparison Project
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TABLE 3 Mean length of sowing or seeding period for rice crops in days.
. North West Highland East South-west
Regions
Lce S M L S M L S M L S M L S M L
OBS 142 117 103 59 34 20 70 45 30 192 168 153 0 0 0
SSP245 69 45 30 49 24 9 83 58 43 88 68 56 19 5 0
SSP585 60 35 21 47 22 7 80 54 40 83 62 50 21 6 1
TABLE 4 Mean length of sowing or seeding period for maize crops in days.
North West Highland East South-west
Regions
LCC S M L S M L S M L S M L S M L
OBS 174 145 115 91 61 31 100 70 40 221 192 162 9 0 0
SSP245 109 80 50 2 60 30 134 104 75 190 160 130 58 29 )
SSP585 98 69 39 88 58 28 128 99 69 179 149 119 57 29 9

(Eyring et al., 2016) under the Shared Socioeconomic Path-
way SSP245 and SSP585 scenarios (O'Neill et al., 2017).
Babaousmail et al. (2021) showed that the multi-model
ensemble had a performance in simulating the spatial pat-
tern of rainfall over North Africa. Monteverde et al. (2022)
ascertained the performance of GCMs, especially with the
ensemble model, to produce precipitation in the Amazon
River Basin in Brazil. This paper studies daily rainfall to
draw rainy season characteristics and crop calendars. Based
on these previous studies, we built a super-ensemble
model. The CDO software, written by Schulzweida et al.
(2017), is used to realize the spatial comparisons between
observation and projection datasets. Besides, in-depth
research on literature review was helpful to define and set
up criteria for rainy season characteristics, which fit rainfed
rice and maize crops on water needs. Then crop calendars
were deduced by mixing rainy season characteristics and
the length of crop cycles. The main results on rainy season
characteristics indicate that the past results agree with
Oldeman (1990). The early and late onset dates are always
started in the East and the South respectively. The opposite
is observed for the cessation dates. The length of rainy sea-
son is between 70 (in the South) and 300 (in the East) days.
Major zones have a length of rainy season between
100 and 200 days. They are mostly found in Central land
or Highland. Oldeman (1990) identified that these zones
represented 36% and rainy season was from November to
April. Precisely, early and late onset dates may occur in
October and December, respectively. Moreover, early and
late cessation dates may be April and May, respectively.
The consideration of climate projections under SSP245
and SSP585 scenarios allows us to value the opportunities
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and constraints for growing rice and maize crops in the
future. Mostly, the onset and cessation dates became late
(December-January) and early (March-April), respectively.
This involves the shortening of the rainy season duration
as well as the displacement of the sowing or seeding period.
Therefore, rice crops were principally more sensitive to the
changes than maize crops. Egbebiyi et al. (2019) also
noticed that the suitability of maize crop growth conditions
was improved than cassava and pineapple crops in West
Africa. On the one hand, positive impacts were observed in
Highland and South. Crop calendars stated that the South
might have a chance to grow short or medium rice and
maize crops. These opportunities might be due to the
increase in rainfall associated with tropical cyclones under
climate change effects (Otto et al., 2022). Moreover, Fitchett
and Grab (2014) pointed out that no statistically significant
trends were found for the frequency of tropical cyclone
landfalls in Madagascar and Mozambique, despite their tra-
jectories seeming to move to the South of Madagascar.
Besides, Gerardeaux et al. (2012) showed the positive effects
of climate change on rice production in the Highland. We
find an extension of the sowing or seeding period, espe-
cially for rice granaries in Ambohitsilaozana. Barimalala
et al. (2021) highlighted that the 2.0°C global warning level
generated an increase in total rainfall during the summer-
time, especially for West and South-west regions. These
findings lined up with our findings, as the rice and maize
growing conditions are improving in the West and South-
west. For instance, the length of rainy season increases in
the future. On the other hand, negative impacts were seen
in the North and East of Madagascar. For instance, the
South-east was mainly affected. The length of the rainy
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FIGURE 9 (a)Rice crop calendars for
West. Green and Yellow colors represent
the sowing or seeding and harvesting
periods respectively. (b) Maize crop
calendars for West. Green and Yellow
colors represent the sowing or seeding and
harvesting periods respectively.

season was from 70 (100) to 100 (140) days concerning rice
(maize) crop needs. A previous paper by Droge et al. (2020)
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confirmed that pests and water were the factors limiting
rice yields in eastern Madagascar. Furthermore, Barimalala
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FIGURE 10 (a) Rice crop calendars
for Highland or Central land. Green and
Yellow colors represent the sowing or
seeding and harvesting periods
respectively. (b) Maize crop calendars for
Highland or Central land. Green and
Yellow colors represent the sowing or
seeding and harvesting periods
respectively.
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FIGURE 11 (a) Rice crop
calendars for South-west. Green and
Yellow colors represent the sowing or
seeding and harvesting periods
respectively. (b) Maize crop calendars
for South-west. Green and Yellow
colors represent the sowing or
seeding and harvesting periods
respectively.
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et al. (2021) pointed out that the North and East were sub-
ject to a deficit in total rainfall. In the North and East, a sig-
nificant diminution in the length of the sowing or seeding
period was observed. Nevertheless, the interpretation of the
results should be taken with caution for food policies.

As climate change adaptation and coping strategies,
Madagascar has implemented a system of rice intensifica-
tion (Thakur & Uphoff, 2017) and conservation agriculture
(Bruelle et al., 2015). New seeds, with shortened crop
cycles, drought tolerance, and resistance to storm damage,
were developed and introduced. For instance, new rice crop
varieties were tested such as NERICA stands for New Rice
for Africa (Somado et al., 2008). This variety supports the
temperate climate in Highland or Central land where the
minimum temperature may reach lower than 5°C. Our
findings might reinforce and contribute to improving these
techniques for increasing rice or maize yield production.
Nevertheless, this paper could be upgraded by adding other
variables than precipitation, by focusing on crops’ phenol-
ogy for further details on crops calendars. Further research
might concern the seasonal forecast of onset and cessation
dates as done in East and West Africa (MacLeod, 2018;
Rauch et al., 2019).
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PART III: GENERAL DISCUSSION, CONCLUSION, AND
FUTURE PERSPECTIVES

CHAPTER 6 General discussion and conclusion

This thesis uses the state-of-the-art science on climate change developed during the INDECIS
project. This project focused on the development of users-oriented climate indicators for GFCS
high-priority sectors. Agriculture is one of the priority sectors. This project followed the GFCS
concept to produce science-based climate information. The findings of the INDECIS project
contributed to alleviating challenges, realizing goals, and implementing principles of GFCS as
stated by Hewitt et al. (2012). For instance, the improvement of climate data quality, the
integration of climate information in decision-making, and the exchange of scientific methods
and tools were some of the challenges, goals, and principles respectively. Therefore, this thesis
capitalizes on and applies these concepts, tools, and software to assess climate change effects
in Madagascar, especially in the agriculture sector. The key findings of this thesis are found in
the chapters 3 to 5.

Chapter 3 groups the results on quality control, homogenization of climate data, and climate
indices. The results indicate that:

- Around 0.06% (1,182/2,116,968) of daily raw data are checked. Then 4%, 34%, and
62% of checked data are validated as correct, corrected using online materials, and replaced
with missing values respectively (see Table 3).

- Two different homogenization methods, automatic and semi-automatic modes, produce
similar results according to annual and seasonal trends. Moreover, homogenized data is out of
missing data (see Figure 5).

- The changes corroborate with global warming in Madagascar. On the one hand, air
temperature increases. For instance, the change rate of minimum temperature is greater than
the maximum temperature then the number of cold and hot events diminish and increase
respectively (see Table 6). On the other hand, atmospheric precipitation decreases, and an
intensified drying period is observed from the last fifteen years i.e., 2000-2018 (see Figures 8
and 9). This fact is justified by the frequency of drought events (see Figures 11 and 12).
Chapter 4 concerns the detection and attribution of extreme temperatures in Madagascar. The
findings show that:

- The ENSO events influence the extreme temperature indices, especially those related

to minimum temperature (see Figure 3).
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- Agreement between climate models under anthropogenic-plus-natural (ALL),
greenhouse gases (GHG) and anthropogenic (NAT) forcings and observations are obvious with
frequency than intensity indices (see Figure 4).

- The changes in extreme temperature indices are mainly detected and attributed to
anthropogenic forcing (see Figures 8 and 9).

Chapter 5 focuses on the rainy season characteristics and rice and maize growing conditions.
The observed and projected outputs are compared. The results indicate that:

- Late onset and early cessation are increasingly observed (see Figures 5 and 6).

- Short cycle lengths of rice and maize crops are advised to be planted by farmers in
Madagascar (see Figures 7 to 11).

These main results are obtained by challenging the constraints on the reliability of climate
datasets and the efficiency of science-based methods adopted to develop climatic and
agroclimatic indicators in Madagascar. This section will concentrate on the discussion of these
constraints.

6.1 Reliability of climate datasets

Much research uses climate datasets to develop information on climate change and variability
for policymakers and private sectors (Lacagnina et al. 2022). In this fact, reliable climate
datasets are important as shown by Sorrentino et al. (2012) and Ait Issad et al. (2019) for solar
radiation energy and smart agriculture respectively. To trust climate datasets, it is
recommended to check certain quality aspects. This step ascertains their reliability and usability
(Lacagnina et al. 2022). Climate datasets quality aspects are mainly based on inhomogeneities
which are due to collecting, digitizing, processing, transferring, storing, and transmitting of
climate data. However, it is a big challenge to ensure climate datasets quality as nowadays,
research treats daily Essential Climate Variables (ECV) which are massive amounts of weather
and climate data (Ribeiro et al. 2016). Moreover, Nightingale et al. (2019) identified the ten
science knowledge gaps to ensure quality aspects of in-situ observations and satellite data.
They remarked on the lack of consistent and standard quality flags to compare different data
from different providers. In addition, Dinku (2019) identified quality data gaps in Africa such
as poor quality due to missing data and low density of weather stations’ network. These
situations reflect the Madagascar case. This thesis overcomes these challenges by
implementing science-based methods of quality control and homogenization developed and

applied by the INDECIS project.
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In this thesis, climate datasets include in-situ observations and climate model data. In-situ
observations are the long-time series of daily precipitation and maximum and minimum
temperatures collected from 26 synoptic weather stations in Madagascar. These daily raw data
cover the period 1950-2018. The climate model data are the daily projection data taken from
the Sixth Phase of the Coupled Model Inter-comparison Project (CMIP6). The daily projection
data range from 2030 to 2100.

6.2 Quality control and homogenization of in-situ observations

As the World Meteorological Organization (WMO) recommends having high-quality climate
data to satisfy user needs through climate services, they confirm that quality control and
homogenization of climate data are mandatory and recommended.

6.2.1 Quality control

Quality control consists of checking data highly suspicious to be erroneous. Many tools were
developed to achieve these goals. For instance, Dinku et al. (2022) built the Climate Data Tool
(CDT). The quality control of our in-situ observations was done with an R package called
INQC (Aguilar 2019). INQC stands for Indecis Quality Control of Climatological Daily Time
Series. It is available at https://CRAN.R-project.org/package=INQC. Its main functions were
detailed in Skrynyk et al. (2023). He remarked that INQC included 16 test functions then each
tested value was flagged following six categories such as passed QC, true error, almost certain
error, outlier, collectively suspect, and missing value. INQC software was used to assess the
quality of European Climate Assessment & Dataset station data in the frame of the INDECIS
project. The INQC tests showed that true errors were found in temperatures and precipitation
such as minimum higher than maximum temperatures (e.g., seen in Fianarantsoa station) and
precipitation amount higher than the fixed threshold (e.g., seen in Morondava station).
However, almost certain errors are detected by labeling inter-diurnal differences in quantiles
to be too large and isolating the extreme values that are not continuous in the distribution.
Moreover, some outliers are detected by basing on the interquartile range. Lastly, the repeated
consecutive equal values and decimals and too many consecutive wet or dry days are mostly
the collectively suspect errors detected on temperatures and precipitation respectively. The
missing values are the biggest issues as they reduce the reliability of the climate datasets and
information. Reliable climate time series should not contain more than 10% missing values
according to the recommendation by WMO. Massetti (2014) analyzed the effect of consecutive
missing values on the calculation of monthly temperature indices and found that mean and

standard deviation are mostly influenced by five consecutive rather than five random missing
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values. Unfortunately, our time series on minimum temperature, maximum temperature, and
precipitation contain 16.1%, 15.7%, and 10.2% missing values respectively. Therefore, our
challenge is to have high-quality data by reducing missing value rates and correcting those
suspect errors. Correcting those suspected errors is a big challenge as it is based on weather
and climate archives. Without archives, corrections would be guessed or replaced by missing
values. These two options are not a good way to proceed so we are investigating online
materials to support our correction phase. After correction, the percentage of missing values
reduces by 0.12% and 0.01% for minimum temperature and precipitation respectively.
However, it increases by 0.65% for maximum temperature. This last parameter contains more
errors than the two others. In the next section, we focus on imputation methods of data gaps,
change points detection, and correction.

6.2.2 Homogenization

The goal of the homogenization task is to eliminate non-climatic factors in time series
(Domonkos, Téth, and Nyitrai 2023). Then the performance of the homogenization method
depends on the detection and correction of the inhomogeneities. However, the efficiency of the
detection method is based on its tolerance of missing data (Domonkos 2013). In addition, the
high rate of missing data affects the reliability of climate data. Domonkos and Coll (2019)
demonstrated that missing data impacted mainly on a monthly rather than an annual basis.
Therefore, our task consists of filling these data gaps, detecting inhomogeneities, and
producing homogenized in-situ observation data by using the homogenization method adopted
by Climatol (Jose A Guijarro 2023).

As filling data gaps has been a challenge, many methods have been developed. Addi et al.
(2022) identified 12 methods and found that the best imputation methods were regression,
probabilities principal component analysis, and missForest for rainfall. Afrifa-Yamoah et al.
(2020) focused on infilling gaps for temperature, humidity, and wind speed with three
imputation methods and detected that the multiple linear regression was the best followed by
autoregressive integrated moving average. Qin et al. (2021) are interested in time series with
strong seasonality and spatial correlation. The imputation method was based on the
decomposition of time series using spectral analysis. In the same idea, Climatol uses two simple
methods of interpolation focused on the normal-ratio and 3-station-average (Paulhus and
Kohler 1952).

The detection and adjustment of breakpoints or change points are crucial in the homogenization
step. Several techniques or methods have been developed. Ducré-Robitaille et al. (2003)

adopted and compared eight techniques and found that the standard normal homogeneity test
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(SNHT) (Alexandersson 1986 ; Alexandersson and Moberg 1997) and multiple linear
regression (MLR) (Lucie A Vincent 1998) were the best technique. Moreover, José¢ A. Guijarro
(2013) applied six methods on window running along the time series and ascertained that the
classical t-test, Alexandersson's SNHT, and Squared Relative Mean Difference were the best
tests. In this thesis, the SNHT method has been used as it is implemented in Climatol (see
https://www.climatol.eu/climatol4-en.pdf). On the one hand, the breakpoints were detected on
a monthly scale and in an automatic way as it was also set up by José A. Guijarro et al. (2023)
to test the performance of freely available software packager on homogenization during the
Spanish MULTITEST project. He highlighted that ACMANT and Climatol minimized the root
mean squared errors and errors in the trends of the time series. On the other hand, the
breakpoints were compared with breakpoints detected in a semi-automatic way done with the
software HOMER. HOMER combined the best state-of-the-art homogenization methods such
as PRODIGE, ACMANT, Climatol, and joint segmentation (Mestre et al. 2013). It is set up to
run the pairwise detection, two rounds of joint detection/correction, and a month of change
assessment. It detects more monthly breakpoints (around 1 to 3 per year) than Climatol on
temperature and any breakpoint in precipitation. However, monthly breakpoint dates coincide
with the metadata in Climatol than HOMER even if breakpoints shift 1 to 3 years, especially
on minimum temperature. As the skill of homogenized methods did not depend on the
instability of break detection as said by Coll et al. (2020), these findings ascertain the
empowerment of Climatol to manage short time series, data gaps, and sparse networks. The
correction of the daily time series was done by adjusting each homogenous fragment according
to the monthly breakpoints. Therefore, one of the advantages of Climatol is that it produces
many homogenous time series following the number of homogenous fragments. The default
homogenous time series is the one built from the latest homogenous fragment, but the users
can select or choose the homogenous time series fitted to their analysis. The default
homogenized time series were used to calculate climate indices.

6.3 Climate change indices

The former steps were done to ascertain and improve previous analyses on climate indices and
their trends in Madagascar, for instance, Tadross et al. (2008) and L. A. Vincent et al. (2011).
They used the absolute homogenization method using RHtestV3 software (Wang and Feng
2010). In this thesis, the relative homogenization method was applied by using Climatol and
HOMER softwares. Many projects on benchmarking of homogenization software showed that

relative was more accurate than absolute mothed (José¢ A. Guijarro et al. 2023). As missing
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data and time series with short periods impose constraints on the calculation of climate indices,
many observational datasets were discarded from the previous studies. Therefore, this thesis
chose Climatol software to challenge these constraints as it includes a method to infill data
gaps and manage short period time series, for instance, 26 synoptic weather stations were used
instead of 21 and 19 in the Tadross et al. (2008) and L. A. Vincent et al. (2011) respectively.
Moreover, 37 climate indices were calculated instead of 21 within the previous papers. Tadross
et al. (2008) and L. A. Vincent et al. (2011) took climate indices from STARDEX
(https://crudata.uea.ac.uk/projects/stardex/) and climdex (see
https://www.climdex.org/learn/indices/) projects respectively. Most climate indices are
common to those calculated by the Climind package (see https://cran.r-
project.org/web/packages/ClimInd/index.html) developed during the INDECIS project (see
http://www.indecis.eu/). Furthermore, this thesis introduces new 17 climate indices, for
instance, drought characteristics (i.e., intensity, duration, and magnitude) and some extremes
of precipitation and temperatures. Finally, the analysis period was increased to around 20 years.
Results corroborate with global warming effects. Its comparison with previous papers
ascertained the continuation of climate change impacts. The main results showed that nighttime
indices had higher values than daytime as far as temperature extremes are concerned. In
addition, an intensifying dry period was observed last 15 years (i.e., 2000-2018). This fact was
highlighted by the frequent and intense drought events. For instance, drought events last longer
from September-October-November. In Madagascar, drought has triggered a food crisis as
stated by the conversation journal (see https://theconversation.com/how-climate-change-
contributed-to-madagascars-food-crisis-167370). Militao et al. (2022) pointed out that climate
change was one of the causes of food insecurity and for instance, Madagascar had a high
prevalence according to the World Food Program’s Hunger Map. Therefore, climate indices
play important roles as indicators measuring changes and being considered in the decision-
making process. This thesis also investigates to measure the influence of external forcing (i.e.,
anthropogenic, and natural) on extreme temperature indices.

6.4 Detection and attribution of temperature extremes

This step is crucial to justify the changes and understand the causes of climate change
statistically. As stated by the first IPCC report, the main challenges were to have long and
reliable observational time series and to reduce the climate model uncertainties, especially on
past historical greenhouse gases (Wigley and Barnett 1990). Many efforts have been made

since the second IPCC report to improve the resolution of the Atmosphere-Ocean General
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Circulation Model (AOGCM) then the use of statistical or dynamic techniques permits to
downscale of AOGCMs outputs to the regional scale. For instance, biases have been reduced
(F. Giorgi 1996). However, the fifth IPCC report noticed that the robustness of detection and
attribution depended on the correctness of internal variability simulation (Bindoff 2013).
Therefore, Hegerl et al. (2010a) provided some recommendations for good practice in detection
and attribution studies. They recommended to manage quality and data gaps in observational
data. Easterling et al. (2016) ascertained that challenges in detection studies were data quality,
coverage, and completeness. In this thesis, the reliability of the observational dataset and
indices of temperature extremes are already discussed in the quality control and
homogenization and climate indices sections respectively. As we are interested in the detection
and attribution of temperature extremes by using the fingerprint-based method, Hegerl and
Zwiers (2011) pointed out that the results’ robustness depended on the climate simulation
models or GCMs. They suggested building an ensemble (typically composed of 3 to 10) of
climate simulation models to avoid uncertainty due to internal variability. For instance, Deser
et al. (2012) confirmed the importance of considering the effect of internal variabilities of
GCMs. Then the reliability of models was assessed by comparison with observational datasets.
Climate simulation models under anthropogenic-plus-natural (ALL), greenhouse gases (GHG),
natural (NAT), and anthropogenic (ANT) forcings were compared to observational datasets.
We calculated from observational and climate simulation models datasets, indices based on
threshold and absolute values of minimum and maximum temperatures. They are called
frequency (TN10P, TX10P, TN9OP, TX90P, TN1P, TX99P) and intensity (TNn, TXn, TNXx,
TXx) indices respectively. The relative contribution of different external forcing was analyzed.
As recommended by Hegerl et al. (2010a), the greenhouse gas response from other
anthropogenic forcing was separated. On the one hand, the analysis with wavelet coherence
revealed the influence of ENSO events on temperature extremes in Madagascar. The findings
showed that the frequency indices were more influenced than the intensity indices. Similar
results were observed in Malaysia (Tan et al. 2021). On the other hand, considering the ALL,
GHG, and ANT forcings, the results indicated that frequency and intensity indices were well
correlated with a correlation value of more than 0.6 except for the coldest day and night.
However, climate simulation models had low and high standard deviations for intensity and
frequency indices respectively. The opposite was found for the centered root-mean-square. No
consistency was seen with NAT forcing. The time series comparison ascertained that indices
range values of GCMs under ALL, GHG, and ANT forcings aligned with observational

behaviors at a regional scale. As we respect the guidance and recommendation on detection
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and attribution studies, we trust the robustness of our conclusion saying that changes in
temperature extremes are detected and attributed to anthropogenic forcing, especially GHG
forcing. These results would help to issue decision-making on climate change impacts.
Therefore, the next section deals with climate change impacts on the agriculture sector.

6.5 Effects of climate change on rainy season characteristics and growing season

calendars for rice and maize crops

The agriculture sector is more vulnerable to climate change compared to other natural
ecosystems (Tao et al. 2011). For instance, Miiller et al. (2011) studies issued from climate
change assessment literature, revealed that African agriculture was threatened by climate
change and science should be involved to improve agricultural production in Africa. The sixth
report of the Intergovernmental Panel on Climate Change (IPCC) ascertained with high
confidence that climate change negatively affected the African food systems due to the
shortening of growing season and water stress (Trisos et al. 2022). Andrianarimanana et al.
(2023) assessed the importance of climate, land, and soil on the global supply of agricultural
products and global food security. They discovered that climate lowered the soil quality and
agricultural production in tropical regions. For instance, the negative impacts were obvious for
low-income countries with low adaptive capacity such as Madagascar (Rakotonirina. et al.
2023). Moreover, Harvey et al. (2014) highlighted that smallholder farmers were extremely
vulnerable in Madagascar. Then Mutengwa et al. (2023) and Rakotonirina et al. (2023)
suggested that promoting the Climate-Smart-Agriculture (CSA) would be a solution to increase
farmers’ resilience in Southern Africa and Madagascar respectively. Rice and maize are widely
grown as they are stapled foods in Madagascar. Therefore, this thesis part may contribute to
the CSA approach by understanding the climate change effects on rainy season characteristics
and growing season calendars for rice and maize crops. The onset and cessation of the rainy
season were defined as the rainy season which could fit the growth and development of rice
and maize crops. For instance, Van Nguyen and Ferrero (2006) and Prasad et al. (2017)
assessed the challenges in rice production and found that rice was going to suffer because of
the scarcity of water resources due mainly to dry spell events. For instance, only 22% of the
cultivated area is irrigated in Madagascar according to an FAO report in 2013
(https://www.fao.org/3/ca0199ft/CA0199FR.pdf). Thus, the objective of this section is to
establish a science-based technique on rainfed rice and maize crop calendars that ensures the
availability of water for juvenile plants. The literature reviews permit to selection of the

definitions of onset and cessation of the rainy season based on criteria of rainfall quantity and
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dry spell length. With the approach done by Liebmann et al. (2012), we can define the potential
onset and cessation dates of the rainy season. However, the potential dates may be followed by
dry spell events which may affect juvenile development. Then the potential dates may be false
alarms. For instance, chapter 2 showed that drought or dry spell events were mostly frequent
at the beginning of the rainy season, especially during September-October-November in
Madagascar. This period matches to germination phase which is one of the sensitive phases of
crop development. A similar situation was found by Ibrahim et al. (2022) in Burkina Faso. To
tackle this issue, the researcher tested different criteria to identify the real or effective onset
dates from which crop conditions are satisfied according to Usman and AbdulKadir (2013).
For instance, Stern et al. (1981) added the criteria on dry spell occurrence to define the earliest
onset dates for West Africa. Then Sivakumar (1988) computed the early and normal in the
Southern Sahaelian and Sudanian climatic zones. Akinseye et al. (2016) tested four definitions
to detect the onset dates of the rainy season in the Malian agroecological zones. Through the
findings of Akinseye et al. (2016), this thesis formulates the criteria for the total amount of
rainfall, minimum numbers of rainy days, and maximum length of dry spells to determine the
onset dates. As maize uses less water than rice (Ondrasek et al. 2014), fewer constraints are put
on maize than rice crops as far as rainfall amount and length of dry spells are concerned. On
the one hand, the potential (effective) onset date of the rainy season, which fits rice (maize)
crop needs, is the first day after August 1% with more than 20 mm (25 mm) of rain in 2 days (7
days) and no dry spell within the next 21 days exceeded 7 days (10 days). However, the
effective onset date of the rainy season for rice crops is when the potential onset date is
followed by at least 2 days of rainy days within 5 days. This last condition is not necessary for
maize crops as it can grow without excessive rainy days. For instance, Li et al. (2019) pointed
out that excessive rainfall hurt maize yield in the United States. On the other hand, the effective
cessation date, which fits rice and maize crop needs, is defined as the first day after March 1
when soil with a 150 mm water-holding capacity gets completely depleted, assuming a daily
evapotranspiration rate of 5 mm/day and remains depleted for at least five consecutive days
without recovering to maximum capacity in the next 15 days respectively. Then supposing that
the rainy season starts and ends normally, the sowing or seeding period ranges from the lower
bound of the normal onset period of the rainy season to the latest sowing or seeding date which
is the date calculated from the upper bound of cessation normal period of the rainy season and
the length of crop cycle. Moreover, the corresponding harvesting period is also computed. The
period spans from sowing or seeding and harvesting periods are called growing seasons. As

our goal is to compare past (1950-2018) and future (2030-2100) rice and maize growing
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seasons, the findings show that the onset and cessation of rainy seasons are mainly late and
early respectively. Then the duration of the rainy season decreases. This situation is mostly
observed in the north and east parts of Madagascar. Similar situations were seen in East Africa
(Dunning et al. 2016) and in the IGAD region of Eastern Africa (Omay et al. 2023).
Consequently, on the one hand, the start of the sowing or seeding period is delayed around 1
to 3 months, and the harvesting period is postponed in the future. Rice crops are more affected
than maize crops. To cope with this situation, new rice breeds have been generated called
NERICA stands for New Rice for Africa which can tolerate drought, weeds, and pests (Somado
et al. 2008). On the other hand, some opportunities have been observed in Central land or
Highland and South, especially increasing the sowing or seeding period of around 10 to 20
days for short-cycle crops. Gerardeaux et al. (2012) noticed other opportunities due to

temperatures and increasing CO2 for rice crops.
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CHAPTER 7 Future perspectives

This chapter covers the improvement that could be implemented and ascertains the thesis
findings. Firstly, trust in scientific climate information is mainly dependent on the efficiency
of the scientific methods and the quality of the climate dataset. Therefore, our improvement
focuses on updating the in-situ dataset period and removing non-climatic factors by applying
the state-of-the-art on homogenization. Improving the homogenized dataset of the
observational weather and climate data is an important step toward have efficiency and
reliability of climate data and information. Climatol has well homogenized Madagascar in-situ

datasets, (Guijarro et al. 2023). Then applying different homogenization methods may bring

more added values such as geostatistical simulation (Caineta et al. 2015 and Ribeiro et al.
2017).

Furthermore, spatial and temporal assessment between climate model and observational
datasets may be improved. The challenges would be to build gridded high-resolution climate
datasets from in-situ and climate models. To tackle this issue, bias adjustment and technical
downscaling methods may be implemented. For instance, Werner and Cannon (2016) identified
seven downscaling methods that could be applied to improve our results. They found that the
double bias correction constructed analogs were more accurate as far as climdex indices were
concerned. Vogel et al. (2023) applied four downscaling and bias correction methods which
were more focused on hydrological application but could be used in another research domain.
On the one hand, applying a dynamic downscaling approach would need more computation
resources but some Regional Climate Model outputs are freely available such as CORDEX-
AFRICA (see https://cordex.org/domains/region-5-africa/). The Global Climate Model outputs
may be downscaled by combining machine learning and statistical downscaling methods to
obtain excellent results. For instance, Sidhu et al. (2023) ascertained that machine learning
performed better than the ordinary least square linear regression when dealing with climate
change impact. Moreover, the International Conference on Regional Climate-CORDEX 2023
(see https://cordex.org/icrc-cordex-2023/) held in Italy in September was a great opportunity
to exchange with experts on bias correction, machine learning and statistical downscaling,
especially with experts from the National Institute of Water and Atmospheric Research
(NIWA), Auckland, New Zealand (Rampal et al. 2022) and Toulouse university, Météo France
(Doury et al. 2023). Learning by-doing sessions will be held in the future. These efforts will
contribute to improving the findings on climate change impact assessment of rainy season

characteristics and crop growing seasons. Furthermore, the sub-seasonal and seasonal analysis
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for the onset and cessation of rainy seasons and crop growing seasons may be improved by
introducing other parameters than precipitation such as solar radiation, wind speed, relative

humidity, minimum temperature, and maximum temperature.
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