SEPTEMBER 2021 WAINWRIGHT ET AL. 2339

Future Changes in Wet and Dry Season Characteristics in CMIP5 and CMIP6 Simulations?’

CAROLINE M. WAINWRIGHT,*? EMILY BLACK,*® AND RICHARD P. ALLAN®®

# Department of Meteorology, University of Reading, Reading, United Kingdom
® National Centre for Atmospheric Science, United Kingdom
¢ National Centre for Earth Observation, Reading, United Kingdom

(Manuscript received 29 January 2021, in final form 24 June 2021)

ABSTRACT: Climate change will result in more dry days and longer dry spells; however, the resulting impacts on crop
growth depend on the timing of these longer dry spells in the annual cycle. Using an ensemble of Coupled Model
Intercomparison Project phase 5 and phase 6 (CMIP5 and CMIP6) simulations, and a range of emission scenarios, here we
examine changes in wet and dry spell characteristics under future climate change across the extended tropics in wet and dry
seasons separately. Delays in the wet seasons by up to 2 weeks are projected by 2070-99 across South America, southern
Africa, West Africa, and the Sahel. An increase in both mean and maximum dry spell length during the dry season is found
across Central and South America, southern Africa, and Australia, with a reduction in dry season rainfall also found in these
regions. Mean dry season dry spell lengths increase by 5-10 days over northeast South America and southwest Africa.
However, changes in dry spell length during the wet season are much smaller across the tropics with limited model con-
sensus. Mean dry season maximum temperature increases are found to be up to 3°C higher than mean wet season maximum
temperature increases over South America, southern Africa, and parts of Asia. Longer dry spells, fewer wet days, and higher
temperatures during the dry season may lead to increasing dry season aridity and have detrimental consequences for
perennial crops.
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1. Introduction reductions in water availability limit crop growth. Heavier
rainfall events punctuating longer dry spells can also affect
hydrological characteristics; for example, more rainfall can be
taken up by the soil rather than producing runoff, yet on the
other hand, more intense rainfall falling on encrusted ground
can lead to higher runoff (Eekhout et al. 2018; Yin et al. 2018).
Many studies have reported an increase in the number of dry
days and dry spell lengths under future climate change. Giorgi
et al. (2019) found an increase in the number of dry days and
dry spell lengths and a decrease in wet spell lengths aggregated
over land areas in the tropics and the extratropics over the
twenty-first century in 10 Coupled Model Intercomparison
Project phase 5 (CMIPS) model projections. Giorgi et al.
(2014) report that the response in wet and dry spell lengths is
more pronounced and spatially consistent over the tropics
than the extratropics. Polade et al. (2014) also identified an
increasing dry day frequency, in particular over northern
South America, Central America, southern Africa, and the
Mediterranean—regions also identified by Pascale et al. (2016)
as showing increases in the number of dry days. While Giorgi
et al. (2014) and Giorgi et al. (2019) examined the mean wet
and dry spell lengths over large land areas, Sillmann et al. (2013b)
Denotes content that is immediately available upon publica-  looked at the maximum wet and dry spell lengths over a number
tion as open access. of regions. They find significant increases in maximum dry
spell length over Central America, parts of South America,
the Mediterranean, southern Africa, and South and Southeast
Asia [consistent with the regions where Polade et al. (2014)

Climate change will result in more dry days and longer dry
spells; this has the potential to lead to negative impacts on crop
yields and food security, as water stress limits crop growth.
Across the tropics most crops are grown solely during the an-
nual wet season, with few crops grown during the dry season.
Therefore, the timing of these longer dry spells in the annual
cycle is of crucial importance in determining their impact.

As the climate warms, the contrasting constraints of energy
budgets at global scales and moisture budgets at regional scales
drive a general increase in precipitation intensity and decrease
in frequency that are further altered as atmospheric circulation
patterns shift in location (Trenberth 2011; Held and Soden
2006; Funk et al. 2019; Giorgi et al. 2019; Allan et al. 2020). A
larger increase in precipitation intensity compared to mean
precipitation is balanced by a decrease in the number of wet
days, resulting in longer dry spells and shorter wet spells
(Giorgi et al. 2011; Seneviratne et al. 2012; Sillmann et al.
2013b). These longer dry spells may have negative impacts on
crop yields and food production (Rockstrom et al. 2010), as
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found more dry days], with decreases in maximum dry spell
length over the high northern latitudes, northeast Asia, and
East Africa. Lau et al. (2013) also suggest increasing dry spell
lengths over southern Africa, the Mediterranean, and parts of
South America, although they use a threshold of <0.024 mm day !
to look at the changes in the frequency of dry months. Overall,
the Intergovernmental Panel on Climate Change (IPCC) Special
Report on Extremes concluded that an increase in dry spell
length and frequency was very likely over the Mediterranean
and southern Australia, and likely over most subtropical re-
gions (Seneviratne et al. 2012).

Most of these previous studies have looked at changes in wet
and dry spells across the entire calendar year (Sillmann et al.
2013b). In the tropics, however, most crops are grown during
the annual wet season. Therefore, the impact of longer or
shorter wet and dry spells may vary throughout the year.
Longer dry spells during the main wet season may have sig-
nificant detrimental impacts on agriculture, whereas longer dry
spells within the period of the year that is climatologically dry
may have less impact. Conversely, longer wet spells within the
dry season may be beneficial, e.g., for recharging water sup-
plies. Therefore, understanding the timing of changes in wet
and dry spell lengths is of crucial importance. Orlowsky and
Seneviratne (2012) looked at changes in consecutive dry days
(CDD) in the four meteorological seasons and found some
differences in the projected changes in different seasons; for
example, over Asia there is a decrease in CDD in December—
February (DJF), but an increase in June-August (JJA). The
magnitude of changes was also different in different seasons;
for example, over southern Africa the increase in CDD was
greater in JJA than in DJF. However, these 3-month meteo-
rological seasons may not map directly onto wet and dry sea-
sons and there may be changes in wet and dry season length
in the future (Dunning et al. 2018). Other studies looking at
changes in wet and dry spell lengths in wet seasons have fo-
cused over certain regions, for example, Klutse et al. (2018)
looked at changing wet and dry spell lengths in June-September
over West Africa, and Mba et al. (2018) examined changing wet
and dry spell lengths in March-May and September-November
over Central Africa. Furthermore, very few studies have also
considered the impact of temperature changes; increases in
temperature combined with longer dry spells may lead to re-
ductions in soil moisture and increased water stress for crops.
Changes in extreme temperatures may differ in wet and dry
seasons, hence it is important to separately examine the wet and
dry seasons, so as not to exaggerate the impact of temperature
changes on agriculture.

Although the seasonal timing of changes in wet and dry
spells is of significant societal importance, it has not been in-
vestigated consistently in previous studies. Many studies have
found a trend of wet seasons getting wetter and dry seasons
getting drier under future climate change (Chou et al. 2013;
Kumar et al. 2015; Schurer et al. 2020), suggesting there may be
notable seasonal differences in wet and dry spell projections.
Thus, the aim of the present study is to answer the question
“Do changes in the length of wet and dry spells differ in cli-
matologically wet and dry seasons?”” Unlike previous dry spell
studies, a recently developed methodology is used to determine
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the timing of the wet and dry season at each location (Liebmann
et al. 2012; Dunning et al. 2016), thus enabling investigation of
changes in the wet and dry season using a location-specific,
not month-based, seasonal definition. Furthermore, we utilize
projections from the latest version of coupled global climate
models, which have recently been released [Coupled Model
Intercomparison Project phase 6 (CMIP6); Eyring et al. 2016];
these are of higher resolution with more complex models than
the previous generation of coupled global climate models
(CMIPS5; Taylor et al. 2012), and thus represent a new oppor-
tunity for exploring changes in daily quantities. Here, results
from both CMIP5 and CMIP6 are compared, using a range
of emissions scenarios. Many previous studies have used the
well-established Climdex (https://www.climdex.org/) indices
to explore changes in wet and dry spells (Zhang et al. 2011;
Seneviratne et al. 2012; Sillmann et al. 2013b). These define
CDD (consecutive dry days; maximum length of dry spell) and
CWD (consecutive wet days; maximum length of wet spell) as
“the maximum number of consecutive days with daily precipi-
tation less than/greater than 1 mmday ™! (for CDD/CWD, re-
spectively). This therefore only looks at the longest wet/dry
spell in a year. In this study we aim to look at a more complete
set of metrics, including number of wet days and mean length
of wet/dry spells, to gain a more complete picture of how wet
and dry spells are changing under future climate change. Along
with changes in wet and dry spells, changes in maximum tem-
peratures are also considered, as large temperature increases
may exacerbate the impacts of long dry spells.

2. Data and methodology
a. Model data

Daily precipitation data were used from 31 CMIP5 (Taylor
et al. 2012) models and 19 CMIP6 (Eyring et al. 2016) models
under a medium [Representative Concentration Pathway
(RCP) 4.5/Shared Socioeconomic Pathway (SSP) 245] and high
(RCP8.5/SSP585) emissions scenario; a full list of models used
is included in Tables S1 and S2 in the online supplemental
material. SSP585 is the highest emissions scenario and repre-
sents an update to the RCP8.5 emissions scenario (the highest
emission scenario for CMIPS5); both produce a radiative forcing
of 85Wm™2 in 2100 (Van Vuuren et al. 2011; O’Neill et al.
2016). While some have argued that this pathway is unrealistic,
it should be noted that current emissions are in line with the
RCP8.5 scenario (Schwalm et al. 2020). The SSP245 scenario
represents a medium emissions scenario and updates the RCP4.5
pathway; both produce a radiative forcing of 4.5 W m ™2 in 2100
(Van Vuuren et al. 2011; O’Neill et al. 2016).

Models were selected based on the availability of daily
precipitation data for historical and RCP4.5/RCP8.5 (CMIP5)
or SSP245/SSP585 (CMIP6) simulations for periods at the end
of the twentieth and twenty-first centuries. For the present-day
climate, the historical simulation was used over the period
1 January 1985-31 December 2014, chosen to be in line with
IPCC ARG6. For the CMIPS simulations the historical simula-
tion is only available until 31 December 2005; CMIP5 RCP4.5
simulations were used for 1 January 2006-31 December 2014
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(taken from the same model) and appended to the historical
simulations for 1 January 1985-31 December 2005. Recent
analysis suggests that CO, emissions have been above RCP4.5
levels over the recent period, so this gives a conservative esti-
mate (Schwalm et al. 2020). Projections from RCP4.5 and
RCP8.5 do not differ significantly over this 2005-14 period,
therefore the choice of scenario was assumed to have a minimal
impact. Furthermore, the primary focus is on the newer CMIP6
models; results from the CMIP5 models are mainly presented
for traceability with previous studies. The period 1 January
2070-31 December 2099 was used for the end of the twenty-
first century period. Only the first ensemble members were
used (rlilpl/rlilplfl)—for two CMIP6 models rlilp1f2 was
used due to rlilplfl being unavailable (see Table S2). Other
studies have taken a similar approach. Daily maximum tem-
perature data were also used for the same set of models and
time periods, however, they were unavailable for a couple of
the models at the time when the analysis was conducted; this is
indicated in Table S2.

Data were considered over the region 50°S—-50°N. The focus
here is on differences in wet and dry seasons so the decision was
taken to focus on this tropics and subtropics region that has a
well-defined wet season (equatorward parts of midlatitudes are
also included in 50°S-50°N); high-latitude regions tend to have
less well-defined wet and dry seasons and thus are not included.
All analysis was done on the models at native resolution. For
the multimodel median maps the metrics were first computed
at the native resolution and were then regridded onto the
lowest-resolution grid using nearest-neighboring remapping.
For the regional analysis the regions were calculated for each
model grid and the model’s native resolution grid was used.

b. Observational data

CHIRPS (Climate Hazards Group Infrared Precipitation
with Stations) precipitation data were used over 50°S—50°N for
1 January 1985-31 December 2014 (to be comparable to his-
torical CMIP6 simulations). CHIRPS precipitation estimates
use thermal infrared imagery and gauge data in addition to a
monthly precipitation climatology, CHPClim (Climate Hazards
Center’s Precipitation Climatology) and CFS (Coupled Forecast
System) version 2 reanalysis fields to produce rainfall estimates
(Funk et al. 2015).

¢. Methodology

To calculate metrics, including mean wet and dry spell
lengths, for wet and dry seasons separately, each grid point is
first classified into one of four seasonality categories (section 1),
then season start and end dates are computed using a method-
ology for objectively calculating wet season onset and cessation
dates (section 2). Metrics are then calculated for wet and dry
seasons separately (section 3).

1) SEASONALITY CLASSIFICATION

The seasonality of precipitation varies across the tropics
from monsoonal regions with one summer wet season per year,
to dry desert regions with little rainfall, to rain forest regions
that are wet year-round. East Africa is known to experience
two wet seasons per year (Yang et al. 2015). To distinguish
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between wet and dry seasons, it is first important to determine
the seasonal regime.

A number of different methodologies have been utilized
for this purpose; Herrmann and Mohr (2011) used monthly
precipitation and temperature to define rainfall seasonality
regimes across Africa. Pascale et al. (2016) and Feng et al.
(2013) used the relative entropy and dimensionless seasonality
index to define and examine changes in the “Global Monsoon
Domain.” Liebmann et al. (2012) and Dunning et al. (2016) use
harmonic analysis to separate regions with one or two wet
seasons per year across Africa. A combination of these metrics
is used here.

It was decided that four categories need to be distinguished:
regions that are dry year-round, regions that are wet year-
round, regions with one wet season per year (annual regime),
and regions with two wet seasons per year (biannual regime).
While Herrmann and Mohr (2011) defined additional regimes,
here just four are used for simplicity. The methodology used
has three steps:

1) The mean annual rainfall was computed at each land grid
point (between 50°S and 50°N). The 20% of driest land grid
points were excluded as dry regions with no marked
wet season.

2) Grid points with a relative entropy (a measure of how
uniform or variable the seasonal sequence of monthly
rainfall is, see below) less than 0.3 were defined as wet
year-round with no marked wet/dry seasons.

3) The remaining grid points were defined as having one/two
wet seasons per year based on the ratio of the amplitude of
the second harmonic to the amplitude of the first harmonic.
If the ratio is greater than 1/less than 1 then the grid point
experiences a biannual/annual regime with two/one wet
season(s) per year.

The relative entropy (Dy) quantifies how different the ob-
served sequence of monthly rainfall is from a uniform monthly
sequence with unchanging monthly rainfall. The relative en-
tropy attains the maximum value when the annual rainfall is
concentrated in one single month, and equal to O for a uniform
precipitation sequence (Feng et al. 2013; Pascale et al. 2016).
Details of the calculation of relative entropy are in the
supplementary information.

Regions that are wet year-round have a low value of relative
entropy. Pascale et al. (2016) defined the Global Monsoon
Domain to be where D, > 0.4 (and where the dimensionless
seasonality index is >0.05, but this is mainly used to remove
dry regions), but when examining changes in the timing of the
rainfall centroid Pascale et al. (2016) used a relative entropy
threshold of 0.3 to ““exclude regions without a pronounced dry
season.” Here a threshold of 0.3 is used; a range of thresholds
were considered, and it was decided that a D, threshold of
0.3 classified regions such as the Maritime Continent, Central
Africa, and eastern North America, known to be wet year-
round, correctly, while also classifying most of South America
as having an annual regime. The aim was to just exclude those
points that are definitely wet year-round (without a pronounced
dry season), as opposed to just including those with a well-defined
monsoon, hence the threshold of 0.3 was used.
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FIG. 1. (a) Seasonality mask produced using CHIRPS rainfall data over 1985-2014.
(b) CMIP6 multimodel modal seasonality mask for the historical simulation over 1985-2014.
Red indicates dry year-round, blue indicates wet year-round, yellow indicates one wet season
per year, and pale blue indicates two wet seasons per year. See Fig. S1 for CMIPS5 and other

scenarios.

The seasonality classification for CHIRPS (Fig. 1) shows
that the dry desert regions (including the Sahara and Gobi
Deserts and the Arabian Peninsula) are correctly identified as
dry year-round, central equatorial Africa and the Maritime
Continent are correctly identified as wet year-round, and the
Horn of Africa is categorized as biannual. Monsoon regions,
such as India, East Asia, and South America, are correctly
identified as experiencing an annual regime. Over Africa, the
classification is similar to that produced by Herrmann and Mohr
(2011). This classification gives an overall picture—in regions of
complex rainfall regimes, with multiple rainfall peaks sepa-
rated by a relatively drier period lasting only 1-2 months (e.g.,
Central America; Small et al. 2007) it may not capture this
complex seasonal regime, and defines the region as having one
wet season per year.

The seasonality classification was calculated for each
model and scenario; it was calculated separately for the
present and future periods. Figure 1 shows the seasonality
mask for CHIRPS, and the modal seasonality classification
for CMIP6 historical (for CMIPS and all scenarios see Fig. S1).
For the most part the model seasonality classification shows
good agreement with CHIRPS with a few minor differences;
southern Australia and eastern China are shown as having one
wet season in models whereas they are defined as wet year-
round in observations. In terms of the future projections there
are not large changes in the overall pattern of seasonality
(<10% of grid points change regime), and most changes are
located on regime boundaries (Fig. S1). The notable changes

are over southern Europe/the Middle East, where we see
changes from wet year-round to an annual regime, and over
Central Africa CMIP6 shows some grid points change from wet
year-round to two wet seasons per year, presumably due to
larger rainfall increases in the wetter seasons than the drier
seasons.

2) WET AND DRY SEASON DISTINCTION

The method of anomalous accumulation was used to de-
termine start and end dates of the climatological wet and dry
seasons. This method is suitable for application at a global scale
as it does not use a set precipitation threshold, and therefore
can be applied to regions with very different rainfall amounts
(Liebmann et al. 2012; Dunning et al. 2016). It is applicable to
regions with both one and two wet seasons per year (Dunning
et al. 2016). Full details of the calculation can be found in the
supplementary information.

Onset and cessation dates were calculated for each model
and scenario, thus accounting for changing seasonal timing
under future climate change. Historical patterns of onset and
cessation in the CMIP5 and CMIP6 models were similar to
those produced using observations, with a wet season during
the boreal summer in the Northern Hemisphere and a wet
season during the austral summer in the Southern Hemisphere
(see Figs. S2-S6 in the supplementary information); Dunning
etal. (2017) showed that CMIP5 models generally captured the
correct patterns of onset and cessation across Africa, when
assessed using this methodology.
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FIG. 2. Mean length of (a),(b) dry spells in the dry season, (c),(d) dry spells in the wet season, (e),(f) wet spells in the dry season, and
(g),(h) wet spells in the wet season from (left) CHIRPS and (right) the multimodel median of the CMIP6 historical simulations. The period
1985-2014 is used for both CHIRPS and CMIP6. Gray regions indicate where at least 50% of the models do not give a value (dry year-round
or wet year-round in the dry season plots), or where CHIRPS is wet year-round or dry year-round.

3) WET AND DRY SPELL METRICS

A range of metrics were calculated for wet and dry seasons.
The wet season was defined to be the period after the onset and
before the cessation date, while the dry season was defined to
be the period between the cessation date and the onset date.
For the metrics calculated here, a threshold of 1 mm day_1 was
used to define a wet/dry day. The well-established Climdex
indices also use a threshold of 1 mmday ™' to define wet/dry
days for the calculation of CWD and CDD, used in Seneviratne
et al. (2012) and Sillmann et al. (2013b). Other studies looking at
wet and dry days and spells also use a threshold of 1 mm day !
(Polade et al. 2014; Giorgi et al. 2014; Funk et al. 2019; Giorgi
et al. 2019), and this is confirmed by analysis of cumulative
frequency of daily rainfall (Fig. S7).

The following metrics were calculated:

Wet/dry season rainfall: Sum of daily rainfall over the

wet/dry season.

e Wet/dry season rainy days: The number of days with rainfall
greater than 1 mm day ' in the wet/dry season.

e Wet/dry season rain per rainy day: The mean rainfall over all
days with rainfall greater than 1 mm day ™" in the wet/dry season.

e Maximum wet/dry spell length in wet/dry seasons: The length

(in days) of the longest wet/dry spell in each wet/dry season.

Mean wet/dry spell length in wet/dry seasons: The mean

length (in days) of all wet/dry spells (of length 2 days or

more) in the wet/dry season.

e Wet/dry season mean maximum temperature: The mean of
the daily maximum temperature over the wet/dry season.

Metrics were computed for one wet season for the annual
regime region and for two wet seasons for the biannual re-
gime regions. For the wet-year-round regions the metrics
were calculated for each calendar year (wet season was as-
sumed to last all year); these points have a wet season but no
dry season, so are included in wet season plots but not dry
season plots. The median was taken over all seasons and the
historical and future periods compared. For the maps, the
change was regridded onto the lowest resolution model using
nearest-neighbor remapping.

Figures 2 and S8 show that the historical simulations from
the CMIPS and CMIP6 models capture the observed distri-
bution of wet and dry spells in wet and dry seasons as found in
CHIRPS. The main difference is the mean length of wet spells
in the wet season where the CMIP6 models contain much
longer wet spells than the observations. Similarly, Sillmann
et al. (2013a) found good model representation of CDD in the
CMIP5 models, but found that CWD was overestimated in
both models and reanalyses. Results from a second observa-
tional dataset [Multi-Source Weighted-Ensemble Precipitation
(MSWEDP; Beck et al. 2019); Fig. S9] are very similar to those
shown in Fig. 2 for CHIRPS. The mean length of wet spells in the
wet season is longer in MSWEP over parts of South America,
Ethiopia, and the Himalayas in MSWEP, presumably due to
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F1G. 3. CMIP6 multimodel median change in (a) onset of the annual wet season and
(b) cessation of the annual wet season for the SSP585 scenario over 2070-99 compared
with the historical simulation over 1985-2014. Purple indicates later while orange indicates
earlier. Stippling indicates where 75% of the models agree on the sign of the median. Gray
regions indicate where at least 50% of the models do not give a value (dry year-round/wet

year-round/ biannual regime).

the inclusion of reanalysis data, but the mean lengths in CMIP6
still exhibit a positive bias over these regions when compared
with MSWEP.

4) REGIONS

To explore changes over certain regions a regional classifi-
cation was required. The regions used here are those defined
for the sixth IPCC report (Tturbide et al. 2020). (The locations
and regions used are shown in Figs. 6a, 8a, and 10a.)

5) TIME SERIES ANALYSIS

Time series were produced for certain regions to examine
the changes over the whole period (1985-2099). The regions
for time series were selected over areas of particular interest,
where significant changes in wet/dry spell length had been
identified. For the time series it is assumed that all grid points
have an annual regime; for the three regions used [northeast
South America (NES), southeast Africa (SEAF), and West
Africa (WAF)] this is a reasonable assumption (Fig. 1).

When calculating the time series of wet/dry spell lengths
over the IPCC regions two methodologies were employed. The
first methodology defined a climatological onset and cessation
date using the full 115 years of the time series and then used the
same onset and cessation date for each year, thus not ac-
counting for changes in seasonal timing. The wet and dry spell
lengths were then calculated for each year, in the same manner
as above. The second methodology used a moving 30-yr period
to calculate the onset and cessation dates, with the first 15 and
last 15 years of the full record set to the first-30-years value and
the last-30-years value. Thus, this second methodology takes
into account changes in seasonal timing. In section 3, time se-
ries produced using the second methodology were presented.

For the most part the differences between the two methodol-
ogies were similar.

3. Results and discussion

Results are presented here for wet and dry seasons; section 3a
on seasonal timing presents changes in timing of the onset and
cessation of the wet season, while sections 3b-3e present
changes in rainfall and temperature metrics for wet and dry
seasons separately. Figure S2 in the supplementary informa-
tion indicates the timing of the wet season(s) in the calendar
year for reference.

a. Seasonal timing

The multimodel median change in onset and cessation of
the annual wet season in CMIP6 under the SSP585 scenario,
shown in Fig. 3, shows that onset is projected to get later across
South America, southern Africa, West Africa, and the Sahel,
with changes of up to 2 weeks. Over South America this con-
tinues the recent trend of delayed onset found by Correa et al.
(2020). Over East Asia Fig. 3 shows the onset is projected to
be earlier, with advances of over a week in some locations.
Changes in cessation are smaller than changes in onset; Fig. 3b
shows later cessation by up to a week over the Sahel, and parts
of Asia, with the largest changes of around 2 weeks over central
America. These results show good agreement with previous
studies of changing onset over Africa (Dunning et al. 2018)
and over Asia, with Kitoh et al. (2013) reporting a later
retreat over South Asia and Ha et al. (2020) reporting an
earlier onset over East Asia. The results also show good
agreement with Pascale et al. (2016), who analyzed changes
in the timing of the rainfall centroid, and found a delay over
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FIG. 4. CMIP6 multimodel median change in (a) wet season rainfall, (b) dry season rainfall, (c) number of rainy days in the wet season,
(d) number of rainy days in the dry season, (e) wet season rain per rainy day, and (f) dry season rain per rainy day for the SSP585 scenario
over 2070-99 compared with the historical simulation over 1985-2014. Stippling indicates where 60% of the models show a statistically
significant change (¢ test, 10% significance level) of the same sign as the median change. Gray regions indicate where at least 50% of the
models do not give a value (dry year-round or wet year-round in the dry season plots).

Africa, Central and South America, and parts of South Asia,
with an advance over East Asia. More broadly, a number of
studies have found a global phase delay of the seasonal cycle of
precipitation (Biasutti and Sobel 2009; Dwyer et al. 2014;
Marvel et al. 2017) and a redistribution of rainfall from early to
late in the monsoon season (Seth et al. 2013), in agreement with
the generally later onset/cessation shown in Fig. 3. A number of
mechanisms have been proposed for this; Dwyer et al. (2014)
linked the delay to changes in the seasonality of the circulation,
Seth et al. (2013) linked the delay to an enhanced spring con-
vective barrier, while Song et al. (2018) linked the delay to
changes in cross-equatorial energy transports and change in the
strength of the subtropical highs.

b. Seasonal rainfall characteristics

First, changes in seasonal rainfall totals, seasonal number of
rainy days and seasonal rain per rainy day were explored; Fig. 4
shows the changes from CMIP6 under SSP585. South and East
Asia, eastern Africa, and eastern North America all show
projected increases in wet season rainfall (Fig. 4a); due to a
combination of increasing rainfall intensity in the wet season
(Fig. 4e) and either limited change or a slight increase in the
number of wet days in the wet season (Fig. 4c). Wang et al.
(2021, 2020) and Collins et al. (2013) also show an increase in
boreal summer rainfall over South and East Asia; Wang et al.
(2020) show increases of around 1 mmday ' in JJAS over
South and East Asia. The Mediterranean, Central America,
and northern South America exhibit significant decreases in
wet season rainfall (of 5%-25%, Fig. 4a); these regions also
experience a significant decrease in the number of rainy days in
the wet season (decrease of over 15 days, Fig. 4c), and smaller
increases in rain per rainy day (Fig. 4e). The asymmetry be-
tween the American and Asian—African monsoon systems,

with the North American monsoon getting drier and the
Asian—-African monsoon getting wetter, identified in other
studies (e.g., He et al. 2020), is apparent in Fig. 4. Other re-
gions, including southern Africa, the Maritime Continent, and
parts of southern Europe, also exhibit a decrease in the number
of wet season rainy days (Fig. 4c). However, a significant de-
crease in rainfall is not found in these regions (Fig. 4a) as the
decrease in the number of rainy days is compensated by an
increase in rain per rainy day (Fig. 4e), broadly consistent with
expectations from joint thermodynamic and energetic con-
straints (Allen and Ingram 2002; Trenberth 2011).
Considering the dry season, Central America, South America,
southern Africa, and Australia all show decreases in dry season
rainfall (Fig. 4b), decreases in the number of wet days in the
dry season (Fig. 4d) and little change in dry season rain per
rainy day (Fig. 4f). A decrease in boreal summer rainfall over
southern Africa is also found by Wang et al. (2021, 2020) and
Collins et al. (2013), and a number of studies have identified an
increasing contrast between wet and dry seasons, with wet
seasons getting wetter and dry seasons getting drier (Chou
et al. 2013; Kumar et al. 2015; Polson and Hegerl 2017; Lan
et al. 2019; Deng et al. 2020; Schurer et al. 2020). Eastern
Africa, the eastern Sahel, and East Asia all show increases in
dry season rainfall (Fig. 4b), increases in the number of dry
season rainy days (Fig. 4d) and increases in dry season rain per
rainy day (Fig. 4f). Rainfall increases over East Asia are in
good agreement with Wang et al. (2021, 2020), and Collins
et al. (2013) who identified increased boreal winter rainfall in
this region. In general, the increases in dry season rain per rainy
day are less than the increases in wet season rain per rainy
day. Changes in seasonal rainfall are shown as a percentage of
the wet/dry season rainfall; thus, while changes in dry season
rainfall may appear larger, in absolute terms the changes in wet
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season rainfall are larger. Central and northern South America
show rainfall decreases in both seasons, in agreement with
Wang et al. (2020) who also show precipitation decreases over
the region in boreal summer and winter, although in winter
they find increases over the east and west coast, although it
should be noted that they use a month-based seasonal defini-
tion, and the increases are very close to the coast, which may
have been removed in the land-sea mask applied here.
Changes from CMIP6 under SSP245 and from CMIP5 under
RCP8.5 (Figs. S10 and S11) were generally of the same sign
of those shown in Fig. 4, but of lower magnitude, possibly re-
lated to the higher climate sensitivity in CMIP6 than in CMIP5
(Meehl et al. 2020). Over northern South America decreases
in dry season rainfall were ubiquitous, but decreases in wet
season rainfall were only found in CMIP6 under SSP585.
Although they all show a decrease in the number of wet season
rainy days over northern South America, CMIP5 RCP8.5
shows a larger increase in wet season rain per rainy day, and
CMIP6 SSP245 has a smaller decrease in the number of rainy
days, but similar change in rain per rainy day to CMIP6 SSP585.
Increases in wet season rainfall over eastern Africa and South
and East Asia, and increases in dry season rainfall over East
Africa and East Asia, were found to be robust across the three
scenarios and CMIP eras. Decreases in dry season rainfall over
southern Africa were present in all three scenarios and CMIP
eras, but were only significant under SSP585 and RCP8.5.

c. Wet and dry spells

Figure 5 shows the projected changes in the mean length of
wet and dry spells in wet and dry seasons from CMIP6 under
SSP585; the changes in maximum spell length are generally of
the same sign and of larger magnitude (see Fig. S14).

During the dry seasons, projections indicate longer dry spells
over Central America, northeast South America, southern
Africa, and Australia, with increases of up to 10 days (Fig. 5a).
This is consistent with Fig. 4 which showed reductions in dry
season rainfall and fewer dry season rainy days over these re-
gions. Shorter dry spells in the dry season are found over East
Africa and parts of the Sahel and East Asia (Fig. 5a); these

regions showed increases in dry season rainfall and more rainy
days in the dry season (Fig. 4). Orlowsky and Seneviratne
(2012) also show increases in CDD over southern Africain JJA
(local dry season). Over northern South America, Orlowsky
and Seneviratne (2012) show increases in CDD in different
regions in all four seasons, with the smallest increases in DJF
(the peak of the wet season), thus agreeing on the projection of
longer dry spells in the dry season, but also demonstrating the
impact of different definitions of seasonality. Sillmann et al.
(2013Db) also show large increases in CDD over northeast South
America, southern Africa, Australia, and central America.

For the mean length of dry spells in the wet season (Fig. 5b)
the changes are generally very small (multimodel median is
generally less than half a day) and not statistically significant.
Only southern Europe and the northern Mediterranean shows
a statistically significant increase in dry spell length in the wet
season; the signal is also seen over the same region for dry
seasons (Fig. 5a). Parts of the Mediterranean are classified as
having one wet season per year, while other parts are wet year-
round, thus Figs. 5a and 5b indicates a general increase in dry
spell length in this region. Other studies, including Orlowsky
and Seneviratne (2012) and Seneviratne et al. (2012) show in-
creases in CDD in the Mediterranean, and Brogli et al. (2019)
show year-round decreases in Mediterranean rainfall.

The changes in the mean length of wet spells are generally of
smaller magnitude than the changes in the mean length of dry
spells (Figs. 5c,d). The only statistically significant change in
the mean length of wet spells in the dry season is over northern
South America, which shows a decrease in the mean length of
wet spells in the dry season; but the magnitude of the change
is small (Fig. 5c). Only two regions show significant changes
in the mean length of wet spells in the wet season (Fig. 5d);
central and northern South America and West/Central Africa
both show decreases of less than 5 days. These are the regions
with the longest wet spells during the wet season in current
climate (Fig. 2), and therefore are likely to exhibit the largest
changes. These regions also show fewer wet season rainy days
under future climate change (Fig. 4c), consistent with shorter
wet spells.
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Again, changes from CMIP6 under SSP245 and from CMIP5
under RCP8.5 (Figs. S12, S13, S15, and S16) were generally of
the same sign of those shown in Fig. 5, but of lower magnitude.
For the mean length of dry spells in the dry season, increases
were present across Central America, northeast South America,
southern Africa, and Australia in all three scenarios and
CMIP eras, but the magnitude and statistical significance
was reduced, particularly under SSP245 where only southern
Africa and small parts of South America showed a statistically
significant increase. For the mean length of wet spells in the wet
season, the signal was similar in CMIP5 RCP8.5 to CMIP6
SSP585, but much reduced in CMIP6 SSP245, with only the
decrease over northern South America present.

Figure 3 showed changes in the length of wet and dry seasons
under future climate change, which may affect the length of
wet and dry spells. Therefore the analysis was repeated,
calculating wet and dry spell lengths as a percentage of the
wet/dry season length; results were similar, demonstrating that
the changes found here are not a consequence of changing
season lengths.

Overall, Figs. 5a and 5b indicates that the significant in-
creases in dry spell length expected under future climate
change are projected to occur during the dry season not the wet
season. Only parts of the Mediterranean and southern Europe,
where some locations experience rainfall year-round, show a
significant increase in dry spell length in the wet season.
Therefore, agriculture grown solely during the wet season may
be less affected by longer dry spells. However, Figs. 4 and 5
indicate longer dry spells, fewer rainy days, and less rainfall
during the dry season in certain regions, which may make the
dry seasons more intense, negatively impacting perennial crops
and crops grown during the dry season.

d. Regional changes

Figures 4 and 5 have presented changes across the tropics;
three regions are now considered in more detail. Some of the
largest changes in wet and dry spell lengths identified in Figs. 4
and 5 were for northern South America and Africa; hence,
these regions are explored further. South and East Asia is a
region of high population density, highly dependent on agri-
culture, so this region has also been considered in more detail.

1) NORTHERN SOUTH AMERICA

Decreases in precipitation over northern South America
under future climate change have been widely reported (Scheff
and Frierson 2012; Wang et al. 2020), and linked to changes in
the tropical Pacific (Parsons 2020) and the response of vege-
tation to elevated CO, (Richardson et al. 2018). Recent de-
clines in dry season precipitation over tropical South America
can be attributed to elevated greenhouse gases and land use
change (Barkhordarian et al. 2018), while recent increased
frequency of dry days over the southern Amazon has been
linked to tropical North Atlantic warming and enhanced sub-
sidence of the southern branch of the Hadley cell (Espinoza
et al. 2019). Three of the IPCC ARG regions are considered;
South American monsoon (SAM), north South America (NSA),
and northeast South America (NES). Figures 6b and 6¢ shows
there is generally good model agreement in the projection of
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longer dry spells in the dry season across all three regions; for
all scenarios the 25th percentile (across the models) is above 0.
Under the high emissions scenarios for CMIP5 and CMIP6 the
median increase in the maximum length of dry spells in the dry
season ranges between 9 and 26 days, with median increases
in the mean length of dry spells in the dry season between 1.4
and 9.4 days. In their analysis of changes in CWD and CDD
over Brazil in the CMIPS models, Avila-Diaz et al. (2020) also
found longer dry spells under future climate change, with the
largest increases in the northeast. This is a continuation of
the recent trend of longer dry spells in northeast Brazil over
19802016 (Avila-Diaz et al. 2020).

For the mean and maximum length of wet spells in the wet
season the 25th percentile is below O for all regions and sce-
narios indicating strong model agreement on shorter wet spells
in the wet season under future climate change (Figs. 6d,e).
Under the high emissions scenarios for CMIP5 and CMIP6
median decreases in the maximum length of wet spells in the
wet season range between 3 and 13 days, while median de-
creases in the mean length of wet spells in the wet season range
between 0.6 and 3.7 days. It is interesting to note that the
largest changes in dry spell lengths are over NES, while the
largest changes in wet spell lengths are over NSA; this is con-
sistent with Avila-Diaz et al. (2020), who found the largest
decreases in CWD over the central northern part of Brazil.

For both variables and all the regions the changes are larger
for the CMIP6 high emissions scenario than the CMIPS5 high
emissions scenario; this was also noted in the previous section and
is thought to be related to the higher climate sensitivity in
CMIP6 than in CMIP5 (Meehl et al. 2020).

Time series of mean length of dry spells in the dry season and
mean length of wet spells in the wet season for the NES region
(Fig. 7) show the same patterns of longer dry spells in the dry
season and shorter wet spells in the wet season. The dots at the
top of each panel indicate when the range of values in that
year is statistically significantly different from the range over
1985-2014 and indicates the emergence of the signal from the
noise. This suggests that the increase in the mean length of dry
spells in the dry season becomes statistically significantly dif-
ferent between 2020 and 2040 (depending on the emissions
scenario) whereas the decrease in the mean length of wet spells
in the wet season is not statistically significant until 2060-80
(timings are similar for maximum spell lengths). These times of
emergence are indicative, but may not be fully quantified, as
we have only used one ensemble member per model. For more
robust times of emergence the internal variability should be
calculated using a large ensemble. For wet spells in the wet
season the change is less significant under the SSP245 scenario
and diverges from the SSP585 scenario in the 2060s (Fig. 7b).
The apparent jump in dry spell length around 2065 is not a
model artifact, but reflects the combination of internal vari-
ability and the leveling off of warming in the SSP245 scenario.
Figure 7 also shows the large interannual variability in these
metrics and the large model spread. Two methodologies were
used for calculating the time series; one using varying season
start and end dates and one using fixed season start and end
dates (see methodology in section 5). The results shown in
Fig. 7 were the same for both methodologies, indicating the
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FIG. 6. (a) Region map showing the location of South American monsoon (SAM), north South America (NSA),
and northeast South America (NES). (b),(c) Boxplots showing the change in mean/max length of dry spells in the
dry season and (d),(e) boxplots showing the change in mean/max length of wet spells in the wet season over SAM,
NSA, and NES. The different colors indicate the CMIP era (CMIP5 or CMIP6) and scenario (SSP245,
SSP585, RCP4.5, RCP8.5). For all boxplots the change is computed from the historical simulation for 1985-2014 to
the select scenario for 2070-99. The box extends from the lower quartile (Q1) to the upper quartile (Q3) of the data
and the line in the middle shows the median. 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. The same is the case for all boxplots in this paper.

result is robust and insensitive to changing season length.
However, for the mean length of dry spells in the wet season
and mean length of wet spells in the dry season the signal
(increase/decrease, respectively) becomes weaker and less
statistically significant when varying onset is used (not shown).
This indicates that erroneously including parts of the other
season when the time-invariant dates are used can influence

the calculation of these metrics, and indicates changes occur-
ring in the margins between the seasons.

2) AFRICA

Projected changes in the mean length of wet and dry spells
are not consistent across the African continent (Figs. 8 and
S17). While southwest Africa (SWAF) and southeast Africa
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FIG. 7. Time series of (a) mean length of dry spells in the dry season and (b) mean length of wet spells in the wet
season for the northeast South America region. The blue (red) line shows the multimodel mean over the CMIP6
models for the SSP245 (SSP585) scenario; the shading indicates one standard deviation. The dots indicate when the
range of values from 18 models for that year is significantly different from the range for 1985-2014 at the 5% level,

using a Mann—-Whitney U and ¢ test.

(SEAF) show longer dry spells in the dry season (increase in
mean and maximum length), with median increases in the
maximum length greater than 20 days over SWAF, northeast
Africa (NEAF) shows shorter dry spells (median change in the
maximum length of dry spells is a decrease of 12 days under
CMIP6 SSP585; Figs. 8b,c). There is good model agreement in
shorter dry season dry spells over NEAF, with the 25th per-
centile below 0 for all scenarios. Pinto et al. (2016) also found
increases in CDD over southern Africa, with increases of
greater than 25 days over Zimbabwe and Botswana, with larger
increases under RCP8.5 than under RCP4.5, in agreement with
Orlowsky and Seneviratne (2012) and Sillmann et al. (2013b).
Over East Africa previous studies report both increases
and decreases in dry spell lengths. Over southern Ethiopia,
Tegegne et al. (2020) found a decrease in CDD during the
2080s under RCP8.5, in agreement with the findings in Sillmann
etal. (2013b). However, Gudoshava et al. (2020) show only small
changes (generally less than one day) in CDD in March-May,
June-September, and October-December over the Horn of
Africa; Ogega et al. (2020) also found no large changes in CDD
over Kenya and Uganda. Conversely, Osima et al. (2018) find
increasing CDD over the Horn of Africa. Our results here are
consistent with the studies of Sillmann et al. (2013b), Orlowsky
and Seneviratne (2012) and Tegegne et al. (2020); further de-
tailed studies on this region should explore the range of pro-
jections from different studies, taking into account the large
variability in model projections over East Africa (Rowell et al.
2015). West Africa (WAF) and Central Africa (CAF) show
shorter dry spells in the future (Fig. S17), although the changes
are smaller than those over NEAF and model agreement is
weaker; Sillmann et al. (2013b) show that changes in CDD are
not significant over these regions.

Only two regions show notable changes in the length of wet
spells in the wet season; WAF and CAF show median de-
creases of 3—6 days in the maximum length of wet spells (under
high emissions scenarios, Figs. 8d,e). Changes in the mean
length also show decreases. While there is generally good
model agreement on shorter wet spells in the wet season over
WAF and CAF (for the most part the 25th percentile is below

0), there is a large range across the models, particularly under
CMIP5 and over CAF. This may be related to poor model
representation of the mean climate over this region in CMIP5
models (Creese and Washington 2018) and to the inclusion
of a wet-year-round region in equatorial Africa. Klutse et al.
(2018) also found a reduction in CWD in June-September
over West Africa, with reductions of up to 4 days over Nigeria
and Guinea under 2°C of global warming. Over Central Africa
Mba et al. (2018) found decreases in CWD in both March-May
and September—November.

Figure 9b shows that the decrease in the length of wet spells
in the wet season over WAF becomes statistically significantly
different from 1985 to 2014 at around 2050 under SSP585.
However, under SSP245 the change does not become consis-
tently statistically significantly different in the period of this
time series (up to 2100). For dry spells in the dry season over
SEAF the increase in length becomes statistically significantly
different from 1985 to 2014 around 2040-60, later than was
found for NES (Fig. 9a). For dry spells in the dry season the
scenarios diverge in the 2060s, while for wet spells in the wet
season the scenarios diverge in the 2040s.

3) AsiA

Generally, changes in the length of wet and dry spells are
smaller and less significant, or exhibit limited model consensus,
over Asia. Figure 5 showed significant decreases in the mean
length of dry spells in the dry season over northeast China
(also found by Han et al. 2018; Dong et al. 2020), but no other
significant changes over this region. Figures 10b and 10c con-
firms that changes in the length of dry spells in the dry season
are generally small. The largest change is an increase of four
days in the maximum length of dry season dry spells over South
Asia (SAS) under CMIP5 RCPS8.5; this change is larger in
CMIP5 than in CMIP6 (median in CMIP6 SSP585 is an increase
of one day), consistent with the slight increase in dry season
rainfall over India found in CMIP6 SSP585, but little change in
dry season rainfall found in CMIP5 RCPS8.5. While there is an
increase in the maximum length of dry spells, the change in the
mean length of dry spells is small (less than 0.6 days), indicating
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FI1G. 8. (a) Region map showing the location of West Africa (WAF), Central Africa (CAF), northeast Africa
(NEAF), central East Africa (CEAF), southwest Africa (SWAF), and southeast Africa (SEAF). (b),(c) Boxplots
showing the change in mean/max length of dry spells in the dry season over NEAF, SWAF, and SEAF. (d),(e)
Boxplots showing mean/max length of wet spells in the wet season over WAF and CAF. The different colors
indicate the CMIP era (CMIP5 or CMIP6) and scenario (SSP245, SSP585, RCP4.5, RCP8.5). For all boxplots the
change is computed from the historical simulation for 1985-2014 to the select scenario for 2070-99. Results for all

regions are shown in Fig. S17.

that for the most part dry season dry spells are not getting longer.
An increase in the maximum, but not the mean also suggests an
increase in the variability. This highlights the importance of
considering the mean as well as the maximum spell length.
There is limited model agreement in these changes. Han et al.
(2018) also found little change in CDD over South Asia and
Southeast Asia in their analysis of CMIP5 models. Aadhar
and Mishra (2020) concluded that projections based on CMIP6
multimodel ensembles are not reliable over South Asia as

projections are different when the whole ensemble is used
compared with just those models that correctly represent
current climate. Further work is required to investigate this
region in more detail.

Figures 10b and 10c also shows a slight increase in the
maximum length of dry season dry spells over Southeast Asia
(SEA). It should be noted that much of this region experiences a
wet-year-round rainfall regime, therefore, only a small region
(over Myanmar and Thailand) will be contributing to this signal;
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FIG. 9. Time series of (a) mean length of dry spells in the dry season over southeast Africa (SEAF) and (b) mean
length of wet spells in the wet season over West Africa (WAF). The blue/red line shows the multimodel mean over
the CMIP6 models for the SSP245/SSP585 scenario; the shading indicates one standard deviation. The dots indicate
when the range of values from 18 models for that year is significantly different from the range for 1985-2014 at the

5% level, using a Mann—Whitney U and ¢ test.

this is supported by the findings of Ge et al. (2019), who show
the largest increases in CDD in the SEA region are over the
Myanmar-Thailand peninsula. Figures 10b and 10c shows the
median changes are small (2 and 3 days), and again, only seen
in the maximum not the mean, with limited model agreement.
Figures 10d and 10e shows changes in the length of wet spells
in the wet season, with median decreases in the maximum
length of 2 and 4 days over SEA and little change in other
regions. This is consistent with a decrease in the number of wet
season rainy days over this region. Again, the change in the
mean is small (less than 0.4 days), indicating only the longest
wet spells are getting shorter, not all wet spells, and also
indicating a change in the variability. While Ge et al. (2019)
show increases in CWD in the CORDEX models over SEA,
they also find that the increase is larger under 1.5°C of global
warming than under 2°C of global warming, and under 2°C of
global warming some regions show decreases (e.g., Borneo).
Global warming of 2°C s reached at around 2040 under SSP585
(O’Neill et al. 2016); therefore, if the increased warming con-
tinues to decrease the change in CWD, this is consistent with
our finding of shorter wet spells. Over East Asia (EAS) the
changes are small, consistent with the results in Fig. 5.

e. Seasonal maximum temperature

Interpreting agricultural implications of precipitation changes
cannot be considered in isolation from temperature, as the
aridity or dryness over a region is determined by the differ-
ence between supply (precipitation) and demand [measured
by potential evapotranspiration (PET)] (Dai et al. 2018).
Elevated greenhouse gas levels lead to increasing tempera-
tures, which combined with small changes in relative humidity,
lead to large increases in the vapor pressure deficit and wide-
spread increases in PET (Dai et al. 2018). Zhao and Dai (2015)
found that rising temperatures and vapor deficits explain most
of the projected ubiquitous global PET increase. On the other
hand, elevated CO, concentrations modify how vegetation
responds to changing water availability through a complex and
uncertain combination of increased plant growth and increased
water use efficiency (Mankin et al. 2019; Peters et al. 2018;

Kooperman et al. 2018). Furthermore, rainfall changes exert a
substantial influence on temperature changes since less cloud
and rainfall increases absorbed solar radiation while drier soils
increase the sensible heat fraction. Therefore, temperature
responses in wet and dry seasons are not expected to be uni-
form and are thus of considerable additional interest.

Figure 11 shows increasing temperatures across the tropics
in both wet and dry seasons, as projected under future climate
change. Over northern South America, southern Africa, and
parts of Asia, the increase in dry season maximum tempera-
ture is up to 3°C greater than the increase in wet season
maximum temperature (Figs. 11a,b); Zhou et al. (2015) also
found the largest temperature increases over drier regions. In
both northern South America and southern Africa this in-
crease in dry season maximum temperature is combined
with a decrease in dry season rainfall (Fig. 4b), which may
lead to a substantial drying of soils during the dry season,
affecting perennial crops. Dai et al. (2018) found large in-
creases in PET and decreases in soil moisture over northern
South America and southern Africa. Decreases in soil mois-
ture across northern South America and southern Africa
were also reported by Collins et al. (2013) and Zhao and Dai
(2015). Furthermore, Zhao and Dai (2015) found decreases in
soil moisture (hence increased surface drying) in regions
projected to receive higher precipitation amounts, due to
fewer wet days and longer dry spells and high temperatures,
highlighting the importance of changes in frequency in pre-
cipitation, in addition to changes in amount.

The contours on Fig. 11 indicate that under the historical
simulation over 1985-2014 only northern Australia and the
Sahel have mean seasonal maximum temperatures greater
than 35°C (dashed contour), whereas by the end of the twenty-
first century under SSP585 parts of India, the Sahel, northern
South America, and parts of northern Australia may all ex-
perience mean dry season maximum temperatures of greater
than 35°C (solid contour). This may have negative impacts on
crops including sorghum (FAO 2020). However, during the
wet season temperatures are generally less than 35°C, except
over northern Australia and parts of the Sahel. This may mean
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FI1G. 10. (a) Region map showing the location of South Asia (SAS), East Asia (EAS), and Southeast Asia (SEA).
(b),(c) Boxplots showing the change in mean/max length of dry spells in the dry season. (d),(e) Boxplots showing
the change in mean/max length of wet spells in the wet season. The different colors indicate the CMIP era (CMIP5
or CMIP6) and scenario (SSP245, SSP585, RCP4.5, RCP8.5). For all boxplots the change is computed from the

historical simulation for 1985-2014 to the select scenario for 2070-99.

that crops grown during the wet season are less impacted by
these elevated temperatures.

4. Conclusions

Changes in the mean and maximum lengths of wet and dry
spells (and mean maximum temperature) have been calculated
separately for the climatological wet and dry seasons using an
ensemble of CMIP5 and CMIP6 models across the global
tropics and subtropics. An objective methodology is used to

classify the seasonality at each location and to determine the
timing of the climatological wet and dry season(s); metrics in-
cluding total seasonal rainfall, number of rainy days, rain per rainy
day, and the mean and maximum length of wet and dry spells are
then calculated for the wet and dry seasons separately.

Our main results are as follows (also summarized in Fig. 12):

¢ Onset of the annual wet season is projected to get later across
South America, southern Africa, West Africa, and the Sahel,
with changes of up to 2 weeks. Over East Asia the onset is
projected to be earlier. Cessation of the annual wet season is
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FIG. 11. CMIP6 multimodel median change in (a) mean wet season maximum daily tem-
perature and (b) mean dry season maximum daily temperature for the SSP585 scenario over
2070-99 compared with the historical simulation over 1985-2014. The contours indicate where
the CMIP6 multimodel median wet and dry season mean daily maximum temperature is
greater than 35°C for the historical simulation over 1985-2014 (dashed line) and the SSP585
simulation over 2070-99 (solid line). In all panels gray regions indicate where at least 50% of
the models do not give a value (dry year-round or wet year-round in the dry season plots).

projected to be later over the Sahel, parts of Asia, and Central
America. These changes are consistent with the projected
global phase delay of the seasonal cycle of precipitation under
future climate change (Dwyer et al. 2014; Song et al. 2018).
Changes in the mean and maximum length of dry spells are
largest during the dry season. Increasing dry season dry spell
lengths were found over central America, northeast South
America, southern Africa, and Australia. Shorter dry spells
in the dry season are found over East Africa and parts of the
Sahel and East Asia. Changes in the length of dry spells in the
wet season are generally small, with only the Mediterranean
and southern Europe showing significant increases.
Statistically significant decreases in the length of wet spells in
the wet season are found over central and northern South
America and West/Central Africa.

For the most part, changes were of the same sign in CMIP5
and CMIP6, but of larger magnitude under CMIP6, possibly
related to the higher climatic sensitivity (Meehl et al. 2020).
The time at which the change becomes statistically signifi-
cantly different from the historical period varies with metric
and region; while the increase in length of dry spells in the
dry season over northeast South America is statistically
significant around 2020-40, the decrease in the length of
wet spells in the wet season over West Africa is not statis-
tically significant until around 2050. Times of emergence
here are indicative; more robust times of emergence could be
calculated using a larger ensemble.

Mean maximum temperature increases are greater for the
dry season than for the wet season, with mean maximum dry
season temperatures increasing by up to 7°C, particularly
over South America, southern Africa, and parts of Asia.

While only northern Australia is projected to have large
areas with mean maximum wet season temperatures > 35°C
at the end of the twenty-first century under SSP585, northern
South America, the Sahel, and India are projected to have
mean maximum dry season temperatures > 35°C at the end
of the twenty-first century under SSP585.

This paper aimed to address the question ““Do changes in the
length of wet and dry spells differ in climatologically wet and
dry seasons?”” Here it has been decisively shown, considering
both the mean and maximum wet/dry spell lengths (thus con-
sidering all wet/dry spells, not just the longest) that changes in
the length of wet and dry spells are different in wet and dry
seasons, and that the increases in dry spell lengths expected
under future climate change mostly occur during the annual
dry seasons. This has important implications for agriculture
across the tropics, and suggests that crops grown solely during
the wet season may be less affected by longer dry spells and
increased water stress. However, for crops grown during the
dry season and perennial crops, longer dry spells in the dry
season, combined with lower dry season rainfall and fewer dry
season rainy days may lead to elevated dry season water stress.
This elevated dry season water stress will be further exacer-
bated by increased evaporative demand due to higher tem-
peratures; Scheff and Frierson (2015) found aridification
generally dominates over humidification in the tropics and
subtropics due to temperature-driven increases in potential
evapotranspiration. Regions such as central America, north-
east South America, southern Africa, and Australia will be
most impacted by this. Further work, using detailed crop models,
is required to determine the impacts on individual crops.
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FIG. 12. Schematic summarizing the changes in wet/dry season rainfall and wet/dry spell lengths in wet/dry seasons found here; the top
panel is for dry seasons and the bottom row is for wet seasons (including regions that are wet year-round). (top) Longer dry spells and
lower rainfall during the dry season are found over Central and South America and southern Africa. Shorter dry spells and more rainfall
during the dry season are found over East Africa and parts of Asia and the Sahel. (bottom) More rainfall in the wet season is found over
East Africa and Asia. Less rainfall in the wet season is found over northern South America. Reductions in the length of wet spells in the
wet season are found over South America and West and Central Africa.

Regional variations in the response of wet and dry spells to
elevated greenhouse gas concentrations have been identified;
the aim of this paper is to assess the changes in wet/dry season
precipitation characteristics and not to understand the regional
changes in terms of circulation change. Regional changes in
rainfall across the tropics are driven by a range of factors in-
cluding changes in the intertropical convergence zone (con-
traction, intensification, and timing; Dwyer et al. 2014; Su et al.
2017; Song et al. 2018) and subtropical drying, which is deter-
mined by complex interplay between Hadley Cell expansion
(Seidel et al. 2008; Scheff and Frierson 2012), land ocean
warming contrasts (Karnauskas and Ummenhofer 2014; He
and Soden 2017), and vegetation responses to elevated CO,
(Mankin et al. 2018). Further work is required to understand
the changing regional/local circulations and energy and water
fluxes that lead to these changes over different regions.
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