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Abstract we identify global observed changes in dry-spell characteristics that are consistent with future
projections and involve common physical drivers. Future projections of longer dry spells in the dry season
increase vegetation water stress and can negatively impact perennial vegetation. Lengthening dry season

dry spells of up to ~2 days per decade over South America and southern Africa and shortening of similar
magnitude over West Africa display a qualitatively consistent pattern to future projected changes under the
Shared Socioeconomic Pathway 2-4.5 intermediate greenhouse gas emissions scenario. By combining a range
of present-day climate model experiments, recent trends are linked with both natural and human-caused drivers.
Longer dry season dry spells over South America are associated with relative warming of North Atlantic

sea surface temperatures and amplified warming over land compared with adjacent oceans; both of which

are projected to continue under further warming, suggesting a common driver for recent trends and future
projections.

Plain Language Summary Continued warming of climate will further intensify dry seasons which
may damage crops and forests. We combine observations and simulations to see if future signals of climate
change are already beginning to occur and why. Lengthening dry spells over South America and southern
Africa and shorter dry spells over West Africa are found to be consistent with future climate change. In
particular, the recent trend of longer dry spells in the dry season over South America is linked with stronger
warming over land than over the South Atlantic Ocean and the pattern of warming in the North Atlantic. These
effects will become larger as the climate continues to warm, causing the dry season to become more intense
over South America.

1. Introduction

Warming of climate is intensifying the global water cycle, strengthening contrasts between wet and dry seasons
and increasing the intensity while decreasing the frequency of sub-seasonal precipitation (Allan et al., 2020;
Konapala et al., 2020; Liu & Allan, 2013; Schurer et al., 2020). Regionally, changes in atmospheric circula-
tion, including but not limited to the position of the tropical rain belt, also alter the location of the wettest and
driest regions and the timing of the seasons (Mamalakis et al., 2021). Rainfall timing and frequency are impor-
tant in affecting vegetation growth (e.g., Zhang et al., 2018) and more frequent prolonged dry spells have the
potential to cause significant detrimental impacts on agriculture and food security, as well as fire risk (Burton
et al., 2021). When coupled with higher temperatures and increased evaporative demand under climate change
(Greve & Seneviratne, 2015; Padron et al., 2020; Vicente-Serrano et al., 2020), more intense dry spells can lead
to a reduction in soil moisture and increased water stress on vegetation, potentially reducing crop yields and nega-
tively impacting other vegetation. For a given amount of precipitation, more intense but less frequent rainfall has
also been linked with reduced soil moisture and above-ground plant productivity, even where mean precipitation
is unchanged, based on novel field experiments (Slette et al., 2021). However, the impact of dry spells is also
determined by their timing in the seasonal cycle; prolonged dry spells during the dry season may have detrimen-
tal impacts on perennial species, including forest vegetation (McDowell et al., 2018). Furthermore, dry season
rainfall has been found to have a stronger influence on tropical tree growth than wet season rainfall, with drier dry
seasons leading to less tree growth (Zuidema et al., 2022).

Examining projected changes in the length of wet and dry spells across the global tropics, Wainwright et al. (2021)
identified longer and more intense dry spells during the annual dry season. While this may limit the impact on
crops grown solely during the wet season, it can significantly impact perennial crops, including cocoa. Some of
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the largest changes occur in northern South America (Wainwright et al., 2021), a region that produces much of
the world's cocoa (Wood & Lass, 2008). A range of observations indicates a decrease in September to November
precipitation and river discharge following a long dry season in the southern Amazon associated with a poleward
shift in the South Atlantic convergence zone (Correa et al., 2021; Espinoza et al., 2019; Zilli et al., 2019).

Identifying observed changes in dry-spell characteristics that involve common physical drivers and are consist-
ent with future projections contributes toward establishing robustness in these future responses. It is “virtually
certain” that since the 1950s the frequency and intensity of heavy precipitation events have increased, across most
land regions (Fischer & Knutti, 2016). However, trends in consecutive dry days (CDD) are not coherent over the
global land during the 1980-2010 period based on multiple climate models and reanalysis datasets (Sillmann,
Kharin, Zhang, et al., 2013), though spatial means across all land grid points may smooth over contrasting
regional trends (Wainwright et al., 2021). For example, Cerdn et al. (2021) and Avila-Diaz et al. (2020) found
an increase in the length of dry spells over the northern La Plata Basin and Brazil, respectively, from the early
1980s to the late 2010s and New et al. (2006) found a statistically significant increase in dry spell duration over
southwest Africa over 1961-2000.

Given the urgency for establishing effective adaptation strategies to climate change, it is important to further char-
acterize changes in subseasonal precipitation characteristics such as dry spell length, establish links with driving
mechanisms, and attribute causal factors, for future projections. In the present study a recently developed meth-
odology is used to identify changes in mean dry spell length during a dynamically determined dry season that
are qualitatively consistent and exhibit similar spatial patterns globally with future projections as documented
by Wainwright et al. (2021). We exploit a range of observations (including satellite-based precipitation datasets
and reanalysis) and global climate model simulations. These include targeted simulations to enable attribution of
changes to different drivers, to investigate whether recent trends result from natural or anthropogenic drivers, and
to what extent common mechanisms explain current and future changes.

2. Data and Methodology
2.1. Climate Model Data

Daily precipitation data from historical experiments applying realistic radiative forcings over the recent past and
future projections following the Shared Socioeconomic Pathway 2-4.5 (SSP245) scenario were extracted from
20 models (Table S1) contributing to Phase 6 of the Coupled Model Intercomparison Project (CMIP6) (Eyring
et al., 2016; O’Neill et al., 2016). The historical simulations were considered over the period 1 January 1985-31
December 2014, both for looking at recent trends and as a reference period when calculating projected future
changes. The SSP245 scenario was used for 1 January 2070-31 December 2099; this is a medium greenhouse
gas emissions scenario, producing a radiative forcing of approximately 4.5 W m~2 in 2100 (O’Neill et al., 2016).
Daily precipitation and surface air temperature as well as monthly sea surface temperature data are used.

Daily precipitation from atmosphere-only (amip) simulations, produced as part of CMIP6, were used from 20
models over the period 1 January 1985-31 December 2014. These simulations use the same model setup as the
coupled historical simulations, but apply observed sea surface temperatures (SSTs) and sea ice so therefore depict
realistic internal climate variability, albeit neglecting the direct effects of air-sea coupling.

Detection and Attribution Model Intercomparison Project (DAMIP, part of CMIP6) simulations (Gillett
et al., 2016) were also considered to enable the attribution of changes to different drivers. Three DAMIP exper-
iments are considered: hist-nat, hist-GHG, and hist-aer. The hist-nat simulations resemble the historical simu-
lations, but contain only natural forcings (solar irradiance, volcanic eruptions), with no anthropogenic forcings
(anthropogenic aerosol, greenhouse gases). Also considered (in Supplementary Information) were the hist-GHG
and hist-aer experiments which resemble the historical simulations, but are forced by changes in greenhouse
gases only (hist-GHG) or forced by changes in aerosol forcing only (hist-aer). Daily precipitation was only avail-
able from 10 DAMIP models. Again, only daily precipitation data are used.

2.2. Observational Data

CHIRPS (Climate Hazards group Infrared Precipitation with Stations) global daily precipitation data use thermal
infrared imagery, gauge data, a monthly precipitation climatology (CHPClim) and CFS version 2 reanalysis fields
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to produce rainfall estimates (Funk et al., 2015) over 50°S-50°N from 1 January 1981 until present. CHIRPS has
been used and verified over South America (Paredes-Trejo et al., 2017; Rivera et al., 2018), Africa (Dembélé &
Zwart, 2016; Dinku et al., 2018; Toté et al., 2015) and Asia (Bai et al., 2018; Gupta et al., 2020), and exhibits
good agreement with other observational datasets. In a recent global assessment, Shen et al. (2020) found that
CHIRPS precipitation estimates agree well with Global Precipitation Climatology Center precipitation data over
the United States, Europe, Africa, Australia, and South America.

The Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset was also considered for comparison with
CHIRPS. MSWERP is a new global precipitation dataset, available at 3-hourly resolution from 1979 to 2017 (Beck
et al., 2019). It combines gauge, satellite, and reanalysis-based data using a methodology that takes advantage of
the relative strengths of each data source (Beck et al., 2019).

Also considered is daily precipitation from the fifth generation European Center for Medium-Range Weather Fore-
casts (ECMWF) atmospheric reanalysis of the global climate (ERAS) which combines large amounts of histor-
ical observations into global estimates using advanced modeling and data assimilation (Hersbach et al., 2020).
Although precipitation retrievals are only explicitly assimilated over parts of North America, assimilation of a
range of meteorological variables combined with high-resolution modeling ensures a realistic representation of
large-scale precipitation fields, as evidenced by evaluation against Tropical Rainfall Measuring Mission (TRMM)
and Global Precipitation Measurement (GPM) mission's Integrated Multisatellite Retrievals IMERG) observa-
tions (Hersbach et al., 2020; Watters et al., 2021). Monthly surface temperature, dewpoint temperature, evapo-
ration, mean sea level pressure, and the upper layer (level 1) volumetric soil water were also used. Surface (2 m)
specific and relative humidity are not available from ERAS; thus they were calculated using surface dewpoint
temperature, surface air temperature, and mean sea level pressure.

All three precipitation datasets were considered over 50°S-50°N for 1985-2014 since observational datasets are
likely to be less reliable in the early-1980s due to gaps in the satellite records (Funk et al., 2015), and to be compa-
rable with the CMIP6 historical simulations. The aim here is to focus on regions with a well-defined annual wet
and dry season, thus the mid-high latitudes, where rainfall seasonality is less well-defined were excluded, as in
Wainwright et al. (2021).

Observed SSTs (1985-2014) were taken from monthly HadISST (v1.1) data (Rayner et al., 2003). The Atlan-
tic Multi-Decadal Oscillation (AMO) index is obtained from (Trenberth et al., 2021) and based on Trenberth
and Shea (2006). The El Nifio Southern Oscillation (ENSO) index is taken from the Climate Prediction Center
Oceanic Nifio Index (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php) and
is defined as 3 months running mean of SST anomalies in the Nifio 3.4 region (5°N-5°S, 120°-170°W).

2.3. Dry Spell Calculation

The mean length of dry spells calculation is described by Wainwright et al. (2021). The methodology has three
steps: firstly, the seasonality regime at each point is classified into one of four seasonality classes (wet-year-round,
dry-year-round, one wet season per year, or two wet seasons per year) using relative entropy (Feng et al., 2013;
Pascale et al., 2016) and harmonic analysis (Dunning et al., 2016; Liebmann et al., 2012). The relative entropy
quantifies how different the observed annual cycle of rainfall is from a uniform annual cycle with unchanging
monthly precipitation; relative entropy is high in regions with a pronounced seasonal cycle, and low in regions
with little variation in precipitation throughout the year (Feng et al., 2013; Pascale et al., 2016). Low values of
relative entropy were used to determine regions that are wet-year-round, and the driest 20% of grid points were
classified as dry-year-round. The remaining grid points were classified as having one or two wet seasons per year
using harmonic analysis. Regions, where the amplitude of the second harmonic is larger than the amplitude of
the first harmonic, were classified as having two wet seasons per year, whereas regions, where the amplitude of
the first harmonic is larger, are classified as having one wet season per year. Here, only grid points with one wet
season per year were considered since contrasting trends can occur in separate wet seasons (e.g., East Africa;
Tierney et al. [2015]).

Secondly, the method of anomalous accumulation was used to determine the beginning and end dates of the
climatological dry (and wet) seasons. The method of anomalous accumulation defines the beginning and end
of the wet season as the minima and maxima in the cumulative climatological daily rainfall anomaly. This is
computed as climatological mean rainfall for each day of the calendar year minus the annual mean of these daily
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totals. The cumulative climatological daily rainfall anomaly is then calculated by summing the climatological
daily rainfall anomaly (Dunning et al., 2016; Liebmann et al., 2012). This method is applicable to different data-
sets (with different biases) at the global scale, since the single parameter used in this methodology is the mean
precipitation at that grid point, and thus is specific for each grid point and dataset. Furthermore, other studies have
used variants of this methodology to calculate onset dates on a global scale (Bombardi et al., 2019). Seasonality
classifications and seasonal beginning and end dates are computed separately for each observational product
and model. A previous study found that CMIP6 models had a good representation of the seasonality regime and
seasonal timing (Figure S2, S3, and S5 in Wainwright et al. [2021]).

Finally, the mean length of dry spells in the dry season was calculated by taking the mean of the length (in days)
of all dry spells (of length 2 days or more) during the dry season. A dry spell is defined as a consecutive period
of dry days, using a threshold of below 1 mm day~! to define a dry day, as widely used in the calculation of wet
and dry spell lengths (Giorgi et al., 2019; Seneviratne et al., 2012; Sillmann, Kharin, Zwiers, et al., 2013). The
results may be sensitive to the choice of threshold, as in regions with very dry dry seasons a large proportion
of the days may be below this threshold; a lower threshold was not used due to the limitations of satellite-based
rainfall datasets and climate models in reliably representing rainfall totals below this threshold. In fact, this choice
is expected to be conservative since dry spell length cannot increase further as dry season rainfall reaches zero
yet signals of change are detected suggesting they are robust. Additionally, our results show good agreement with
other studies (see Section 3, and Figure 2 in Wainwright et al. [2021]).

2.4. Correlations, Trends, and Robustness

Correlations were computed using the Pearson correlation coefficient. Trends were computed using linear regres-
sion, and statistical significance was estimated using the Wald test, with the null hypothesis that the slope is
zero. Stippling is used to indicate where the correlation/trend is statistically significant at the 10% level (90%
confidence level).

For the future projections (Figures 1a, 3e and 4d) robustness across model simulations was determined using a
methodology similar to that in Dosio et al. (2019). Projected changes are considered robust if more than 50%
of the simulations show a statistically significant change (z-test, 10% significance level) of the same sign as the
median and, at the same time, more than 70% of them agree on the sign. The probability of more than or equal to
14 out of 20 models (70%) showing one sign by chance is about 6% based on a binomial calculation. Figures 1a,
3e and 4d show regions with robust changes as stippled.

2.5. Land-Sea Contrast Calculation

In order to explore the role of the changing land-sea temperature contrast on drying over South America, relative
humidity changes were estimated by assuming that specific humidity over land is determined by specific humid-
ity changes over the adjacent South Atlantic ocean, a region identified as important in supplying moisture to
South America during this season (Gimeno et al., 2010).

The method used by Byrne and O’ Gorman (2018) to explore the links between land and ocean warming contrasts
and changing relative humidity over land was adapted (for full details see Supplementary Information). Here, -
South America” refers to the region of South America of interest, and “South Atlantic” refers to the region of the
South Atlantic that supplies moisture to South America during the dry season. The oceanic supply of moisture is
determined by changes in specific humidity over the ocean (see Supplementary). Byrne and O’Gorman (2018)
scaled this oceanic supply by the ratio of mean specific humidity between land and ocean, which is typically
about 0.7, but for the region of study, we find that this ratio is 0.965 so 1.0 is used as a reasonable approximation.
This higher ratio may be due to additional moisture sources, including local recycling. The idealized estimates
of relative humidity over South America were calculated for each dry season (May-September) by adding the
dry season South Atlantic surface specific humidity anomaly (for each of the 30 dry seasons) to the mean South
America dry season specific humidity, and dividing by the saturated specific humidity for the South America
region dry season.

WAINWRIGHT ET AL.

4of 15



A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2021GL097231

a)

b)

-TETT O aET 0 Ol aEET 0 I A e

Figure 1.

o o o
# days/decade # days/decade # days

o
# days/decade

WAINWRIGHT ET AL.

5of 15



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097231

3. Results
3.1. Recent Trends in Observations and Models

The recently observed trends in the mean length of dry spells in the dry season (Figure 1b) display a qualitatively
consistent pattern to future projected changes for the end of the 21st century (Figure 1a) with increases in the
mean length of dry spells in the dry season over north-east South America, southern North America, and southern
Africa, and decreases over the Sahel; this may suggest that a climate change signal is already being observed over
these regions. Increases in dry season dry spell length over north-east South America (of ~2 days per decade)
and southern North America are statistically significant and also present in other datasets (Figure 1b, Figure S1).
A recent trend of longer dry spells over parts of South America was also found by Avila-Diaz et al. (2020) and
Valverde and Marengo (2014). Furthermore, Cerén et al. (2021) found the increase in the length of dry spells
over the northern La Plata Basin from 1981 to 2018 was strongest during austral winter (the dry season). Time-
series of the mean length of dry spells in the dry season over north-east South America from CMIP6 simulations
(Wainwright et al., 2021), which show the transient change, suggest that the increasing trend starts in the early
21st century. This adds to evidence that the observed signal may be linked to climate change. Our study finds a
positive trend in southern Africa (Figure 1b). Although not coherent across the region, the trend is consistent with
New et al. (2006), which noted an increase in dry spell duration over southwest Africa, using station data over the
period 1961-2000. Timeseries showing the transient change of dry season dry spell length over south-east Africa
from CMIP6 simulations (Wainwright et al., 2021) show an increasing trend throughout the 21st century, but
suggest the emergence of the signal from the noise occurs later than over north-east South America. A decrease
in the mean length of dry spells in the dry season over the northern Sahel, observed in CHIRPS is also found
in MSWEP and to a lesser extent in ERAS (Figure 1a, S1), is consistent with Barry et al. (2018), who report a
decreasing trend of CDD over West Africa for the period 1981-2010.

To establish if these trends are captured in climate model simulations, and to investigate the driving factors, trends
over the recent period (1985-2014) are also calculated using the atmosphere-only (amip) and coupled historical
simulations produced as part of CMIP6 (Figures 1c and 1d). The amip simulations include a signal from observed
internal climate variability as well as anthropogenic and natural radiative forcings while the ensemble mean of
the historical simulations primarily contains only the forced component of climate change. Both sets of simula-
tions capture the increase in the mean length of dry spells in the dry season over north-east South America and
southern Africa, and the decrease over the Sahel, although the trends are weaker than in the observations. The
amip simulations capture the increase over southern North America, but this is not captured in the historical
simulations, which may suggest this is the result of internal (unforced) variability. Both also show an increase in
dry spell length over Australia (also seen in future projections, although not statistically significant), which is not
seen in CHIRPS (Figure 1a) but is more pronounced in MSWEP and ERAS (Figure S1). Since MSWEP includes
reanalysis data, and ERAS is a reanalysis dataset, this may suggest that the trend over Australia is related to the
model representation of rainfall and drivers over this region (as it is seen in reanalysis and model simulations but
not satellite- and ground-based observations).

To determine if these recent trends are solely due to natural forcing agents (volcanic, solar) or whether there is
a role of anthropogenic forcing, trends were computed using the hist-nat (see methods) simulations produced as
part of DAMIP. Three regions were considered (regions shown in Figure 1b); northeast South America, West
Africa and the Sahel, and southern Africa.

Over South America (Figures 2a and 2b) the increase in the mean length of dry spells in the dry season is
captured by the amip and historical simulations, but the trend is much weaker (though still positive) in the
hist-nat simulations (median of 0.15 days/decade across hist-nat simulations compared to 0.79 days/decade in
amip and 1.31 historical). This is suggestive that a combination of natural and anthropogenic forcings is respon-
sible for the changes in this region. The distribution of trends for the hist-nat simulation is significantly different
from the distribution for the historical simulations (#-test, p value < 0.1), supporting the suggestion of a role of

Figure 1. Recent and future trends in mean length of dry spells in the dry season. (a) Multi-model median future projected change from Coupled Model
Intercomparison Project 6 (CMIP6) for 2070-2099 under Shared Socioeconomic Pathway 2-4.5 compared to the historical simulation over 1985-2014. Robust changes
(see Section 2.4) are stippled. (b) Trend from Climate HazardsGroup Infrared Precipitation with Stations 1985-2014. (c)-(d) Multi-model median trend from amip (c)
and CMIP6 historical (d) simulations over 1985-2014. Gray regions have two wet seasons per year, or are wet or dry year round, as defined in Wainwright et al. (2021).
Stippled regions indicate where 70% of the simulations agree on the sign of the trend.
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anthropogenic forcing on this trend. The difference between amip and historical is not statistically significant; the
larger increase in historical may be related to elevated warming in the historical simulations during this period
compared to amip. The suppressed global surface warming during some of the period considered (1998-2014) is
strongly influenced by an unusual phase of internal climate variability (Kosaka & Xie, 2013) that is therefore not
captured by the historical simulations ensemble mean which average over their internally generated climate vari-
ability. This partially explains why historical simulations, on average, exhibit larger surface warming (Mitchell
et al., 2020) that may be expected to produce larger associated global water cycle responses.

Over West Africa, the decreasing trend is found only in MSWEP and CHIRPS and is not seen in ERAS. amip
and historical simulations both capture the decreasing trend, which (similarly to South America) is stronger in
the historical simulations than in amip. This may be related to a greater warming trend in coupled historical
simulations than in observations and simulations driven with prescribed SSTs (i.e., amip simulations) since 1979,
and particularly over 1998-2014, and relating to internal climate variability that suppressed global warming in
this period (Mitchell et al., 2020). However, the hist-nat simulations show a range of increasing and decreasing
trends, with the mean and median around zero. This therefore also suggests a role of anthropogenic forcing; the
hist-nat and historical distributions are again significantly different (¢ test, p value < 0.1). Dong and Sutton (2015)
concluded that anthropogenic forcings, in particular increases in greenhouse gas concentrations, have been the
main factor in the recent recovery in Sahel summer rainfall; our results suggest that anthropogenic forcings have
also impacted the dry seasons.

For southern Africa the trend is very different in all three observation datasets (Figure 2, Figure S1-2); the amip
simulations show weak increasing and decreasing trends, while the hisforical simulations show increasing trends.
The hist-nat trend distribution is similar to the amip trend distribution, but due to the lack of consensus on the
observational trend, limited conclusions can be drawn. The hist-aer (aerosol only) and hist-GHG (greenhouse
gas only) simulations were also considered (see Figure S2). However, the model spread was so large that it was
difficult to draw conclusions from these simulations, though previous studies have highlighted the important role
of Pacific decadal internal climate variability on precipitation over southern Africa (e.g., Cook, 2001; Maidment
et al., 2015).

The most robust trends in dry season dry spell length across the observations and amip and historical simula-
tions are found over north-east South America. The dry season is important in this region due to the presence of
perennial vegetation (forest and cocoa crops), which are influenced by dry season climate, as well as wet season
climate. Drier dry seasons may be detrimental to forest survival in this region (McDowell et al., 2018). Therefore
this region is considered in more detail.

3.2. Dry Season Changes Over North-East South America

Links between dry spell duration and global climatic indices are now investigated in detail over north-east South
America to assess the physical consistency of driving mechanisms between present day and future changes.

3.2.1. Role of SST Variability in Dry Spell Trend

The mean length of dry spells in the dry season over north-east South America (Figure 2a) is correlated with
SSTs averaged over the dry season (taken as May-September, Figure 3a). Two distinct patterns are apparent. The
first is a positive correlation between tropical North Atlantic SSTs (roughly 0-20°N, 20-70°W), and stronger in
the west than in the east. Individual month correlations for May-September (not shown) suggest that this positive
correlation is strongest in the early dry season and weakens throughout the boreal summer (though still present
in September). The second pattern is a negative correlation with central and eastern equatorial Pacific SSTs; this
pattern resembles an ENSO SST pattern. This correlation pattern strengthens as the dry season progresses (not

Figure 2. Timeseries of mean length of dry spells in the dry season over a) South America, c) West Africa and the Sahel and e) Southern Africa from Climate Hazards
group Infrared Precipitation with Stations and ERAS and the mean over 20 amip simulations. Anomalies are computed using the mean for the whole period. Boxplots
show the range of trends from observations, historical, amip, and hist-nat simulations over a) South America, c) West Africa and the Sahel and e) Southern Africa. For
amip and historical the boxplot shows the range of values for the 10 models for which daily precipitation was available for hist-nat; the gray shaded line shows the range
(excluding outliers) across all 20 models. The box extends from the lower quartile (Q1) to the upper quartile (Q3) of the data and the line (cross) in the middle shows
the median (mean). The whiskers extend from the first datum greater than Q1 minus 1.5 times the interquartile range to the last datum less than Q3 plus 1.5 times the
interquartile range - values outside this range are considered to be outliers and marked with a circle. g) Mean May-September (dry season over South America) Atlantic
Multi-Decadal Oscillation (AMO) and El-Nifio Southern Oscillation (ENSO) indices.
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Figure 4. (a) Trend in dry season (May-September) surface temperature from ERAS over 1985-2014; stippling indicates statistical significance at the 10% level.

The regions used for the land and sea region are marked. (b) Timeseries of dry season land-sea temperature contrast and trend line; land-sea temperature contrast was
calculated by taking the difference of the land and sea regions shown in (a). (c) Observed and calculated dry season relative humidity over the land region and trend
line; calculated relative humidity uses specific humidity from the sea region and saturated specific humidity from the land region. (d) Multi-model median change in
dry season surface temperature from 20 Coupled Model Intercomparison Project phase 6 models comparing 2070-2099 under Shared Socioeconomic Pathway 245 with
1985-2014 under the historical scenario. Robust changes (see Section 2.4) are stippled.

shown), with a characteristic oppositely correlated horseshoe pattern in the western Pacific present from June/
July onwards. Mean dry season ENSO and AMO indices were correlated with the mean length of dry spells in
the dry season at each grid point; the AMO shows a strong positive correlation across South America (Figure 3c),
while the ENSO correlation exhibits a negative correlation (Figure 3b).

Figures 3a and 3c suggests the longer dry spells in the dry season over north-east South America are related to
warm SSTs in the tropical North Atlantic, especially at the beginning of the dry season. Warmer North Atlan-
tic SSTs modify the northward global energy transports, resulting in a northward displacement of the tropical
rainband (Hodson et al., 2022; Monerie et al., 2019), thus leading to drier conditions (and longer dry spells)
during the dry season over South America. Hodson et al. (2022), Monerie et al. (2019), and Knight et al. (2006)
have shown that positive AMO conditions (warm SST in the North Atlantic) are associated with dry condi-
tions over northern South America. Figure 3d shows the warming of dry season SSTs over the tropical North
Atlantic region from 1985 to 2014, and the AMO has moved from a negative to positive phase over this period
(Figure 2g), suggesting that this may have contributed to the trend of longer dry season dry spells over north-east

Figure 3. (a) Correlation between the timeseries of the mean length of dry spells in the dry season over the South America region shown in Figure 1a and dry season
(May-September) sea surface temperature (SSTs) from HadISST over 1986-2014. (b) Correlation between the dry season El Nifio Southern Oscillation index and mean
length of dry spells in the dry season at each grid point. (c) Correlation between the dry season Altantic multidecadal oscillation index and mean length of dry spells in
the dry season at each grid point. For a-c stippling indicates statistical significance at the 10% level. (d) Trend in dry season (May-September) HadISST SST over 1985-
2014, stippling indicates statistical significance at the 10% level. (¢) Multi-model median change in dry season SST from 19 Coupled Model Intercomparison Project
phase 6 models comparing 2070-2099 under Shared Socioeconomic Pathway 245 with 1985-2014 under the historical scenario. The change is shown relative to the
multi-model mean SST change. Robust future changes relative to the present-day period (see Section 2.4) are stippled.
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South America. Under future climate change, the AMO is unlikely to change its behavior (Knudsen et al., 2011;
Villamayor et al., 2018), but CMIP6 projections show greater warming in the North Atlantic compared to the
South Atlantic (1.4°C vs. 1.1°C), suggesting this may also be contributing to the future trend of longer dry spells
in the dry season over this region.

Figures 3a and 3b also suggest that longer dry spells in the dry season over north-east South America are related
to cooler SSTs in the equatorial Pacific and La Nifia events. The correlation map in Figure 3a and the SST trend
in Figure 3d exhibit a pattern of teleconnections that is broader in its latitude range than typically manifested by
ENSO variability and may be indicative of a decadal mode variability, commonly referred to in the literature as
Pacific Decadal Variability/Oscillation or Interdecadal Pacific Oscillation (Maidment et al., 2015; Villamayor
et al., 2018). El Nifio events are typically linked with dry conditions over South America, although most studies
tend to focus on the austral summer when ENSO peaks and the annual wet season occurs over South America.
Figure 3d shows a slight negative trend over this region for the period of interest, which may be linked with
longer dry spells. With the future warming of the climate, the change in ENSO SST variability is highly uncer-
tain (Fredriksen et al., 2020). CMIP6 projections show greater equatorial warming in the Pacific compared to the
off-equatorial region and faster warming of the eastern compared with the west, that is, showing a more El-Nifio
like SST warming pattern.

3.2.2. Land-Sea Warming Contrast

Faster warming over land than the ocean, an expected consequence of a warming climate and observed over
recent decades, has been linked with declining relative humidity over land (Byrne & O’Gorman, 2018). This is
explained by the supply of moisture from the oceans increasing at a slower rate than the saturated vapor pressure
increase over land, leading to a decline in relative humidity that can be further amplified by land-vegetation
feedback (Berg et al., 2016). Figure 4a shows that over 1985-2014 surface temperatures during the dry season
(May-September) increased at a faster rate over South America than over the adjacent South Atlantic, with the
dry season land-sea temperature contrast increasing at a rate of 0.32°C/decade (Figure 4b).

Figure 4c compares the dry season trend in relative humidity from observations and estimated based on calcula-
tions isolating the influence of land-sea warming contrast on the supply of ocean moisture (see Section 2.5 for
methodology). The estimated relative humidity decline related to land-ocean warming contrast (—1.6%/decade)
is smaller than observed (—2.1%/decade) suggesting that while the land-sea warming contrast can account for
about 75% of the decrease (and explains ~60% of the year-to-year variance), other factors have also contributed.
Dry season evaporation has also decreased over the region (possibly related to reduced soil moisture, Figure
S3), which may also contribute to dry season drying over the region, and longer dry spells. Although there may
be other oceanic and continental sources of moisture, and influence from atmospheric circulation changes (e.g.,
previous section), Figure 4 suggests that the relative humidity decline and drying during the dry season over
South America are consistent with the rising land temperature but fairly constant ocean specific humidity.

Future projections (Figure 4d) indicate that the land will continue to warm faster than the ocean (2.3°C over land
region vs. 1.5°C over the ocean region, comparing 2070-2099 under SSP245 with 1985-2014 under the historical
scenario), contributing to a continuing relative humidity decrease (~3% using a similar method as applied to the
present day changes, see Supplementary Information), indicating that the strengthening land-ocean warming
contrast also contributes to the trend of longer dry spells in the dry season under future climate change.

4. Discussion and Conclusions

We identify that recently observed trends in the mean length of dry spells in the dry season display a qualitatively
consistent pattern to future projected changes for the end of the 21st century and investigate the role of natural
and anthropogenic forcings and physical mechanisms common to both recent trends and future projections. The
main conclusions are:

1. There are increases in dry season dry spell length of up to about 2 days per decade over north-east South
America, southern North America, and southern Africa, and decreases of similar magnitude over West Africa
and the Sahel during 1985-2014.

2. Anthropogenic influences have played a role in recent dry spell trends over north-east South America, and the
West Africa/Sahel region.
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3. Warm SSTs in the north Atlantic are associated with longer dry season dry spells over South America.
Warm SSTs may lead to a more northerly position of the tropical rainband during the austral winter (Hodson
et al., 2022; Monerie et al., 2019), thus leading to drier conditions (and longer dry spells) during the dry
season over South America. Under future climate change, the North Atlantic is projected to warm more than
the South Atlantic, suggesting this may also be contributing to the future trend of longer dry spells in the dry
season over South America.

4. Changes in the land-sea warming contrast mean that the oceanic supply of moisture is insufficient to maintain
relative humidity levels over land, resulting in elevated aridity and drier conditions during the dry season
(Berg et al., 2016; Byrne & O’Gorman, 2018); this is also projected to continue with future climate change.

The trend of longer dry season dry spells over South America may also be influenced by deforestation. Deforest-
ation modifies moisture recycling and decreases the latent heat flux, meaning that stronger moisture transport
and deeper convection are needed to trigger rainfall (Leite-Filho et al., 2019; Llopart et al., 2018). Leite-Filho
et al. (2019) found that deforestation led to a greater probability of dry spells during the early and late rainy
season in Southern Amazonia, and Spracklen and Garcia-Carreras (2015) found that large-scale deforestation in
the Amazon reduced rainfall totals. Continuing deforestation and changing land use in the region considered here
may have contributed to changes in latent heat flux, increases in surface temperature over land (Li et al., 2016),
and longer dry spells, and therefore merits further study.

The consistency between recent trends and future projected changes, along with consistent physical mechanisms
for longer dry spells over north-east South America, contributes toward establishing robustness in these future
responses. Further work, including crop modeling studies, should aim to establish the resultant impacts on vege-
tation, including perennial tree crops, to inform suitable adaptation methods to minimize the impacts of longer
dry spells. In addition, detailed studies for West Africa and the Sahel, and southern Africa, are merited to explore
the observed signals and drivers and inform future projections.

Data Availability Statement

Open Research CHIRPS data is available from https://www.chc.ucsb.edu/data/chirps. MSWEP data is avail-
able from http://www.gloh20.org/mswep/. The ERAS dataset is available from the Climate Data store:
https://confluence.ecmwf.int/display/CKB/How+to+download+ERAS5. HadISST data is available from
https://www.metoffice.gov.uk/hadobs/hadisst/. The AMO index used is available from https://climatedatagu-
ide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo. The ENSO index is available from https://
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php. CMIP6 data is available from
https://esgf-node.llnl.gov/projects/cmip6/.
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