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on vegetation in Madagascar
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SUMMARY

Madagascar is a low-income country, highly vulnerable to natural disasters affecting the small-scale sub-
sistence farming system. Recently, climate change and environmental degradation have contributed to an
intensification of food insecurity. We aim to monitor the link between dry and hot extremes on vegetation
conditions, separated or concurrently, using satellite data, such as LST, ET, ETO, and FAPAR products from
SEVIRI/MSG disseminated by LSASAF-EUMETSAT. The analysis was made for a long record from 2004 to
2021, focusing on the extreme seasons of 2020 and 2021. Results highlight the higher impact of combined
dry and hot events when compared with isolated events, with a strong response of vegetation in the
southern part of Madagascar. Results point to the added value of using the recent data records from geo-
stationary satellites with high temporal resolution and updated in near real-time, to early detect, monitor,
and characterize the impact of climate extremes on vegetation dynamics.

INTRODUCTION

Madagascar is a mountainous island located in the Southwestern Indian Ocean, off the South-Eastern coast of Africa, extending over 580 km
from east to west and 1600 km from north to south (Figure 1). With a gross domestic product of USD 422 per capita (around 70% of the pop-
ulation lives on less than USD 1.90 a day), Madagascar is a low-income country.” The high vulnerability to natural disasters, associated with the
prevalence of the rainfed small-scale subsistence farming system, also susceptible to natural disasters, has played a crucial role in the low
human development achieved in the last decades. Madagascar is among the 10 countries most affected by disasters” and is considered
the most cyclone-exposed country in Africa.” Madagascar is therefore highly susceptible to the occurrence of extreme weather and climate
events, which have a directimpact on ecosystems.”'° Madagascar was affected during the last years by extreme droughts at levels not seen in
four decades, which led to crop failures and widespread food shortages'' and drought-induced deforestation.” The Grand Sud region has
been affected by successive drought events in the 2019/2020 and 2020/2021 rainy seasons.” The successive dry conditions in agriculture were
disastrous, forcing people to adopt desperate survival measures, such as eating locusts, raw red cactus, or wild leaves.'" Since late 2020s,
dozens of starvation deaths have been recorded in Madagascar,'? and more than 1.1 million people—out of a population of about 27
million—are food insecure.'’ This period of years of drought, associated with intense deforestation, poverty, and population growth, has
led the country to change to a desert-like country, and it is expected to worsen due to climate change and temperature warming. According
to the most recent climate projections,” a robust increase in the annual mean temperature ranging from 0.9°C to 1.2°C is projected in the
1.5°C global warming level, with the west and southwestern parts of the island displaying the highest rise in temperature. On the other hand,
the changes in rainfall are not so clear and show larger uncertainties, depending on the location, the months within the rain season, and the
warming level. Projected decreases in rainfall associated with projected increases in the length of the dry periods can cause supplementary
stress on already vulnerable livelihoods in southern Madagascar. Additionally, projected temperature increases could disrupt even more
certain micro-climates and lead to significant changes to local farming systems, with implications for food security.'* Nevertheless, it is impor-
tant to stress that, according to the IPCC's recently published éth Assessment Report that surveyed the evidence from attribution analyses,
the projected changes in precipitation, heatwaves, and droughts have different confidence levels.'® The expected increase in heat extremes
has low confidence on human attribution due to low agreement, whereas high precipitation and drought changes have limited data/literature
and low agreement, respectively. Following the Framework’s recommendations, the relation between different cooccurring or consecutive
extreme events has been addressed on a regional to global basis, namely focusing on the effect of antecedent drought conditions on the
occurrence of temperature extremes.'®?* The role of spring precipitation deficits increased solar radiation and warming in amplifying the
high-temperature anomalies in extreme summers due to soil moisture depletion has been highlighted in several studies.”* Additionally,

the occurrence of preceding drought conditions has been identified to constrain in certain regions subsequent hot events.'®'®
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Figure 1. Study area: Madagascar island
(A) Elevation in meters.
(B) Land cover map from ESA-CII land cover product for 2018.

Apart from the documented association between droughts and heat extreme events in certain parts of the world, their influence on vege-
tation activity has been also analyzed during the last years.>**~*® Previous studies pointed out that the depletion of soil water content am-
plifies high temperatures due to the increase of sensible heat fluxes,”” leading to a consequent reduction in the transpiration and photosyn-
thetic activity of vegetation,30 which on the other hand can lead to severe wildfires and consequently to considerable economic, social, and
environmental damages.®' Moreover, the land-atmosphere-vegetation interplay can occur with different levels of damage, even for low-in-
tensity extremes,*” and its highly dependent on the land cover.”***** Despite the scientific progress to date regarding the analysis of com-
pound extreme events, the full perception of the association between heatwaves and droughts and its impacts on vegetation are still a chal-
lenge, particularly in South America and Africa®”*> where this compound framework approach is still incipient.

This case study aims to address three important caveats identified in the literature, namely (1) the lack of published works adopting a com-
pound framework in African regions, (2) the analysis of the relation between the compound dry and hot events with the vegetation conditions
in Madagascar, and finally, (3) the capability of doing this type of analysis using satellite-derived near-real-time (NRT) datasets. In order to
accomplish the proposed goals, remote sensing information between 2004 and 2021 will be used. The ability of satellite data to monitor
the response of vegetation to single dry and heat extremes and the cooccurrence of these extremes in NRT is shown. The extreme drought
and heatwave conditions of 2020 and 2021 are analyzed, and their relationship with vegetation conditions over Madagascar is modeled using
satellite information about vegetation, evapotranspiration, and land surface temperature.

RESULTS

Monthly means of Land Surface Temperature (LST), Evaporative Stress Index (ESI), and Fraction of Absorbed Photosynthetically Active Ra-
diation (FAPAR) (see STAR Methods section) were computed considering the reference period from 2004 to 2021 (Figures 2, 3, and 4). LST
values are higher in west and south regions, reaching values around 35°C in November and December. On the other hand, LST values are
lower in east coast and highlands with monthly mean values around 10°C from June and July (Figure 2). Moreover, lower ES| values are
observed in the southern sector from April to December, showing more extreme dry values affecting a widespread region from June
to November. The central highland region also shows low values of ESI from July to October, although not so extreme (Figure 3). The
monthly spatial patterns of LST and ESI are compatible with the wet and warm versus cool and dry seasons, i.e., hot and rainy season
(high LST and ESI) from November to April and cooler and dry season from May to October (low LST and ESI) (Figure 5). The spatial patterns
of FAPAR are also compatible with the previous spatial patterns of ESI and LST, showing higher photosynthetic activity in regions and
months characterized by wet and mild conditions. Low values of FAPAR are observed from May to December, with lower values from
August to November over west, inland, and south regions, typical of grassland, woodland, and dry forest types. High vegetation activity
is observed over the entire island from February to April and remains high during the whole year in the east coast, which is dominated by
tropical rainforest (Figure 4). It should be stressed that higher vegetation activity occurred between January and April, coincident with the
hot months if there is water availability but is lower between September and November when even higher temperatures are observed in
the dry months (Figure 5).
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Figure 2. LST monthly means over Madagascar from 2004 to 2021 (Units: °C)

The occurrence of hot and dry extremes observed in 2020 and 2021 is depicted in Figures 6, 7, and 8. Strong positive monthly LST anom-
alies (up to 6°C) are recorded in February, November, and December 2020 and January, February, and December 2021. Nevertheless, less
intense, already positive monthly LST anomalies (around 2°C) are spread over the island except for eastern coastal areas in some months
(Figure 6, top panel). Negative anomalous values of LST are very rare and sparse in the island during 2021, but preferentially over coastal
and northern regions. On the other hand, some consistent spatial patterns of negative anomalies of LST were observed in January 2020 in
coastal and northern regions and over east coastal areas from February to July and October and December of 2020 (Figure 6, bottom
panel).

The dry patterns in 2020 and 2021, as obtained from ESI negative anomaly values, are also obvious (Figure 7). Strong and consistent nega-
tive spatial patterns of ESl are found in the 24 considered months with higher negative values over southern and southwestern regions. Nega-
tive ESl anomalies are observed from January to June and November and December of 2020 mainly over southern and western regions. Some
isolated positive anomalies are also found mainly from June to October over northern and central highland regions (Figure 7, top panel). The
spatial patterns of negative ESI anomalies are stronger in 2021, in particular in January, April, May, November, and December affecting once
again the southern and western sectors. Consistent and strong positive patterns are found in the North and central highlands from April to
August and over the north and eastern coastal regions from September to December of 2021 (Figure 7, bottom panel).

The impact of climate extremes on vegetation activity observed in 2020 and 2021 is depicted in Figure 8. Negative anomalies of FAPAR
resulted from lower than usual canopy's ability to absorb radiation for photosynthesis and lower than usual photosynthetic activity and
biomass production. Vegetation activity is also strongly dependent on water availability. Negative anomalies of FAPAR are observed in
most of the months of the two years, except for September and October 2021 over the entire island and January to March both in 2020
and 2021 in the Central and Northern sectors (Figure 8). Strong and consistent spatial patterns of strong negative anomalies of FAPAR
are found mainly in southern regions, although some hotspots over inland lowland and northern regions, namely in April and October
20202 and March to June 2021. The severity of the impact of hot and dry events is stronger from December 2020 to March 2021 and December
2021 over the southwestern and southern regions of Madagascar Island (Figure 8, bottom panel).

The persistence of the climate extremes (dry and hot conditions) and their relationship with vegetation are linked to the long-lasting dura-
tion of the events. The number of months presenting negative anomalies of ESI (lower than the 20th percentile: —0.05) and positive anomalies
of LST (higher than 80th percentile: 1°C) during the two years are computed and shown in Figure 9 (left and central panels). A large and spread
region ranging from 10 to 22 months of high positive anomalies of LST is located in the west, central highlands, and southern sectors. The
lowland areas close to the east coast, from south to north, exhibit very few months with positive LST anomalies (lower than five months) in
the two consecutive years (Figure 9, left panel). This region also shows a few months with negative anomalies of ESI, although some inland
east areas with around 10 months of dry conditions. On the other hand, a sharp contrast between the north and south sectors was found with a
pattern with less than five dry months in the north and another with more than 30 dry months in the southern sector. The high number of
drought months in the south and southwestern sectors are conspicuous. Areas ranging from 10 to 20 dry months over the lowland west region
are also observed (Figure 9, central panel).
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Figure 3. ESI monthly means over Madagascar from 2004 to 2021 (Units: dimensionless)

The percentage of Madagascar island area (%) affected for more than 9, 14, and 18 months by individual stressing conditions of dry, hot,
vegetative stress (veg-) or by compound events of hot and dry, hot and vegetative stress, dry and vegetative stress, and hot and dry and vege-
tative stress are presented in Table 1. More than half of the island area was stricken by more than nine months of hot conditions, followed by
around 40% being affected by drought for more than nine months for two years, contrasting with the one-fifth of the area showing stressed
vegetation. Although a higher percentage of the island (~1/3) was affected by hot and dry conditions, the percentage of area affected by
stressed vegetation and other weather extremes, isolated or compound, remains around 1/5 of the island. On the other hand, the percentage
of area affected by longer periods of extreme heat decreased to 21% during more than 14 months and 5% when more than 18 months are
analyzed, whereas the decrease is less accentuated in the case of persistent drought and vegetative stress (22% and 5% for drought and 9%
and 4% for vegetation). The decrease of area affected for the compound events observed for a longer period is similar to the ones described
for the persistence over nine months.

The regions exhibiting more than nine months with hot and dry surface conditions are represented in black in Figure 9 (right panel). The
areas showing dry conditions for more than nine months are represented in green, and the pixels struck by heat conditions for more than nine
months are represented inred. A large pattern of pixels coaffected by more than nine months of dry and heat conditions are observed in black
(Figure 9, right panel). It should be stressed that the cooccurrence of nine months of negative (positive) anomalies of ESI (LST) does not require
a contemporaneous occurrence. Results show a large area coaffected by hot and dry conditions in the two-year period over South and the
southwestern sectors with some hotspots in west lowland regions. A large area affected solely by hot conditions is observed in central high-
land areas (Figure 9, right panel).

The persistence of vegetative stress conditions in Madagascar is assessed by computing the number of months presenting negative anom-
alies of FAPAR (lower than the percentile 20: —0.03) (Figure 9, left panel). A large spatial pattern of more than 18 months (out of 24) with nega-
tive anomalies of FAPAR is observed over the southern sector of the island, with some hotspots in southwest and west coastal regions and
southern highlands. On the other hand, the east coastal region, the west, north, and central highlands show a low number of months with
negative anomalies of FAPAR, whereas the east region seems not to be affected by either hot or dry conditions (Figure 9, left panel).

With the aim to associate the areas exhibiting several months of lower vegetation activity with the areas affected by concurrent heat and
dry conditions, the pixels with more than nine months of negative anomalies of FAPAR are selected. Figure 10 (right panel) shows the scat-
terplot of the number of months presenting heat (LSTsum, y axis) and dry (ESIsum, x axis) conditions for those selected pixels showing
persistent vegetative stress (the colors of pairs [ESIsum, LSTsum] in the plot). Results show that the pixels corresponding to pixels with
the high number of months with vegetative stress (ranging from 15 [yellow] to 24 [red] months) correspond to pixels with more than 18
dry and heat months (ESlsum and LSTsum higher than 18). Some pixels presenting long-lasting vegetative stress are associated only
with persistent dry conditions (ESIsum higher than 18 months and LSTsum around 5 months). Results highlight the persistence of dry
and hot conditions and the stronger and larger impact on vegetation activity of the composite occurrence compared with the isolated
occurrence of dry conditions.

4 iScience 27, 108658, January 19, 2024



iScience ¢? CellPress
OPEN ACCESS

10.4
10.3

10.2

Figure 4. FAPAR monthly means over Madagascar from 2004 to 2021 (Units: dimensionless)

Figure 11 represents the temporal evolution, from 2004 until 2021, of FAPAR anomaly values averaged over pixels coded in Figure 9 (right
panel) as persistent dry (green), hot (red), and hot and dry (black). The larger impact of persistent hot and dry conditions on vegetation activity,
as obtained by FAPAR anomaly values, is notorious. Persistent negative FAPAR anomaly values are observed from the end of 2019 until the
end of 2021, with few exceptions in the beginning and a few months before the end of 2021. The annual accumulation of FAPAR anomaly
values averaged over pixels coded as persistent dry (green), hot (red), and hot and dry (black) are presented in Figure 11, bottom panel. Ac-
cording to the temporal evolution presented (top panel), the sum of spatial averaged negative anomaly values for hot and dry pixels is con-
spicuous during 2020 and 2021, being a record since 2004. The sum of spatial averaged negative anomaly values for hot and dry pixels in 2018
and 2010 is also evident. On the other hand, the evolution of strong negative anomalies for hot and dry pixels observed from the end of 2014
and the beginning of 2015 (top panel) does not correspond to a significant annual sum of negative FAPAR anomalies (bottom panel), as they
distributed by two years (2014 and 2015) with normal and positive FAPAR anomalies.

It should be stressed that the exceptionality of the impact on vegetation activity is related not only to the persistence of vegetative stress
but also to the magnitude of impact, as seen by the magnitude of the averaged values of monthly anomalies of FAPAR (Figure 11, top panel)
and by the sum of negative averaged values that persisted during the annual assessment (Figure 11, bottom panel). The persistence and
magnitude of the negative annual averaged FAPAR anomaly values are much larger for hot and dry, followed by dry, and finally by hot con-
ditions. The strong negative vegetation behavior observed in 2009/2010 and 2014/2015, despite presenting high severity (magnitude), is not
very persistent (three or four months). The greater impact of dry and hot conditions is not evident when compared with dry and hot separately
(Figure 11, top and bottom panels), in particular in 2014/2015 and 2017/2018. This feature could be related to the criterion used here to select
pixels that relied on the persistence of the vegetative stress conditions in the two-year period of 2020 and 2021. Another interesting feature is
the persistent low vegetation activity observed over the pixels, showing hot and dry conditions in 2020 and 2021, also during 2018, which
accounts for almost 36 months in four years (48 months) with vegetative stress during the last four years (48 months), which may represent
strong impacts for crop production and food security.

DISCUSSION

Madagascar is among the top 10 countries most affected by natural disasters,” where massive cyclonic storms take the lead in terms of im-
pacts.” Nevertheless, their dry counterparts have been hitting frequently the Grand Sud region in the last years (e.g., 2019/2020 and 2020/2021
rainy seasons’ droughts®), leading to crop failures and widespread food shortages.'' These successive extremely dry years have had tremen-
dous impacts on the agriculture sector, forcing people to starve and rely on scarce and not common food supplies.'""'? These stressful con-
ditions are expected to worsen in the future years due to global warming, with temperatures being projected to increase in Madagascar be-
tween 1.1°C and 2.6°C by 2065."" Projected decreases in rainfall associated with estimated increases in the length of the dry periods are
expected to put further pressure on already vulnerable people and ecosystems, particularly in southern Madagascar.'

iScience 27, 108658, January 19, 2024 5
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Regardless of the already identified impacts of extreme events, the occurrence of compound events and the accountability of theirimpacts
is still a challenge, particularly in certain areas of the globe, like Madagascar. In this sense, the present case study aimed to contribute to
improving the knowledge of the occurrence of dry and heat extremes in Madagascar and its relation with vegetation conditions using remote
sensing information between 2004 and 2021. Special attention was devoted to the occurrence of compound events, and a detailed analysis of
the exceptional extreme drought and heatwave conditions of 2020 and 2021 was performed.

The results obtained in this work indicate that using parameters obtained exclusively by remotely sensed data can provide helpful infor-
mation about the occurrence of extreme dry and hot conditions and associated vegetation conditions. This work highlights that it is possible
to evaluate the cooccurrence of extreme events (compound or individual) and vegetation conditions at a regional scale based solely on low-
resolution remotely sensed observations that are easily and freely accessible. The results show that the recent low-resolution data records
from geostationary satellites, now available for almost 20 years, provide important information to early detect, monitor, and characterize
the impact of climate extremes on vegetation dynamics and crop production, in particular considering their high temporal resolution, low
number of missing values, and dissemination in NRT. Although low-resolution remote sensing observations have been shown to provide in-
formation about vegetation in previous studies, their availability on NRT and their improved quality and length have a significant impact on
studies in certain areas like Madagascar. Therefore, the approach presented in this study is a valuable and easy tool for agricultural monitoring
and for estimating vegetation conditions associated with climate extremes, such as drought and heatwaves. Previous studies applying remote
sensing approaches, relying on a variety of indices, were successfully applied to other African regions (e.g.,**). Nevertheless, these studies
do not account for the interplay between different stressors, namely between drought conditions and heat stress. To the best of our knowl-
edge, the present study constitutes a first attempt at analyzing the combined effect of dry and hot conditions and their impact on vegetation
in Madagascar.

Our results highlight that hot and dry conditions are highly dependent on altitude and distance to the coastline, following an NW to SW
gradient. Namely, LST values are higher in the west and the south regions, and ESl values are lower in the southern sector. As it was identified

|.,'® the presence of dry conditions in the months preceding the warmer months is

for the Mediterranean area and for the Balkans by Russo et a
of high importance to the occurrence of extremely hot events. This association suggests a strong relationship between precipitation deficits
and the following occurrence of hot extremes also identified over other parts of the globe,'® namely in America® and India.”’

We find a synergy between the occurrence of extreme hot and dry events and vegetation conditions over several areas following similar
patterns to the one identified for hot and dry extremes, which is a cause of concern, as the prospect of more frequent and intense compound
events like droughts and heatwaves is projected to increase in the future.' When the analysis is particularized for the extreme years of 2020
and 2021, strong positive LST anomalies (up to 6°C) are recorded during the wet seasons (February, November, and December 2020 and
January, February, and December 2021). This situation was intensified by the presence of long-term drought conditions in more than 9 months
in 2020 and 10 months in 2021 over southern and western regions. Conversely, strong wet conditions were found in the north, central high-
lands and eastern coastal regions. These extreme dry and hot events had an expressive impact on vegetation, particularly in the southern
region and during the 2020 and 2021 dry seasons (from April to October 2020 and March to June 2021). However, the severity of the impact
of hot and dry events was stronger during the wet season (from December 2020 to March 2021), which was linked to the long-lasting duration
of the events.

Although using satellite data only available from 2004 to the present, our work was able to identify several drought events with significant
impacts on vegetation activity over southern Madagascar. Droughts are frequent in the region, namely considering the six severe events in the
last decade, often with total loss of crops and widespread food insecurity.*” Despite the relative adaptation of the population to low ground-
water and river levels, however, the higher temperatures in recent years have exacerbated this deficit.

The higher impact of composite hot and dry extremes on vegetation activity in 2020 and 2021 over the southern region is evident and
consistent with the huge impacts in the agriculture sector, namely the subsistence farming with traditional methods, which forced 80% of
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Figure 6. LST monthly anomalies for 2020 (top) and 2021(bottom) over Madagascar
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Figure 7. ESI monthly anomalies for 2020 (top) and 2021(bottom) over Madagascar

the population to desperate survival measures.”” Our results are in accordance with the exceptional character of the drought event that was
called the worst drought in 30 years, affecting agriculture for three consecutive years,”* mainly considering the water deficits occurred during
the planting seasons, causing consecutive failed harvest.”” Although the largest relation of compound dry and hot extremes with vegetation
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was seen in the southern regions, some hotspots were also identified in the western lowland regions. Itis important to highlight that the cooc-
currence and persistence of dry and hot conditions have a stronger and larger influence on vegetation activity when compared with the iso-
lated occurrence of dry conditions.
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Figure 9. The number of months with LST anomalies higher than 1°C (left) and ESI anomalies lower than —0.05 (middle) over Madagascar for the two
years of 2020-2021

Spatial pattern of pixels affected by more than nine months of negative anomalies of ESI (dry) and positive anomalies of LST (hot) and cooccurrences of more than
nine months of negative anomalies of ESI and positive anomalies of LST (hot and dry). Cooccurrence does not require a contemporaneous occurrence.

Limitations of the study

Although Madagascar has been facing prolonged drought, which is expected to continue to worsen in the future years due to climate change,
a new attribution study,*" led by a team from the World Weather Attribution (WWA) network, finds that although climate change may have
slightly increased the likelihood of this reduced rainfall, the effect is not statistically significant. Thus, climate change is not the main driver of
the recent food insecurity in Madagascar. One important anthropogenic factor that contributes to food insecurity is the low level of mineral
and organic fertilizers utilization and insufficient technological knowledge that directly contributes to the low yields obtained.** This is one of
the caveats of this work, as this study focuses on the response of vegetation to two climatic factors without considering the effects of non-
climatic factors, which in the case of Madagascar have been reported to have a huge impact (e.g., irrigation, fertilization, and overgrazing
practices)M'45 and other natural disturbances (e.g., desertification, wildfire, and pest outbreaks).*

Another one of these caveats is that we do not differentiate among land covers nor crops. All in all, these factors can lead to drastic effects
that can contribute to the intensification of impacts when compound events occur. Finally, we present evidence based on remote sensing data
of the cooccurrence of these extremes, but based on this approach we are not able to quantify the impacts of hot and dry extremes on vege-
tation conditions. In future, the analysis of different land occupations and human practices and also the quantification of the impacts should
be included and analyzed.

Conclusions

In general, climate extremes have a significant impact on different ecosystems. In this study, a remote sensing approach is applied for
exploring the relationship between compound dry-hot events with vegetation conditions in Madagascar.
The main findings are summarized as follows.

(1) The combined effect of dry and hot events in vegetation has a higher impact than the isolated occurrence of events.

Table 1. Percentage of Madagascar island area (%) affected by more than 9, 14, and 18 months of dry, hot, vegetative stress (veg-), hot and dry, hot and
vegetative stress, dry and vegetative stress, and hot and dry and vegetative stress

Percentage of Madagascar island (%)

>9 >14 >18
Dry 42.7 21.4 9.7
Hot 55.9 21.8 5.1
Veg- 22.2 9.3 3.5
Hot & dry 35.0 10.6 1.9
Hot & veg- 20.2 5.4 1.0
Dry & veg- 21.0 8.1 2.7
Hot & dry & veg- 19.3 4.7 0.8
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Figure 10. Number of months showing vegetative stress and its relation to hot and dry extremes

Left: spatial distribution of the number of months with FAPAR anomalies lower than —0.03 (middle) over Madagascar for the two years of 2020-2021. Right:
scatterplot of prolonged dry (ESIsum) and hot (LSTsum) pixels for the pixels with more than nine months of negative anomalies of FAPAR. The color
represents the number of months with negative impacts on vegetation (FAPARsum).

(2) The spatial-temporal link between vegetation conditions and droughts and hot events shows different characteristics, among which
this link is more intense in the southern sectors of Madagascar than in the eastern and northern sectors.

(3) The compound dry-hot events are closely related to vegetation vulnerability during the wet seasons, although dry seasons are also
affected. The cooccurrence seem to be intensified by the magnitude of the events.

The quantitative assessment of the cooccurrence of climatic and weather extreme events and vegetation conditions is of crucial
importance for understanding the response of terrestrial ecosystems to climate change. Therefore, these results provide important in-
sights into the response mechanism of ecosystems to compound extremes, which should be accounted for effective ecosystem man-
agement under future climate conditions in a particularly sensitive area like Madagascar, which already is facing a food security
problem.
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Figure 11. Temporal evolution of FAPAR anomaly values (top panel) and annual sums of FAPAR anomaly values (bottom panel) averaged over dry
(green), hot (red), and hot and dry (black) pixels
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Land Surface Temperature LSA-SAF http://doi.org/10.15770/EUM_SAF_LSA_0001

Evapotranspiration LSA-SAF https://landsaf.ipma.pt/en/data/products/
evapotranspiration-turbulent-fluxes/

Reference Evapotranspiration LSA-SAF https://landsaf.ipma.pt/en/data/products/
evapotranspiration-turbulent-fluxes/

Fraction of Absorbed Photosynthetically LSA-SAF http://doi.org/10.15770/EUM_SAF_LSA_0005

Active Radiation

ESA-CCI land cover product for 2018 ESA-CCI http://maps.elie.ucl.ac.be/CCl/viewer/download.php

RESOURCE AVAILABILITY

Lead contact

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request: C.M. Gou-
veia (celia.gouveia@ipma.pt).

Materials availability
This study did not generate new datasets.

Data and code availability
e This paper does not report original code.
e This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Study area

Madagascar is a large island in the Southwestern Indian Ocean located at the east of Mozambique. The highest peak is Maromokotro (2876 m)
located in the Tsaratanana Massif region in the northern sector of the island (Figure 1A). The east coast is dominated by lowlands leading to
sharp bluffs and central highland close to the center of the island. The capital is Antananarivo which is located in the central highland. The
average elevation of Madagascar is around 440 m above. Many protected harbors and broad plains are located on the west coast and
the southwestern region is a desert plateau.

The climate is arid in the south and tropical along the coast with temperate areas inland. The island has substantial freshwater resources
and around 70% of the mainland is agricultural land that employs over 60% of the population. Irrigated rice cultivation occurs in river valleys
and marshes and most of the agricultural land is inland, despite some forest and hillsides clearings for agricultural practices.”” Madagascar
climate is characterized by two seasons: a cool and dry season from May to October and a warm and wet season from November to April.
Tropical rainforest climate dominates the east coast which is also exposed to the trade winds. The dense humid forest, located on the eastern
slope of Madagascar, grows under wet conditions (Figure 1B). Due to the rain clouds discharging in the east mountains, the central highlands
are drier and cooler. Grassland, woodland and dense dry forest occur across the central highlands and west coast, where the rainy season is
shorter, from November to April (Figure 1B). The west coast is drier than the east coast or central highlands and the southwest and the
extreme south are semi-desert regions. Cereal and legumes are commonly not irrigated crops in regions that are therefore very sensitive
to drought conditions.”’

Satellite data and methods
Data

Satellite Application Facility on Land Surface Analysis (LSA-SAF) project, which is part of the distributed EUMETSAT (European Organiza-
tion for the Exploitation of Meteorological Satellites) Application Ground Segment, disseminates several products, namely the Fraction of
Absorbed Photosynthetically Active Radiation (FAPAR), Land Surface Temperature (LST) and Reference (ETo) and Evapotranspiration
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(ET).*® The products, freely available (https://Isa-saf.eumetsat.int), are derived from Spinning Enhanced Visible and Infrared Imager
(SEVIRI) onboard the geostationary satellite Meteosat Second Generation (MSG), with a maximum spatial resolution (at the sub-satellite
point) of about 3 km at nadir point. MSG daily ETo, ET, FAPAR and 15-min LST products are operationally distributed in near real-time
(NRT). However, the need for providing homogeneous time series of Climate Data Records (CDR) suitable for climate variability and
change detection studies justified the generation of long-term datasets with the most recent algorithm version used for NRT operational
products. The corresponding LST, ETo, and FAPAR CDRs (LSA-050, LSA-303, and LSA-452, respectively) have been available since 2017,
covering the period between 2004 and 2015. Therefore, the available datasets, including reprocessed and operational NRT products, re-
sulted in almost 19 years of satellite information, i.e., data from 2004 until the present. In this work data from 2004 to 2021 were used for the
above-mentioned datasets.

The LST is controlled by the surface energy balance, which depends on the thermal properties of the surface and the atmosphere. LST and
air temperature are conceptually distinct, although having a strong relationship between the two leads to LST often being used as a proxy for
air temperature.*” Satellite-based LST products also have the advantage of being available with high spatial resolution and coverage
compared to meteorological in situ measurements.””" The LST product within the LSA-SAF framework is based on the generalized split-
window algorithm, using top-of-atmosphere brightness temperatures from the infrared at 10.8 and 12.0 um. Further details on the algorithm
and validation can be found in Trigo et al. 1852 Freitas et al.,” or Gouveia et al.*’

FAPAR corresponds to the fraction of photosynthetically active radiation (i.e., within 400-700 nm) absorbed by vegetation and quantifies
the canopy’s ability to absorb radiation for photosynthesis.” The FAPAR product is derived from SEVIRI red and NIR channels, using infor-
mation on the surface bidirectional reflectance distribution function (BRDF).>® Details about the LSA-SAF FAPAR algorithm (MTFAPAR) and
validation are available at LSA-SAF.*** FAPAR was also reprocessed using the most recent version VEGAv3.0 algorithm with daily and 10-day
temporal resolution.

ETo is defined as the evapotranspiration rate from a clearly defined reference surface. ETo quantifies, under a situation with a certain
downwelling shortwave radiation, the evapotranspiration from a theoretical well-watered green grass field with 12 cm height and with an al-
bedo of 0.23.°” The ETo product derived from SEVIRI and disseminated operationally by the LSA SAF (METREF) with a daily temporal sam-
pling, aims to quantify the evaporative demand of the atmosphere independently of crop type, development, or management techniques.
Further details on the algorithm and validation can be found in De Bruin et al.,”” (2016) and Trigo et al.”® ET accounts for the flux of water from
the Earth’s surface into the atmosphere. This flux results from water evaporation from a wide range of surfaces, such as shallow soil, water
bodies, water in the vegetation canopy, and the transpiration of plants.”” The algorithm includes information from long and short incoming
solar radiation, albedo, leaf area index (LSA SAF) and soil moisture estimate from the SM-DAS-2 (H14, H-SAF). The recent post-processing ET
CDR from 2004 to 2021 with a temporal sampling of 30 min,”” used the most recent version of the algorithm and is intended to support an-
alyses of trends and anomalies in ET and surface fluxes over spatial domains within the MSG field of view. Results from the validation exercises
comparing ET using in situ energy flux measurements, the reprocessed dataset and further details will be available very soon on the LSA-SAF
website.

The land cover map from ESA-CCI land cover product for 2018 was here used. Each pixel in this land cover corresponds to a land cover
class defined based on the UN Land Cover Classification System (LCCS) and counts 22 global land cover categories. The land cover maps until
2015 (v207) were generated within the framework of the ESA-CCl and from 2016 to present date, they are operationally generated under the
EC Copernicus Climate Change Service. The land cover classification for Madagascar was extracted from ESA-CCI Viewer (http://maps.elie.
ucl.ac.be/CCl/viewer/download.php) (Figure 1B).

Recently, the ratio of ET to ETo, known as the Evaporative Stress Index (ESI), has been used as a drought indicator that accounts for feed-
back at the interface between land surface and atmosphere.®** The ESI has proved to provide early warning of the rapid onset of drought
development, as it is very sensitive to rapid changes in soil moisture, driven by changes in air temperature, wind speed, specific humidity and
downwelling shortwave radiation.®® The ESI has been used to monitor droughts and flash droughts in Brazil, Australia, and South and North
Corea,®>*%¢"8 and is currently used for monitoring drought for North America.®”

Compound approaches

Nowadays there is strong evidence that natural hazards are at times synergetic (e.g.,'**%)

impacts,”®”’? but conventional risk assessment approaches only contemplate single hazards.”* Moreover, as climate change progresses, there
is a need for additional knowledge and understanding of the interactions and interdependence of natural hazards because some of the key
drivers are changing rapidly.”®

Concurrent and amplified drought and heatwave events can strongly affect vegetation health, prompting tree mortality and favoring
fires,”’? which can cause wide-ranging societal problems. Nevertheless, the underlying mechanisms associated with the chain of events en-
compassing droughts, heatwaves, and vegetation changes are still not fully understood. Multidimensional effects need to be considered in
estimating both climate and vegetation effects to deliver public administrators effective early warning tools.

Recent studies have characterized compound events based on distinct statistical approaches, including event coincidence analysis,
frequency of simultaneous occurrences of multiple extremes,”® or copula analyses2020b).'”’%’¢ Despite the scientific progress to date, the
full comprehension of the mechanistic links associated with compound events is in its early stages.'” Conceptual and technical barriers
remain, such as the ambiguity in drought and heatwave definitions, limitations of data products, and challenges in the characterization of
causal links across the land-atmosphere interplay.'”’’

and that their combined occurrence has aggravated

27,28,74
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Methodological approach

The available LST dataset, considered here for the total 2004-2021 period, was post-processed to obtain monthly mean values from the orig-
inal 15-min values, taking into account the representativeness of the LST diurnal cycle. The available ETO, ET and FAPAR datasets were post-
processed to obtain monthly mean values from the original daily data. Monthly LST, ET, ETo and FAPAR fields are computed considering the
reference period from 2004 to 2021. Monthly fields of ESI, computed as the ratio of ET/ETo are also calculated for the same period. The
monthly anomalies were obtained as the departures from the monthly means for the entire considered period.

Following the methodology defined in Gouveia et al.,””*" the persistency of dry and hot climate extremes for the two consecutive years
period of 2020-2021 is evaluated considering, respectively, the persistence of anomalies of ESI below and under the 20th percentile and
anomalies of LST above the 80th percentile. The impacts of the isolated and composite hot and dry conditions on vegetation activity are as-
sessed through the FAPAR anomaly values below the 20th percentile during the long-lasting duration of the events. The value of the percen-
tiles 20 to define moderate drought and vegetative stress is in accordance to several previous works.”*®' Following the same rationale, the
percentile 80 is used to define moderate hot extremes respectively. Therefore, the number of months with LST anomalies higher than 1°C (soth
percentile), ESI anomalies lower than —0.05 (20t percentile), and FAPAR anomalies lower than —0.03 (20t percentile) for the two years of
2020-2021 are computed for the 2-years period of 2020-2021, over the Madagascar Island.

In order to evaluate the isolated and compound impacts of hot and dry extremes on vegetation activity the pixels with more than 9 months
in vegetative stress (i.e., with monthly anomaly values lower than the 20th percentile) were selected. The threshold of 9 was chosen following
the approach used to define moderate climate extremes (i.e., using the 20" and 80" percentiles) in this case, applicable to the growing sea-
son of the two considered years. The wet season duration in Madagascar is around é months and the option of considering regions with vege-
tation showing 9 months of stress means that more than two-thirds of the wet season months (12 months) exhibited vegetative stress condi-
tions. Several thresholds were tested, and the results are very consistent. However, the threshold of 9 months was selected as revealed to be a
good compromise between the number of months with negative anomalies of ESI and positive anomalies of LST. Moreover, the choice of
more than 9 months in vegetative stress corresponds to approximately 20% of the island affected (Table 1), being consistent with the previous
assumptions. The sum of months showing dry and hot extremes was evaluated for the pixels showing more than 9 months with vegetative
stress. The temporal evolution of FAPAR monthly anomaly values over the pixels showing heat or dry conditions and pixels showing hot
and dry conditions during the 2-years period is also analyzed. It should be stressed that the simultaneous or cascading occurrence of dry,
hot and vegetation stress conditions do not require the co-occurrence in the same month, but the happening of such extremes in the consid-
ered period of 2 years®#!
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