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Abstract

Drought negatively impacts health systems, agriculture, economies, energy, and the natural environment. The vulnerability
of the Angolan Highlands rural communities that are dependent on rain-fed agriculture is a concern due to the prospect of
climate change and the trajectory of increasing frequency of droughts in the region. The Angolan Highlands is an essential
source water region for the Okavango Delta, and southern Africa more broadly. This study integrates Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) and vegetation indices from moderate resolution imaging spectroradi-
ometer (MODIS) in the first historical assessment of drought in the Angolan Highlands. Using the standardized precipita-
tion index (SPI), eight distinct drought periods were identified: 1981-1982, 1989-1990, 1994, 1995-1997, 1999-2000,
2014-2016, 2017-2018, and 2018-2020, with the frequency of drought increasing since 1981. The relationship between
drought occurrence and El Nifio Southern Oscillation (ENSO) is not linear; with two of the eight drought periods occurred
exclusively during El Nifio years. The seasonality of precipitation, MODIS enhanced vegetation index (EVI), and normal-
ized difference vegetation index (NDVI) are similar, with NDVI and EVI being lowest at the end of the dry winter months
(August), and highest during the summer rainfall season. The strong relationship between precipitation and vegetation,
anthropogenic pressure on the landscape, and increased drought occurrence are likely to lead to potential environmental
degradation in future. Mitigation and adaptation strategies to drought may be required, especially concerning water resources
and agricultural practices within the Angolan Highlands region.

1 Introduction

Drought is a persistent natural hazard and is one of the most
damaging to health (Ebi and Bowen 2016), agriculture
(Nath et al. 2017), economies (Ahmadalipour et al. 2019),
and the natural environment (Bachmair et al. 2016). The
World Health Organisation (WHO 2021) estimates that this
phenomenon affects 55 million people globally each year,
leading to famine, water shortages, migration, disease, and
death (Ebi and Bowen 2016; Luetkemeier and Liehr 2019).
Between 1900 and 2013, it is estimated that approximately
850,000 people died, and more than 350 million people were
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affected by drought events in Africa (Ahmadalipour et al.
2019; Luetkemeier and Liehr 2019). Across sub-Saharan
Africa, major droughts occurred in the early 1970s, mid
1980s and early 1990s (Luetkemeier and Liehr 2019).
Drought occurrence is intensifying in frequency and sever-
ity in southern Africa, presenting challenges to long-term
water and food security in the region (Nhamo et al. 2019;
Gore et al. 2020).

Angola experienced severe drought events in the early
1990s and 2000s (Rouault and Richard 2005) as well as a
perennial drought from 2013 to 2016, and again in 2019
(Regional Vulnerability Assessment and Analysis Pro-
gramme: RVAA 2019) which have been linked to the El
Nifio Southern Oscillation (ENSQO; Luetkemeier and Liehr
2019; Gore et al. 2020). Angola also experienced drought
during 2020/2021, when cumulative rainfall was 30% below
the long-term average (Food and Agriculture Organisation
of the United Nations: FAO 2021). The Angolan people are
vulnerable during prolonged drought periods: A total of 11.1
million people (37%) of the population live in rural regions
(RVAA 2019), and the majority of them practice rain-fed
subsistence agriculture (Luetkemeier and Liehr 2019).
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Retrospective analysis of precipitation data is extremely
valuable in determining the severity of past drought events,
aiding in response development and mitigation strategies
(Mishra and Singh 2010; Mlenga et al. 2019). The depend-
ence of the Angolan population on hydroclimatic conditions
underscores the importance of accurate assessment of past
drought occurrence and drought monitoring for potential
disaster management in future.

Traditional definitions consider drought to be an extreme
precipitation deficit (Gonzélez and Valdés 2006; AghaK-
ouchak et al. 2021) in a specific region that persists for a
defined period of time (Zargar et al. 2011). Physical drought
types include meteorological, agricultural, and hydrologi-
cal drought (Zargar et al. 2011). Additional drought types,
which have received increased attention, include anthro-
pogenic, socioeconomic, and ecological drought (Kchouk
et al. 2022), with a new focus on drought being defined as
a process and not a product (AghaKouchak et al. 2021). In
addition to drought type, droughts are also characterized by
severity, duration, spatial distribution, frequency, magnitude
(cumulated deficit), predictability, rate of onset, and timing
(Mishra and Singh 2010; Zargar et al. 2011). Determining
drought onset, duration, and termination is complex, pre-
senting difficulties in accurate and effective drought moni-
toring (Mishra and Singh 2010; Mlenga et al. 2019).

Over 100 different drought indices have been proposed,
many of which are functions of precipitation with or with-
out temperature, and with or without river discharge (Zargar
et al. 2011). Common drought indices include the standard-
ized precipitation index (SPI: McKee et al. 1993), percent of
normal, Palmer drought severity index (PDSI: Palmer 1965),
the standardized precipitation evaporation index (SPEI:
Vicente-Serrano et al. 2010), Deciles (Gibbs and Maher
1967), crop moisture index (CMI: Palmer 1968), and recon-
naissance drought index (RDI: Tsakiris and Vangelis 2005).
The SPI is a widely used meteorological drought index that
is simplified so that it only depends on precipitation data,
resulting in a single numeric value (McKee et al. 1993;
Komuscu 1999). In 2009, the World Meteorological Organi-
sation (WMO) Lincoln Declaration recommended SPI as the
primary meteorological drought index (Svoboda et al. 2012).
This is because SPI allows the comparison between different
climates and locations and can be used to monitor dry or
wet periods for any location with regular precipitation data
(McKee et al. 1993; Moreira et al. 2008). The index can be
computed for multiple time periods, reflecting precipitation
deficits of different water resources and can identify various
drought types (Svoboda et al. 2012).

Reliance on meteorological data alone may be inad-
equate in monitoring drought across all regions, especially
in southern Africa where data is likely to be incomplete,
unreliable, unavailable, and untimely (Mlenga et al. 2019).
In such situations, satellite imagery may be used to assess
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the spatial and temporal dimensions of drought. Satellite
data can be used to obtain a better understanding of the pres-
sures on water resources, vegetation, and society to drought
(Didan 2015; Gao et al. 2020). The normalized difference
vegetation index (NDVI) and enhanced vegetation index
(EVI) are widely used drought indices obtained from satel-
lite data (Didan 2015; Liou and Mulualem 2019; Gao et al.
2020). Both NDVI and EVI have been used for estimation
of vegetation health, coverage, net primary production, crop
growth conditions, yield assessments and estimation, vegeta-
tion type, phenology, and land cover changes, and contribute
to drought monitoring and early warning systems (Brown
et al. 2008; Liou and Mulualem 2019; Hua et al. 2019). Veg-
etation which is particularly vulnerable to drought can be
studied for drought risk management and can be used to map
areas affected by drought (Alamdarloo et al. 2018; Liou and
Mulualem 2019).

The Angolan Highlands is the water source region for
three major river catchments in sub-Saharan Africa, includ-
ing the Congo River to the North, the Zambezi River to the
East, and the Okavango system to the south (Lourenco et al.
2022). The Angolan Highlands support transboundary riv-
ers that flow from Angola to Namibia, Botswana, Zambia,
the Democratic Republic of the Congo, Mozambique, and
Zimbabwe. The highlands are the only source region of the
Okavango Delta, a UNESCO world heritage site (Marazzi
et al. 2017; Yurco et al. 2017; UNESCO 2021). Civil war
between 1975 and 2002 and persistent minefields have
hampered access to the region, and despite its hydrologi-
cal and ecological significance, it is little studied (Carvalho
et al. 2017; Lourenco et al. 2022). Climate variability in the
region is one of the strongest drivers of rainfall variability
over a subcontinent that is largely dependent on rain-fed
agriculture (Crétat et al. 2019; Huntley et al. 2019). Despite
its importance, there are no studies, specific to this region
that might explain the variability and history of drought,
the potential vegetation response and consequences on local
communities. This study integrates Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) and the
SPI with NDVI and EVI for historical assessment of drought
monitoring in the southeast of the Angolan Highlands.

2 Methods
2.1 Study area

The Angolan Highlands study site is in the southeast of
Angola, spanning a latitudinal range 11°54'-13°54'S and
longitudinal range 18°05'-20°34'E, and covering approxi-
mately 61,590 km? (Fig. 1). It is part of an extensive interior
plateau, characterized by a vast peneplain of Kalahari sand
(Goyder et al. 2018; Huntley et al. 2019). The climate is
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Fig. 1 Study area map showing the study site extent in Angola and a Landsat 8 (USGS, 2021) red, green blue (RGB) optical image of the study

site

strongly seasonal, with hot, wet summers from October to
May and mild to cool, dry winters from June to September
(Abiodun et al. 2019; Huntley et al. 2019). The highlands
lie within the Angolan miombo woodland ecoregion and
contain tropical and subtropical grasslands, tree, and shrub
savannas (Goyder et al. 2018; Huntley et al. 2019). The wide
river valleys are characterized by extensive wet grasslands,
peatlands, and ox-box lakes and the surrounding hills are
dominated by miombo woodland (Conradie et al. 2016; Goy-
der et al. 2018; Lourenco et al. 2022).

2.2 Precipitation data

Studies of the climate of Angola have been hindered over
the past four decades due to the collapse of the extensive
network of weather stations during the civil war, and the
resultant poor national coverage of meteorological data,
and lack of reliability of climatic data collected (Hunt-
ley et al. 2019). The weather recording network reduced
from 225 climatological stations in 1974 to zero in 2010,
while the number of actively recording synoptic stations
decreased from 29 in 1974 to 23 operational stations in
2010, of which 12 are automatic and 11 conventional

(Huntley et al. 2019). Since 2010, the network has been
strengthened by 22 automatic stations established by the
Southern African Science Service Centre for Climate
Change and Adaptive Land Management (SASSCAL,
Huntley et al. 2019). A minimum of 30 years of continuous
precipitation data are needed for reliable calculations of
the SPI, and even longer archives are favourable (McKee
et al. 1993). The precipitation data for the study has been
collected from a remote sensing product, as historical cli-
mate data from weather stations, specific to this study area,
are unavailable.

Historical precipitation data for the region were collated
using the Google Earth Engine (GEE) platform. Precipitation
data were obtained from the CHIRPS 30 + year quasi-global
rainfall dataset (Funk et al. 2015). CHIRPS synthesises 0.05°
resolution satellite imagery with in-situ station data to create
gridded rainfall time series for trend analysis and seasonal
drought monitoring (Funk et al. 2015). On GEE, daily pre-
cipitation data was collated for the period spanning 40 years
from 1981-01-01 to 2020—12-31. The daily precipitation val-
ues represent the mean of all pixels over the delineated study
area of interest at 5 km resolution. This data was used to cre-
ate both a time-series of daily precipitation over the period
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of interest, and to produce maps of the spatial distribution of
precipitation over the region using ArcMap 10.2.

2.3 Standardized precipitation index

The SPI was calculated using the methods described by
McKee et al. (1993). The SPI generator v.1.7.5 was used fol-
lowing the procedure specified in the WMO SPI User Guide
(Svoboda et al. 2012). The SPI was calculated using the
CHIRPS daily precipitation data which had no missing val-
ues over the full historic archive. The SPI calculation for any
location is based on the long-term precipitation record for a
period of interest. The SPI can be computed for multiple peri-
ods, but is commonly applied for 1-, 3-, 6-, 12-, 24-, 36-, and
48-month periods (Svoboda et al. 2012; Tirivarombo et al.
2018; Mlenga et al. 2019). Meteorological and soil moisture
conditions (agriculture) respond to precipitation anomalies
on relatively short timescales (1-6 months), whereas stream-
flow, reservoirs, and groundwater respond to longer-term
precipitation anomalies from 6 months and up to 24 months
or longer (Guttman 1999). SPI calculations shorter than
1 month or longer than 24 months may be unreliable, and
statistically, 3—24 months is the best practical range of appli-
cation (Guttman, 1999). Positive SPI scores indicate a greater
than median precipitation, and negative scores indicate less
than median precipitation (Svoboda et al., 2012). As the SPI
is normalized, both wet and dry periods can be determined.
Drought is defined in instances when scores are below — 1
(Table 1), and a drought is classified as having ended when
SPI scores are positive (Edwards and McKee 1997).

2.4 EVIand NDVI data

The moderate resolution imaging spectroradiometer
(MODIS) MOD13Q1.006 Terra Vegetation Indices
16-Day Global (Dida 2015) were used to calculate the
NDVI and EVI for the time-period spanning 2000-02-18
to 2020-12-31. The MOD13Q1 V6 product provides a
vegetation index value on a per pixel basis which in this
dataset has 250 m resolution (Didan 2015). The NDVI is
a normalized transform of the near infrared (NIR) to red
reflectance ratio, designed to standardise vegetation index

Table 1 SPI scores and

i X SPI value Classification
classification (Svoboda et al.,
2012) >2.0 Extremely wet
1.5t0 1.99 Very wet
1.0to 1.49 Moderately wet
—0.99t00.99 Near normal

—1.0to—1.49 Moderately dry
—1.5t0—-1.99 Severely dry

<2.0 Extremely dry
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values between -1 and + 1 (Dindan et al. 2015). Negative
values indicate water, and low NDVI values (0.1 or less)
indicate barren rock or sand. Sparse vegetation such as
shrubs and grasslands is likely to result in moderate NDVI
values between 0.2 and 0.5 and dense vegetation such as
forests is likely to result high NDVI values between 0.6
and 0.9 (Didan 2015). It is commonly expressed as:
NIR — Red

NDVI= IR Red M

(Rouse et al. 1974).

EVI is also standardized, having values between — 1
and+ 1 and is similar to NDVI in that it can be used to quan-
tify vegetation greenness. The EVI makes use of the blue
and red band reflectances, which makes the index less vul-
nerable to aerosol contamination. In general, the scattering
cross section in the blue band is larger than that in the red
(Didan et al. 2015). When aerosol concentration is higher,
the difference between the bands becomes larger. The EVI
incorporates this atmospheric resistance, and in addition,
EVI decouples the soil and atmospheric influences from the
vegetation signal by including a feedback term for simulta-
neous correction (Didan et al. 2015). The EVI formula is:

NIR — Red

EVI=G
NIR + C1Red — C2Blue + L )

(Didan et al. 2015).

where NIR, Red, and Blue are the full or partially
atmospheric-corrected (for Rayleigh scattering and ozone
absorption) surface reflectance; L is the canopy back-
ground adjustment for correcting the nonlinear, differential
NIR and red radiant transfer through a canopy; C1 and C2
are the coefficients of the aerosol resistance term (which
uses the blue band to correct for aerosol influences in the
red band); and G is a gain or scaling factor. The coef-
ficients adopted for the MODIS EVI algorithm are L=1,
Cl1=6,C2=7.5,and G=2.5 (Didan et al., 2015).

EVI minimizes canopy background variations and
maintains sensitivity over dense vegetation conditions
(Didan 2015), which is especially important as the study
area is predominantly covered by dense miombo wood-
land (Goyder et al. 2018). The MODIS NDVI and EVI
products are computed from atmospherically corrected bi-
directional surface reflectance that have been masked for
water, clouds, heavy aerosols, and cloud shadows (Didan
2015). The products contain a detailed quality assurance
bitmask, which measures the reliability of the data. Data
which is considered “good” or “useful” were kept (Didan
2015), whereas data which was contaminated by clouds
were removed from the analysis. The MODIS NDVI and
EVI data were used to generate time series, where values
were removed due to cloud contamination, missing values
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were replaced by the average of the values on either side
of the contaminated period.

NDVI and EVI maps over the study area were produced
using ArcMap 10.2. Due to the heterogeneity of vegetation
coverage in the study area, vegetation indices cover three sepa-
rate vegetation regions. These are (1) the highlands vegetation
region which represents the entire study area; (2) the miombo
vegetation; and (3) the valley vegetation. The total monthly
precipitation and the monthly vegetation indices were tested for
normality; all data was deemed to be not normally distributed
according to the Shapiro Wilk Test (p <0.05). Spearman Rank
correlations between precipitation and the different vegetation
regions were calculated to determine which vegetation region
is more responsive to the seasonal precipitation of the area.

3 Results
3.1 Precipitation in the Angolan Highlands
The mean annual precipitation over the study areais 1113 mm

for the period 1981-01-01 to 2020-12-31. The highest annual
precipitation (1295 mm) is recorded in the Northwest and

18°30'E  19°E

Fig.2 a The mean annual
precipitation (mm/year) over
the study site, b digital eleva-
tion model at 30 m resolution,
and ¢ the mean cumulative
precipitation (mm/month)

over the period 1981-01-01 to
2020-12-31. See supplementary
material Fig. 1 for the full daily
precipitation time series
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Northeast regions of the study area (Fig. 2). The landscape has
distinct topographical features dominated by river processes;
high elevations exist adjacent to low lying river valleys. Pre-
cipitation in the region is closely related to latitude and alti-
tude. Both precipitation and altitude decrease towards the
Southeast where the annual precipitation is lowest (904 mm).
The CHIRPS data confirm the strong seasonality in precipita-
tion for the Angolan highlands. For this study, we define the
beginning of the wet season as the first month of precipitation
occurrence following an extended dry period during a calen-
dar year. According to the CHIRPS data, precipitation starts
during September each year, reaching a peak in January (mean
cumulative precipitation 231 mm/month). The wet season
lasts through to April, and an almost entirely dry season lasts
from May to August (Fig. 2c). The seasonality of precipitation
for the Angolan highlands is applied to subsequent results.

3.2 Assessment of drought frequency
3.2.1 Drought events according to the SPI

To demonstrate the occurrence of drought at different
timescales, the SPIs were calculated at 3-, 6-, 12-, and
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24-month timescales (Fig. 3). There are multiple drought
events across the four timescales. For the 3-month SPI,
a total of 37 drought events were recorded, 20 lasted at
least three months of which three events occurred dur-
ing the dry months from May to August. Three drought
events lasted eight months during 1989-1990, 2014-2015,
and 2018-2019, the longest drought event lasted 9 months
from January 2017 to the end of September 2017. For the
6-month SPI, a total of 23 drought events were recorded,
of which eight lasted at least 6 months. Two drought
events were recorded for almost a full year (11 months)
during 2014-2015 and 2018-2019, the longest drought
event lasted 20 months from December 1995 to the end
of July 1997.

For the 12-month SPI, a total of ten drought events were
recorded, six lasted at least 12 months. Two 12-month
drought events were recorded for 2008 and 2017-2018 and
two 13-month events were recorded during 2015-2016 and
2019-2020. A 21-month long drought was recorded from
February 2000 to the end of October 2001 and the longest

Fig.3 a-d The 3-, 6-, 12-, and 4
24-month SPI for the period

1981-01-01 to 2020-12-31. o 2 A
. ()
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drought lasted for 45 months from April 1994 to the end
of December 1997. For the 24-month SPI, three separate
drought events were recorded over the precipitation archive.
The shortest lasted for 21 months starting in January 2001
and ending in September 2002 and a 45-month drought
lasted from April 1995 to the end of December 1998. The
longest drought event lasting 70 months started in March
2015 and ended in December 2020, at the end of the pre-
cipitation record. See supplementary material Table 1 for
details regarding drought start and end months, peak SPI,
and drought magnitude over each SPI timescale.

3.2.2 Drought severity

For the 40-year period under observation (1981-2020)
totalling 480 months, the number of months classified as
either moderately, severely, or extremely dry were calcu-
lated (Table 2). Each of the SPI calculations had a similar
total number of months (ranging between 76 and 83) clas-
sified as either moderately, severely, or extremely dry. The
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years that had the most months of drought conditions for the
3-month SPI occurred during 1989, 2000, 2012, 2015, 2017,
and 2019; the 6-month SPI during 1994, 1996, 2000, 2012,
2015, 2017, and 2019; the 12 month during 1990, 1994,
1996, 2015, 2017, and 2019; and for the 24 month during
1995-1997, 2001, 2016, 2017, and 2019 and 2020.

3.2.3 Droughts and ENSO

There are eight common periods which met the threshold
SPI scores for drought (Table 3), of which five reflected
droughts which overlapped over all four (3-, 6-, 12-, and
24-month) separate SPI timescales. These eight common
drought periods reflect drought events that lasted at least
four months and occurred at the same time for at least two
of the four SPI timescales. These eight common periods
occurred during 1981-1982, 1989-1990, 1994, 1995-1997,
1999-2001, 2014-2016, 2017-2018, and 2018-2019. Five
of these common drought periods are longer than 12 months,
making it challenging to compare them to ENSO years. Only
two drought periods (1994 and 2014-2016) coincided with
specific El Nifio years. The longest drought (1995-1997)
coincided with a range of ENSO events including a moder-
ate La Nifa (1995-1996), an ENSO-neutral (1996-1997)
and a very strong El Nifio (1997-1998). An extended
period of dryness lasted from October 2014 to February
2020 and included three separate common drought periods
(2014-2016, 2017-2018, and 2018-2020).

3.3 Vegetation dynamics of the Angolan Highlands
3.3.1 Vegetation distribution and seasonality

Vegetation in the Angolan Highlands varies spatially along
the distinct topographical features on the landscape (Fig. 4).
The vegetation that grows in the river valleys has lower mean
EVI (0.28) and NDVI (0.37) values than the surrounding
miombo vegetation (0.53 and 0.72 respectively). The indices
span three vegetation regions: (1) the miombo vegetation;
(2) the valley vegetation; and (3) the combination of these
termed highlands vegetation. The miombo vegetation grows
adjacent to the river valley environments and is commonly
depicted in green in Fig. 4, valley vegetation is shown by
either yellow or red in Fig. 4 owing to the differences in
vegetation index scores.

The seasonality of precipitation, EVI and NDVI are simi-
lar, with NDVI and EVI for all vegetation regions being
lowest at the end of the dry winter months (August), and
highest during the summer rainy season (Fig. 5). Vegetation
scores are shown to increase at the start of the wet season
in September. Peak precipitation and peak EVI scores are
both calculated for January, peak NDVI for the miombo

vegetation is shown to occur during April, nearer the end
of the wet season.

A Spearman rank correlation matrix was produced for
the total monthly precipitation and the monthly vegetation
indices over the archive (Table 4). A stronger correlation
exists between EVI highlands and precipitation (0.90) ver-
sus NDVI highlands and precipitation (0.75). The strongest
correlation coefficient for precipitation is with EVI valley
(0.92), EVI highlands (0.90) and NDVI valley (0.88). NDVI
miombo has the weakest correlation coefficients with pre-
cipitation (0.57) and the other variables. With regards to
the vegetation regions, the valley region has the strongest
correlation between EVI and NDVI (0.96), followed by the
highlands region (0.78) and then the miombo, having the
weakest correlation (0.57).

3.3.2 Vegetation response to drought

The seasonality of vegetation and precipitation is simi-
lar; however, high, or low precipitation in each rainfall
season does not imply high or low mean NDVI and EVI
scores respectively. Starting in September 2000 and end-
ing in August 2020, the rainfall for each rainfall season is
variable (mean of 1110+ 91 mm/year). The driest rainfall
seasons occurred during 2018/2019 (888 mm), 2014/2015
(962 mm), and 2016/2017 (1010 mm). By comparison,
lowest mean NDVI scores for the highlands vegetation
region occurred during 2000/2001 (0.6358), 2008/2009
(0.6365), and 2003/2004 (0.6367) and lowest EVI mean
scores for the highlands vegetation region occurred during
2009/2010 (0.3275), 2003/2004 (0.3323), and 2011/2012
(0.3371).

The vegetation time series reflects that interannual
vegetation dynamics are consistent with precipitation in
the Angolan Highlands (Fig. 6). Low mean NDVI and
EVI scores occurred at the beginning of the time series
during the drought event lasting from November 1999
to October 2001 over all vegetation regions. These low
vegetation scores reflected during the end of the dry sea-
sons in August 2000 and 2001, although the decrease in
vegetation scores during the dry season are not specific
to drought events. The extended dry period from Octo-
ber 2014 to February 2020 would have potentially placed
vegetation in the highlands under strain. Vegetation
index scores indicate that during this period, the vegeta-
tion over all regions was able to recover at the start of
each rainfall season. Vegetation recovery in the highlands
was especially evident during the 2018/2019 rainfall sea-
son (888 mm, the lowest on record over the full 40-year
archive) where both EVI and NDVI scores were compara-
tively low during the dry season but recovered at the start
of the 2019/2020 season.
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4 Discussion

Total
11

4.1 Drought events and synoptic drivers of drought

Extreme

This is the first study to analyze drought occurrence in the
Angolan Highlands. The 3-, 6-, 12-, and 24-month SPIs
reached drought conditions on multiple occasions over
the 40 years, revealing eight common drought periods:
1981-1982, 1989-1990, 1994, 1995-1997, 1999-2000,
2014-2016, 2017-2018, and 2018-2020. The benefit of
this hindsight lies in exposing the cause of these droughts
to improve forecasting capability. There are large-scale syn-
optic systems that influence precipitation in the region. The
seasonal precipitation starts during the austral winter when
a heat low develops over the Bie Plateau causing advection
of moist tropical westerlies from the Atlantic Ocean and the
Congo Basin (Rouault et al. 2003; Cook et al. 2004; Howard
and Washington 2018). Moist air from the tropical Indian
Ocean is brought by the easterly trade winds resulting in
a convergence known as the Congo Air Boundary (How-
ard and Washington 2018; Crétat et al. 2019). As summer
approaches, the Congo Air Boundary migrates southward,
and the heat low dissipates to be replaced by the semi-tran-
sient Angola Low (Howard and Washington 2018).
Weakening of the Congo Air Boundary during summer
allows the heat low to effectively migrate southward over
Namibia, removing the moisture barrier from the tropics
(Howard and Washington 2018; Crétat et al. 2019). The
moisture sources from the westerlies and the Congo Basin
diminishes relative to the increased moisture supply from
the Indian Ocean and easterlies, meaning that the Angola
Low becomes the focal point of the southward development
of convective systems. These mature as temperate tropical
troughs (TTTs) that provide rainfall over much of the Afri-
can subcontinent in the summer months (Harrison, 1984,
Todd and Washington 1999; James et al. 2020). In this way,
I+ oo | T the Angola Low has a strong influence on regional precipi-
tation across Southern Africa (Mulenga 1999). The Angola
Low is centered around 13°S, 20°E (Howard and Washing-
ton 2018) directly above the Angolan Highlands study area.
Howard and Washington (2018) characterize the Angola
Low as a combination of early-season heat low events
L e = (Angola heat low) and late-season tropical low events
(Angola tropical low). The dry-convection Angola heat
low occurs from October to November and transitions to
the moist-convection Angola tropical low during Decem-
ber, remaining until March. The heat lows appear to be
geographically locked and form only over Angola, whereas
the tropical lows travel east to west across the African con-
tinent but linger at around 20°E (Howard and Washington
2018). The Angola tropical low is important for southern
Africa rainfall and are dynamically similar to monsoon low

Severe
34

24-month SPI
Moderate

10
44

Total
11

80

Extreme
12

Severe

6-month SPI 12-month SPI
Total Moderate Severe Extreme Total Moderate
18 76 26

Extreme

Severe
18

3-month SPI
Moderate

1
4
2
1
4

SPI Clas-
sification

Year
2016
2017
2018
2019
2020
Total

Table 2 (continued)
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Table 3 Common drought periods according to each SPI calculation and ENSO years

Year Drought start and end month Duration ~ Year-long/wet Max. SPI classification, ENSO (year), *SST anomaly strength
(months) /dry season SPI overlap (max.=4) (NOAA, 2021, 2022)
drought

1981-82  Oct ‘81-Jan ‘82 4 Wet Severe, 3 Neutral (1980-1982)

1989-90  Oct ‘89-May ‘90 8 Wet Extreme, 3 Neutral (1989-1990)

1994 Mar ‘94-Oct ‘94 8 Wet+ Dry Extreme, 3 El Nifio (1994-1995), moderate

1995-97  Apr ‘95-Sep ‘97 33 Multiple year Extreme, 4 La Nifia (1995-1996), moderate. Neutral
(1996-1997). El Nifio (1997-1998), very
strong

1999-01 Nov ‘99-Oct ‘01 24 Multiple year Extreme, 4 La Nifia (1999-2000), strong. La Nifia
(2000-2001), weak

2014-16  Oct ‘14-Feb ‘16 17 Year-long Extreme, 4 El Nifio (2014-2015), weak. El Nifio
(2015-2016), very strong

2017-18  Jan ‘17-Feb ‘18 14 Year-long Extreme, 4 La Niiia (2017-2018), weak

2018-20  Oct’ 18-Feb’20 17 Year-long Extreme, 4 El Nifio (2018-2019), weak. Neutral

(2019-2020)

“ENSO SST anomaly strength classification: weak (0.5 to 0.9 SST anomaly), moderate (1.0 to 1.4), strong (1.5 to 1.9), and very strong (>2.0:
NOAA, 2021)
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Table 4 Correlation matrix between vegetation indices and precipitation
Variables EVIHighlands EVIMiombo  EVIValley = NDVIHighlands = NDVIMiombo  NDVI Valley  Precipitation
EVI Highlands 1
EVI Miombo 0.965 1
EVI Valley 0.947 0.874 1
NDVI Highlands ~ 0.780 0.683 0.861 1
NDVI Miombo 0.642 0.571 0.708 0.925 1
NDVI Valley 0.883 0.794 0.962 0.932 0.802 1
Precipitation 0.896 0.842 0.918 0.750 0.565 0.875 1
All values presented are different from 0 with a significance level alpha=0.05 (p <0.005)
Fig.6 a The mean NDVI and 0,9 1 r 400 4
b EVI for each vegetation 08 - | 350 &
. ' )
region per month, the total 07 1 3
precipitation per month, and % ' \ r 300 a
the common drought periods g 06 1 I 250 .8
over the period (2000-02-18 to - 05 4 [ 100 5:'
2020-12-31) 804 | g
303 - 150 2
<02 - L 100 3
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pressure systems found in tropical landmasses (Howard and
Washington 2018).

The EI Nifio phase of ENSO is typically associated
with drought in southern Africa, a result of the shift in
the Walker circulation (Rouault and Richard 2005). Rea-
son and Jagadheesha (2005) found that the Angola Low
may have a modulating impact on the relationship between
southern Africa precipitation and ENSO. The dynamics
of the Angola Low vary in intensity and location, the

1982-1983 and 2015-2016 EI Nifio events both occurred
in years where the Angola Low was weak and resulted
in severe drought over Angola (Howard and Washing-
ton 2018). The SPI results indicate that drought events
over the Angolan highlands occurred before 1982-1983,
in 1981-1982, and during 2014-2016. By contrast, the
1997-1998 El Nifio coincided with a strong Angola Low
and a drought was not observed (Howard and Washing-
ton 2018). The SPI indicates that a period of non-drought
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conditions occurred between October 1997 and October
1999 over the study area. Lyon and Mason (2007) con-
firmed the role of the Angola Low with regards to ENSO
and precipitation and found that high sea surface tempera-
tures near southern Africa and anomalous shifts in Walker
circulation contributed to the increase in precipitation in
1997-1998 as compared to 1982-1983.

The first two common drought events over the Angolan
Highlands (1981-1982 and 1989-1990) occurred during
ENSO neutral years. The 1994 drought coincides with a
moderate El Nifio event during 1994-1995 (Blamey et al.
2018; NOAA 2021), and is consistent with drought condi-
tions over the southern African region (Rouault and Rich-
ard 2005; Tirivarombo et al. 2018). The 1995-1997 drought
coincided with La Nifia years, ENSO neutral years, and the
1997-1998 El Niiio, which was the strongest in the twentieth
century (Thomson et al. 2003; Blamey et al. 2018; NOAA
2021). The 1995-1997 drought lasting 33 months had
31 months classified as extremely dry (SPI value <2.0) for
at least one SPI timescale. In southern Africa, the El Niflo
event of 1997-1998 was associated with an above average
summer rainfall season (Blamey et al. 2018) and numer-
ous semi-transient tropical lows over the summer months
(Howard and Washington 2018). The 1997-1998 rainfall
season also had above average precipitation (1130 mm vs.
1114 mm) compared to the 40-year archive for the Angolan
Highlands.

Over Southern Africa, an extremely wet La Nifia sum-
mer of 1999-2000 featured several tropical low events, par-
ticularly Tropical Cyclone Eline which caused devastating
floods in Mozambique, Zimbabwe, and South Africa (Rea-
son and Keibel 2004). The tropical cyclone tracked across
Southern Africa from Mozambique and dissipated in eastern
Namibia (Reason and Keibel 2004), evidently not influenc-
ing the Angolan Highlands as the SPI reached drought con-
ditions lasting from November 1999 to October 2001. The
1999-2001 drought period in the Angolan Highlands is con-
sistent with severe drought reported for Angola (Rouault and
Richard 2005). However, this drought period does not coin-
cide with other southern African countries such as Zimba-
bwe, Lesotho, South Africa, Zambia, and Botswana, which
experienced severe drought later in 2002, 2003, and 2004,
during which low crop production led to a serious threat on
food security (Rouault and Richard 2005). By comparison,
the SPI suggests that drought conditions did not persist into
2002 in the Angolan Highlands. The period between 2002
and 2004 was shown to have positive SPI scores, indicative
of wet conditions.

The results of this study indicate that drought events
have become more frequent in the Angolan Highlands over
the past decade. The region suffered severe drought during
2014-2016, consistent with drought conditions in the wider
southern African region (Mlenga et al. 2019), and coincident
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with one of the strongest El Nifio events on record during
2015-2016 (Blamey et al. 2018; Kolusu et al. 2019; NOAA
2021). The regional event was the driest in the historical
record (Blamey et al. 2018), which was compounded by dry
conditions over the previous year (Kolusu et al. 2019). El
Nifio events typically lead to drier conditions during Janu-
ary, February, and March at the end of the summer season
(Blamey et al. 2018). The SPI for the Highlands indicate that
dry conditions began at the start of the rainy season in Octo-
ber 2014, consistent with what was identified throughout
the southern African region during the 2015-2016 EI Nifio
event (Blamey et al. 2018; Kolusu et al. 2019). The contrast-
ing rainfall patterns and inconsistent connection between
El Niflo events and southern African climate is well docu-
mented (Boulard et al. 2013; Blamey et al. 2018), and the
evidence from the Angolan Highlands is similarly erratic.

Droughts do not necessarily fall into single seasons and
droughts typically end during the wet season (Luetkemeier
and Liehr 2019). The dry months of 2017 (May through
August) during the drought from January 2017 to Febru-
ary 2018 were classified as moderately dry, while positive
scores for March 2018 signal that the drought terminated late
in the rainfall season. Dry conditions were exacerbated by
low precipitation over the next rainfall season, and another
extreme drought started in October 2018. During 2019, it
was documented that the southern provinces of Angola had
one of the driest seasons since at least 1981 (RVAA, 2019).
This is consistent with the average precipitation per rainfall
year across the Angolan Highlands, where the 2018-2019
rainfall season (888 mm) was the lowest on record over the
full 40-year archive. This recent drought event has had seri-
ous implications on food security and health in the southern
provinces of Cunene, Hulia, and Namibe (RVAA 2019), and
the SPI demonstrates that this was a widespread phenom-
enon extending to the Angolan Highlands.

4.2 Drought implications

NDVI and EVI historical data were used to assess the
impacts of precipitation deficits on vegetation over the
Angolan Highlands. EVI minimizes canopy background var-
iations and maintains sensitivity over dense vegetation con-
ditions (Didan 2015), whereas NDVI tends to overestimate
vegetation growth over densely vegetated areas and is also
sensitive to underlying soil colour (Gao et al. 2020). EVI is
more strongly correlated to precipitation than NDVI in the
region, potentially caused by overestimation of miombo veg-
etation over certain months by the NDVI. The heterogenous
vegetation cover led to the analysis of three different vegeta-
tion regions: the highlands, miombo, and valley vegetation.
The miombo woodlands contain over 8500 plant species,
provide habitat for wildlife, and support millions of people
who are dependent on the woodlands for their livelihoods
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(WWF 2021). NDVI for miombo vegetation has the weak-
est correlation with precipitation, and the seasonality sug-
gests that miombo vegetation reaches greatest productivity
in April, 3 months after the wettest month suggesting a lag
time in miombo productivity.

Valley vegetation for both NDVI and EVI has the strong-
est correlation to precipitation. The valley environment sup-
ports extensive riparian vegetation including wet grasslands,
peatlands, and oxbow lakes (Conradie et al. 2016; Goyder
et al. 2018). Lourenco et al (2022) describe the peatlands
as minerotrophic, a distinct seep-line exists parallel to the
higher ground (dominated by miombo vegetation) adjacent
to the valley region, the seep-line is an inflow area of ground
water, and peatlands persist where there are physical features
that pond this water. The valley environment is often patchy,
having less peatland cover in comparison to much larger
expanses of grassland (Lourenco et al. 2022). The seasonal
response of valley vegetation suggests that areas that are
not ponded are dependent on precipitation, having a similar
seasonal pattern to precipitation.

The strong correlation between vegetation indices and pre-
cipitation demonstrates the potential risks to regional vegeta-
tion during periods of drought. During 2019, the Angola Vul-
nerability Assessment Committee mention that the drought
caused loss of livestock and low crop yields in the southern
provinces of Angola (RVAA 2019). It was estimated that 1.14
million people were food insecure in the southern provinces
of Namibe, Cunene, Cuando Cubango, and Huila alone, and
it is likely that the subsistence communities in the Angolan
Highlands experienced the same hardships. Total precipita-
tion and drought frequency are important factors in determin-
ing total greenness for a given time, but they do not operate
in isolation. Despite the results indicating that drought events
have become more frequent in the Angolan Highlands over
the last decade, it is possible that vegetation growth may be
enhanced by CO, fertilization and improved water efficiency
as documented in tropical, woodland and savanna biomes
across southern Africa (Midgley and Thuiller 2011; Jin et al.
2013; Geremew et al. 2022).

The threat of drought to the Angolan Highland land-
scape is further exacerbated by anthropogenic practices.
The miombo vegetation is cleared for timber and the valley
environment is used for cultivation through peatland drain-
age, peat fuel is also extracted, and grassland areas are used
for grazing and often burned (Conradie et al. 2016; Tay-
lor et al. 2018). Significant societal impacts are common
amongst food-scarce developing countries with high depend-
ency on agriculture (Ahmadalipour et al. 2019). Increased
drought occurrence could have major impacts in a region
that is heavily dependent on natural resources. Continued
population growth, lack of financial support, subsistence
agriculture, and human pressure on the land are increas-
ing in unprotected, rural areas of Angola (Catarino et al.

2020), such as the Angolan Highlands. The rural population
of Angola comprises 11.1 million people, or 37% of the total
population (RVAA 2019). According to the International
Trade Administration (ITA), in 2018, agriculture accounted
for 11% of the country’s GDP, supporting both informal and
formal employment of 30% of the Angolan population (ITA
2021). Potential environmental degradation can be expected
from the combination of drought and anthropogenic pres-
sures. This will require adaptation strategies in future, espe-
cially concerning water resources and agricultural practices.

4.3 Threats of climate change

Angola is highly vulnerable to climate change (Brooks et al.
2005). Climate variability in the Angolan Highlands region
is one of the strongest drivers of rainfall variability over a
subcontinent (Crétat et al. 2019). The trends in SPI scores
indicate negative gradients towards drier conditions over
all timescales. Over the archive, drought return rates are
variable but have increased during the last decade, as three
separate drought events occurred since 2014. This data is
consistent with other studies for Angola, both stronger and
more frequent droughts are expected through the next century
(Brooks et al. 2005; Cain 2015; Carvalho et al. 2017). Due to
the paucity of monitoring networks, studies of climate projec-
tions in Africa rarely include Angola, the majority of which
provide an evaluation of different regional climate models
(RCMs) over multiple countries (Carvalho et al. 2017).

Carvalho et al. (2017) compared four RCMs with data
from 12 meteorological monitoring stations specifically in
Angola. The study presented scenarios of future tempera-
ture and precipitation anomaly trends and the frequency
and intensity of droughts for the twenty-first century. While
there is a difference in the performance of the four RCMs,
particularly for precipitation, consistent results were found
for temperature projections, with an increase of up to 4.9 °C
by 2100 (Carvalho et al. 2017). The temperature increases
are lowest for the northern coastal areas and highest for
the southeast areas (nearer the study site). In addition to
increased temperatures, Angola is predicted to face heat
waves lasting between 60 and 120 days every 2 years under
the RCP8.5 (business as usual) scenario (Dosio 2017). In
contrast to temperature increases, precipitation is projected
to decrease by 2% on average for the country. Once more, the
strongest projection was for the southeast, with decreases of
up to 4% (Carvalho et al. 2017).

Using the 6- and 12-month SPI data and RCMs, Carvalho
et al. (2017) concluded that climate change in Angola will
bring stronger and more frequent droughts (consistent with
the SPI data for the Angolan highlands) through the century,
with impacts on water resources, agricultural productivity,
and wildfire potential. Mendelsohn (2019) describes the cur-
rent challenges to land transformation and degradation in
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Angola that are likely to increase in future (Carvalho et al.
2017; Huntley et al. 2019). The need for fuel sources reduces
plant cover, resulting in lower volumes of rainwater being
trapped or impeded, thus reducing seepage into the topsoil to
replenish soil moisture and recharge local aquifers (Mendel-
sohn, 2019; Huntley et al. 2019). With lower soil moisture,
seepage to sustain river flows during the dry season also
declines (Huntley et al. 2019). As precipitation affects pro-
ductivity, this will have influence on the subsistence farm-
ing strategy, and crop production. This may be the reason
for increased farming of peatlands which are an important
carbon sink and water flow regulator (Lourenco et al. 2022),
leading to further environmental degradation.

The lack of reliable climate data for Angola from the past
40 years is a challenge for climate change research (Huntley
et al. 2019). The Angolan Highlands are hydrologically and
ecologically important but continue to remain unprotected
(Quammen 2017). It is a major source water region for three
major river catchments (Congo, Zambezi, and Okavango),
supporting transboundary rivers that flow into six southern
African countries (Namibia, Botswana, Zambia, the Demo-
cratic Republic of the Congo, Mozambique, and Zimba-
bwe) and is the only source region of the Okavango Delta
(Marazzi et al. 2017; Yurco et al. 2017). Drought events
occurring in the region are likely to be far reaching, affect-
ing human and ecological welfare downstream. The rivers
originating in the highlands continue to flow unimpeded but
future pressures on water resources and projected popula-
tion increases are likely to aggravate dwindling freshwater
reserves in southern Africa. Synoptic drivers of precipitation
in the region have only recently received strong attention
(Howard and Washington 2018; Crétat et al. 2019). Future
work in monitoring and protecting the highlands will have
strong implications for water budgets across southern Africa.

5 Conclusion

This study integrates precipitation data and vegetation indi-
ces in an historical assessment of drought in the Angolan
Highlands. Drought occurrence has increased over the last
four decades, with three drought events occurring since
2014. The SPI data indicates that most of the drought periods
were regional. The relationship between drought occurrence
and ENSO is not linear. A strong positive correlation exists
between vegetation and precipitation, with EVI having the
stronger correlation over NDVI and precipitation. The valley
vegetation has a stronger correlation with precipitation com-
pared to the miombo vegetation, reflecting the same season-
ality as precipitation. The observed SPI time series exhib-
ited a downward trend during the past 40 years. Although
40 years is a relatively short period with regard to decadal
and multi-decadal climate variability, this could support the
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notion that drought occurrence and frequency will increase
in future as determined in other studies. Drought incidence
and severity should be carefully monitored, representing
a key future avenue for climate modelling research in the
region. Despite the significant ecological importance of the
Angolan highlands, the region remains unprotected. The
Angolan population is reliant on rain-fed agriculture, adap-
tive measures, especially for water resources are required to
mitigate the impacts of future drought events.
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