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Abstract.8

Recent years have seen increasingly frequent delayed rainfall onset, especially in9

South America (SAm) and Southern Africa (SAfr). This arrival of the wet season10

is critical to water resources, ecosystems, and rain-fed agriculture. Existing rainfall-11

based approaches define the rainfall onset by a single date, limiting their ability to12

characterise the progression into the wet season. We introduce a novel method to13

identify the dry-to-wet transition period (DWTP) in rainfall time series, which better14

reflects this seasonal progression. The DWTP is defined as the interval between the first15

significant rainfall after the dry season and the establishment of sustained wet-season16

conditions. Identifying an onset period enables the quantification of key transition17

characteristics, including intensity, precipitation rate, dry day frequency, and duration.18

The method has the flexibility to be applied across regions, variable data resolutions,19

and different data sources.20

Applied to observations, the method reproduces the observed spatial progression of21

the rainy season across both SAm and SAfr, with the first rains of the DWTP occurring22

4-8 weeks before conventional rainfall accumulation onset dates. Our approach shows23

substantial regional variability in the intensity and duration of the transition into24
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the wet season that is not captured by single-date metrics. The method captures25

widely reported onset delays in high-emission end-of-century scenarios, unambiguously26

showing later arrival of the first rains of the season across both regions. However, the27

method reveals these delayed first wet spells are likely to be followed by more intense28

and therefore abrupt establishment of wet seasons. These future changes are diagnosed29

in pioneering km-scale convection-permitting regional climate simulations over SAm30

and SAfr, with similar changes projected in the convection-parametrised driving global31

climate model and HadGEM3 CMIP6 projections. As risk of delayed rainfall onset32

grows, the DWTP framework may also have important potential applications in33

seasonal-to-subseasonal forecasting for early warnings.34

Keywords: monsoon onset, dry-to-wet transition period, South America, Africa,35

convection-permitting models36

Submitted to: International Journal of Climatology37
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1. Introduction38

The start of wet season is a critical period in annual cycle of monsoonal hydro-climates.39

This start anchors the calendars of agriculture, water resources, and ecosystems. Recent40

years are increasingly being marked by pronounced variations in both timing and41

character of wet season onset in South America and Southern Africa. In Southern42

Africa, onset was delayed up to 30 days in austral spring of 2024 with prolonged early43

season dry spells and above average temperatures during December delaying planting44

in many countries (FEWS-NET 2025).45

In South America, the 2023 dry season in the Amazon amplified one of the most46

severe regional droughts in recent decades (Stŕıkis et al. 2024). The extreme dryness47

and delay in wet season onset led to record-breaking temperatures in a series of spring48

heatwaves across Brazil (Espinoza et al. 2024, Marengo et al. 2024).49

The onset of the rainy season can be identified using either regional circulation50

definitions or local rainfall definitions. Regional definitions have been applied to51

monsoons globally, including over South America where the start date of the rainy52

season is calculated based on changes in the regional thermodynamics and circulation53

patterns (e.g. Gan et al. 2004, 2005, Raia & Cavalcanti 2008) or as the main mode of54

variability based on a combination of variables (e.g. da Silva & Carvalho 2007, Jones &55

Carvalho 2013). In contrast, local onset definitions are typically based on accumulated56

precipitation thresholds (Janowiak & Xie 2003, Marengo et al. 2001) or other rainfall-57

related variables (e.g., soil moisture or longwave radiation; Horel et al. 1989, Kousky58

1988). Local rainfall-only definitions are often defined precisely to inform specific sectors59

or decisions, such as crop planting dates. Such agronomic definitions are formulated60

based on field-scale thresholds such as X mm of rain over Y days not followed by a dry61

spell longer than Z days. These definitions are in wide operational use across Africa62
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(e.g. Fitzpatrick et al. 2015, Mwangi et al. 2024, Reason et al. 2005). However, such63

hard thresholds rarely work well with gridded datasets, especially from climate models,64

due to both spatial averaging and convection rainfall from parametrised models often65

falling “too lightly, too often” (e.g. Garcia-Carreras et al. 2015). Application of such66

methods to climate models can lead to unclear identification of onset and contradictory67

findings in onset date changes (e.g. over southern Africa, Lawal et al. 2024).68

To avoid threshold-sensitive local rainfall onset definitions, many climate studies69

focused on timing of rainfall onset (e.g. Bombardi & Boos 2021, Dunning et al. 2018)70

have adapted the accumulated rainfall anomaly metric for onset date (Liebmann et al.71

2012, Liebmann & Marengo 2001). The daily rainfall anomaly is defined with respect to72

annual daily mean rainfall. Onset is identified by the turning point in a curve computed73

by accumulating the daily anomaly from a date within the dry season. When daily74

rainfall starts exceeding the annual daily mean this accumulation curve will turn from75

accumulating an anomalous daily rainfall deficit to a surplus. In practice, this curve is76

often smoothed and then the turning point is defined as onset date (Bombardi et al.77

2019). This is a well-posed approach to capture onset across a range of climates of varied78

rainfall intensities and across a range of observational and model data sources. This79

success comes because the daily anomaly is adaptive to different rainfall distributions80

in different data sets and, as demonstrated in Mwangi et al. (2024), overcomes the81

challenges introduced by the absolute thresholds necessary for agronomic definitions.82

This accumulated anomaly method has been central to diagnosing observed and83

projected delays in onset, particularly, across South America and southern Africa. Both84

regions have high CMIP intermodel agreement with a projected spring (September-85

November) rainfall decline (e.g. Chadwick et al. 2025, Munday et al. 2025), which has86

been shown to result in onset date delays of 2-4 weeks (Bombardi & Boos 2021, Dunning87
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et al. 2018). However, these previous studies have only provided information about88

timing and not other characteristics of the onset.89

In reality, the arrival of the wet season is not a date but a transition, which is90

mediated by thermodynamic changes, land-surface and vegetation feedbacks, and large-91

scale circulation responses (Fu et al. 1999, Li & Fu 2004). Naturally, there are large92

regional and interannual differences in the character of this transition, which are also93

affected by climate change. For example, Samuel et al. (2025) showed how projections of94

end-of-century climate over Eastern Brazil indicate that the extension of the dry season95

(already documented in observations, Fu et al. 2013) is followed by a substantially more96

abrupt transition into the wet season than seen in the contemporary climate. Therefore,97

a local rainfall-based approach is required, which captures the transition from dry to98

wet seasons.99

This paper introduces a novel methodology to bridge this gap between the methods100

considering (thermo-)dynamics of season transitions and single-date local rainfall onset.101

The method is applied to local (grid-scale) rainfall time series to diagnose the period102

during which the transition from the dry to the wet season occurs. We use the method103

to quantify future changes to the timing and characteristics of this transition. By104

considering an onset period rather than a single date, we can quantify the future changes105

in the characteristics of the transition into the wet season, such as intensity, duration,106

or frequency of dry days.107

Furthermore, we present the first assessment of these onset changes in large-domain108

regional convection-permitting simulations for southern Africa (SAfr, hereafter) and109

SAm (SAm, hereafter). These simulations are particularly worth consideration for110

monsoon season transitions due to the highly convective nature of this rainfall and111

the widely reported improvements in the rainfall spectrum simulated by convection-112
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permitting models (CPMs). Relevant improvements include higher fractions of dry113

days and better representation of intense rainfall (Halladay et al. 2023, Kendon et al.114

2017, Lenderink et al. 2024). These CPM gains are particularly evident over SAm115

and Africa (Kendon et al. 2019, Zilli et al. 2024). Over SAfr especially, the CPM116

simulates a 50% lower mean-state wet bias in summer rainfall than the driving GCM117

due to enhanced large-scale subsidence (Hart et al. 2018). This wet bias is typical of118

CMIP model simulations and this improvement delivers better representation of the119

SAfr annual cycle (Hart et al. 2018).120

The DWTP framework and the data used to characterise it are described in Section121

2. The climatology of the present-day DWTP is described in Section 3, while future122

projections are presented in Section 4. Section 5 discusses the main results with123

Conclusions presented in Section 6.124

2. Data and Methods125

2.1. Data126

To analyse the dry-to-wet-transition period (DWTP) in Southern Africa (SAfr) and127

South America (SAm), we considered daily precipitation data from the Climate Hazards128

Center Infrared Precipitation with Station data (CHIRPS; Funk et al. 2015), a gridded129

rainfall product obtained by merging satellite imagery and in-situ station data. Similar130

results were also obtained using precipitation from the fifth generation reanalysis131

(ERA5) of the European Centre for Medium-Range Weather Forecasts (ECMWF;132

Hersbach et al. 2020).133

For historical simulations and future climate projections, we use a suite of134

convection-permitting regional climate model (CPM) and parametrised convection135

simulations produced by the UK Met Office (UKMO). Both present and future scenarios136
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have 10 years of simulation each over tropical and subtropical SAm (85◦ – 30◦W, 40◦S –137

15◦N) and Africa (25◦W – 56◦E, 39◦N – 45◦S), although here we focus only on the138

southern portion of this domain (10◦E – 55◦E, 0◦ – 45◦S). The CPM simulations use the139

Met Office Unified Model (UM) with horizontal grid spacing of 4.5 km, in which the deep140

convection parametrisation is turned off. The present-day CPM scenario (CPM-PD)141

covers the 1997-2006 (SAfr) and 1998-2007 (SAm) period and is obtained by directly142

nesting it in the UKMO atmosphere-only global climate model (MOHC-HadGEM3-143

GA7GL7, GCM-PD hereafter) run at 25 km horizontal grid spacing (N512L85 Gaussian144

grid). For a detailed description of the UKMO CPM configuration and the present-day145

simulation over SAfr, see Stratton et al. (2018); for simulations over SAm, see Halladay146

et al. (2023).147

The future GCM scenario (GCM-FUT) is obtained by running the GCM using148

greenhouse gases levels from the CMIP5 RCP8.5 protocol, with fixed CO2 concentration149

(936 ppm) and future sea surface temperatures (SSTs) for a 10-year period around 2100.150

The future SSTs are obtained by adding the monthly SST changes between the present151

(1975–2005) and future (2085–2115) scenarios from HadGEM2-ES RCP 8.5 simulations152

to the present-day daily SST dataset (Reynolds et al. 2007). The GCM-FUT is then used153

to drive the CPM, resulting in 10 years of the convection-permitting future simulation154

(CPM-FUT). More details on the configuration of the future simulations are available155

in Kendon et al. (2019), for SAfr, and Kahana et al. (2024), for SAm.156

Results for the CPM are also compared with the simulations from UKMO157

HadGEM3-GC3.1 (Williams et al. 2018) historical and future (ssp585) scenarios, in158

two spatial resolutions: N216 Gaussian grid (Andrews et al. 2020), which equates159

to a nominal atmospheric resolution of ∼60 km; and N96 (Kuhlbrodt et al. 2018),160

with nominal atmospheric resolution of ∼135 km, available in the Coupled Model161
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Intercomparison Project 6 (CMIP6). While resolution (ranging from 135 km in N96162

to 4.5 km in the CPMs) and science settings differ between configurations (regional163

versus global), all simulations share the same UM version (Version 10.6).164

2.2. Dry-to-Wet Transition Period (DWTP) definition165

The objective of the DWTP algorithm is to identify the period from the first rains that166

end the dry season to the wet season being clearly established. The method uses filtered167

daily precipitation and its rate of change and is applied in two steps: identify the broad168

climatological timing of the DWTP, referred to as the climatological envelope, followed169

by a refinement of the DWTP in each year. Here, we demonstrate the use of the method170

over regions with one rainy season. However, the method is flexible to identify regimes171

with two (or more) rainy periods.172

2.2.1. DWTP Climatological Envelope The first step identifies the climatological173

timing of the DWTP at each grid point as the period of sustained increase in174

precipitation after the dry season. The process is illustrated in Fig. 1. We start by175

filtering daily precipitation (grey lines in Fig. 1a) using a low-pass second-order 60-176

point Butterworth Filter to obtain the primary signal of increasing seasonal rainfall.177

Varying the filter window width in the range from 30 to 90 days produces only minor178

changes to the timing. The choice of a Butterworth filter avoids numerical artifacts179

(“ripples”) produced by the Fast Fourier Transform during zero precipitation periods.180

The Butterworth-filtered precipitation (PR60) is represented by the thick black line in181

Fig. 1a. We then proceed to calculate the gradient of the PR60 (dPR60/dt, red line in182

Fig. 1a, multiplied by 100 for plotting on same axis) and identify periods in which both183

the PR60 and dPR60/dt are positive for more than 30 consecutive days (green areas in184

Fig. 1a). This 30-day criterion ensures that the selected periods correspond to periods185
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with sustained increase in precipitation and removes short-lived wet spells (see red area186

in the beginning of 2001 in Fig. 1a, for example).187
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Figure 1. Graphics exemplifying the DWTP framework, using the observed

(CHIRPS) precipitation at 15◦S, 50◦W. (a) Daily precipitation rate between

01/Jan/2000 and 31/Dec/2002 (inmm.day−1, thin grey line), its filtered values (PR60,

in mm.day−1, thick black line) and its gradient (in ×10−2mm.day−2, red line). Areas

where both PR60 and its gradient are positive are shaded in green (longer than 30

days) and red (less than 30 days). (b) Days with positive PR60 and its gradient in

each year (green bars) and percentage of years in which these time series were positive

in each day of the year (black line in reference to secondary y-axis). Vertical dashed

orange lines indicate the climatological envelope. (c) Daily precipitation during the

climatological envelope of 2001 (12/Aug to 31/Dec, in mm.day−1, thin gray lines) and

its 3-day running mean (mm.day−1, thin purple line), the PR60 (mm.day−1, thick

black line), the first and last day of the DWTP (dashed blue lines), and the onset date

(magenta dotted line). The green line represents the cumulative precipitation (in mm

on secondary y-axis) and the horizontal dashed green line marks the 50% of cumulative

precipitation at the end of the climatological envelope for 2001.

This step is applied to the entire multi-year time series, identifying periods with188

positive PR60 and its gradient in each year (green bars in Fig. 1b). We then calculate189
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the percentage of years with positive values for both of these attributes on each day190

of the year (represented by the black line in Fig. 1b). The climatological envelope is191

defined as the period in which both PR60 and dPR60/dt are positive in more than 50%192

of the years (dashed orange lines in Fig. 1b). The process is straightforward in regions193

with a single well-behaved rainy season, such as the one represented in Fig. 1b, but194

requires a further set of rules in regions with two rainy seasons.195

2.2.2. Year-to-Year Refinement The second step of the methodology sharpens the start196

and end of the DWTP in each year, as illustrated for a location over South America in197

the austral spring of 2001 (Fig. 1c). Starting from the climatological envelope (delimited198

by the dashed orange lines in Fig. 1c), we refine the start of the DWTP in a given year199

as the first day with significant precipitation after the longest dry spell within the200

climatological envelope. Here, we use a 3-day running mean filtered precipitation (thin201

purple line in Fig. 1c) to smooth small variations. Significant precipitation is defined202

as any 3-day filtered precipitation with values above 10% of the maximum PR60 within203

the climatological envelope of that year. For the example in Fig. 1c, this would be any204

daily precipitation above 1.2 mm.day−1, equivalent to 10% of the maximum value of the205

thick black line in 2001-2002 during the climatological envelope (between yellow dashed206

lines). By using a threshold based on the smoothed precipitation (PR60), we take into207

account the climatology of the region and the variability of that year when defining a208

“significant rain”, with smaller values triggering the first day in drier regions or in years209

with below-average precipitation. This relative threshold also allows straightforward210

application to raw precipitation from climate and seasonal forecast systems, without211

the need for bias-correction.212

By defining the first day of the DWTP as the first substantial rains after the longest213

dry spell, we also account for the possibility of dry spells or breaks in the DWTP. In this214
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illustrative year (2001), a minor rain spell occurred at the end of August, but did not215

reach the significant threshold (Fig. 1c). Thus, this event does not interrupt the lack of216

substantial rainfall during the first 31 days of the climatological envelope in this year,217

which are therefore considered as a dry spell. Since this is the longest dry spell in this218

year, the first day of the DWTP is 13th September (first blue dashed line in Fig. 1c).219

There are other dry spells in this season (for example, in the beginning of November),220

but they are shorter than the one at the beginning of the climatological envelope.221

The end of the transition into the wet season is a less physical concept than the first222

rains in that it only needs to indicate when the wet season has become well-established223

in a given year. Here, this is simply chosen to be when the cumulative precipitation224

(green line in Fig. 1c) reaches 50% of the total within the climatological envelope for225

that year (dashed green line in Fig. 1c). In this example, the end of the DWTP occurs226

on 22nd November (second blue dashed line in Fig. 1c).227

This refinement is repeated for each year and grid point. In regions with multiple228

rainy seasons and, consequently, multiple climatological envelopes, the process is229

repeatedly applied for each climatological envelope separately. The final output of the230

method is the DWTP, defined by the first day and duration, computed at each grid231

point and for each year.232

This dependence of the end date on cumulative precipitation within a given year233

means that duration of the DWTP is dependent on early season rainfall intensity.234

However, to explicitly quantify the general intensity of start of the wet season, onset235

intensity is computed as the mean gradient of the PR60 within the DWTP. A range of236

additional metrics can be computed within the DTWP. Here we include fraction of dry237

days (< 1mm.day−1) and average precipitation rate of the period.238
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2.2.3. Onset Date While the DWTP method computes at least four characteristics239

to describe the onset of a rainy season, it is worth including a comparison to well-240

established methods that compute a single onset date. Here we do so using the241

cumulative daily precipitation anomaly, first described by Liebmann & Marengo (2001)242

and widely applied by others (Bombardi et al. 2019, Dunning et al. 2016). For full243

details on the identification of the rainy season onset date, refer to Bombardi et al.244

(2019). In brief, this method defines the rainy season onset date as the inflexion point245

of the cumulative daily precipitation anomaly time series (S), given by:246

S(n) =
n∑︂

i=t0

(Pi − Pm) (1)247

where, Pi is the daily precipitation rate for the ith day and Pm is the long-term mean248

annual precipitation rate (both in mm.day−1). t0 is the starting date of the water year249

and is chosen as the minimum of the first harmonic of the climatological annual cycle250

of daily rainfall, marking the climatological peak of the dry season. The precipitation251

anomalies are accumulated from this day moving forwards in the water year, resulting in252

negative values during the dry season. As daily rainfall increases, the cumulative curve253

reaches a minimum and starts to increase, in general. The date corresponding to this254

minimum is identified as the onset date of the rainy season. However, for a very gentle255

evolution of rainfall, an inflexion point may not be appropriate to define the onset and256

an additional step is performed. In such cases, the onset date is defined as the first day257

when the derivative of the smoothed S curve changes sign and persists for 3 days. In258

Fig. 1c, the onset date is represented by the dashed magenta line. As seen in Fig. 1c,259

this onset date typically occurs within the DWTP.260
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3. Climatology of the DWTP261

3.1. Timing262

Much of SAm and SAfr is characterised by the presence of one rainy season during263

austral summer. In most of SAfr, the onset date, as estimated using Bombardi et al.264

(2019) methodology (Eq. 1), occurs after September (Fig. 2a). Exceptions are found over265

the arid west coast, where the onset date is in January or during the austral autumn for266

the winter rainfall region in the southwest. Note that climatological dates are calculated267

using the circular median to manage variability in dates which may fall across calendar268

years. The rainy season onset occurs first in the Congo Basin and eastern South Africa269

in early September. As the season progresses, the rains reach areas over central SAfr270

in late October/early November, finally reaching the east coast of Mozambique and271

Madagascar in December. This pattern is well-described in literature (e.g. Dunning272

et al. 2016, Liebmann et al. 2012, Tadross et al. 2005).273

This progression is also depicted on the transect (see dashed red box in Fig. 2)274

across the region with the largest spatial gradient in the onset date (dashed blue line in275

Fig. 3a). The first day of the DWTP follows a similar progression to the onset date but276

occurs 3-6 weeks earlier, depending on location (Fig. 2c and solid blue line in Fig. 3a).277

This lag between the first day of the DWTP and the onset date is expected, since by278

definition the DWTP starts with the first rains of the season and, consequently, before279

the accumulated rainfall onset date. In fact, the onset date occurs within the DWTP280

85% of the time over SAfr; in most of the remaining cases the onset date is after the281

end of DWTP, mainly over the more arid parts of western and southwestern South282

Africa, where rainfall is infrequent (not shown). The spatial progression of the DWTP283

is consistent across years, with indications of interannual variability (shades in Fig. 3a).284

The DWTP lasts between 60 and 110 days in most of the regions (Fig. 2e), with longer285
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(d) Median First Day  - SAm

(b) Median Onset Date - SAm

(f) Mean Duration  - SAm

(c) Median First Day  - SAfr

(e) Mean Duration  - SAfr

(a) Median Onset Date - SAfr

Figure 2. Main characteristics of the DWTP in Southern Africa (left) and South

America (right), considering observed precipitation (CHIRPS). (a), (b) Median onset

date, (c), (d) Median first day of the DWTP, with orange contour delimiting areas

with one DWTP. (e), (f) Mean duration of the DWTP (contours each 20 days). In

all maps, the dashed boxes indicate the study regions. For SAfr (left): Zambia (ZBS,

dashed blue), the Limpopo Valley (LPP, dashed green), East Cape province in South

Africa (SAf, dashed light yellow), and a transect (dashed red). For SAm (right): west

Amazon (WAmz, dashed blue), east Amazon (EAmz, dashed green), eastern Brazil

(EBr, dashed light yellow), and a transect over the core of the monsoon region (dashed

red).
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DWTP over parts of southwestern SAfr, where it can last more than 120 days, again286

related to highly episodic rainfall and therefore only gradual accumulations across a287

season.288

The first day of the DWTP (shading) across the 10-year present day CPM289

simulation over SAfr (CPM-PD) is shifted only 1-2 weeks earlier than observations,290

especially around 15-20oS where colours are more blue than purple (Fig. 3c).291

In tropical SAm, the onset date occurs between late September and late November292

(Fig. 2b), in line with the west to east progression of the South American Monsoon293

System (dashed blue line in Fig. 3b; see red box in Fig. 2b for the location of the294

transect). Over the subtropics (south of ∼20◦S), the onset date is slightly earlier,295

progressing towards the core of the monsoon region. The onset date is in April/May296

over northern SAm, related to the migration of the monsoon system back towards297

the northern hemisphere. In south Chile, April onset of the winter rainfall season298

is also diagnosed, related to the equatorward shift of the storm track in the austral299

autumn/winter (Garreaud 2013). Over the northern and northeastern Brazilian coast,300

the onset date occurs in late December/early January, following the ITCZ progression.301

Similar patterns are described in Bombardi & Carvalho (2009), Marengo et al. (2001),302

Raia & Cavalcanti (2008).303

As in SAfr, the first day of the DWTP in SAm follows a spatial pattern similar to304

the onset date (Fig. 2b), with the onset date occurring within the DWTP 75% of the305

time. The onset date is typically only after the end of DWTP where the rainy season is306

not well defined, such as over Northeast and South Brazil. Over the Amazon region, the307

lag between the first day of the DWTP and the onset date is larger, revealing a more308

gradual transition from the dry to the wet season (solid blue line in Fig. 3b). There309

is a clear west-to-east progression of the start of the transition season captured by the310
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(c) CPM-PD - SAfr (d) CPM-PD - SAm

(e) CPM-FUT - SAfr (f) CPM-FUT - SAm

(b) CHIRPS - SAm(a) CHIRPS - SAfr

Figure 3. Median first day of the DWTP for each year (shades) and median over

all years (secondary y-axis) for the first day of the DWTP (solid blue line) and the

onset date (dashed blue line), averaged over the transects over SAfr (left) and SAm

(right). See red dashed areas in Fig. 2 for the location of the transects. Latitudes

(longitudes) in the graphics refer to the transects’ major axis. Datasets are: (a), (b)

CHIRPS; (c) CPM-PD over SAfr; (d) CPM-PD over SAm, (e) CPM-FUT over SAfr,

and (f) CPM-FUT over SAm. The dotted white lines in (a), (b) indicate the period

of the simulations in (c) to (f).

first day of the DWTP (solid blue line, Fig. 3b), which is not seen when considering the311

onset date (dashed blue line).312
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The SAm CPM-PD simulation captures this eastward progression of the first day;313

however the earlier median start in the central Amazon (∼60oW, solid blue line, Fig. 3d)314

and later arrival in eastern Brazil amplify the strength of this progression. In general,315

the CPM-PD first days (shading) are 2-4 weeks late relative to observations.316

3.2. Precipitation rate, fraction of dry days, and intensity317

By defining the transition into the wet season as a period, we can estimate other318

attributes derived from daily precipitation, such as the precipitation rate, frequency319

of dry days, and overall onset intensity. We can also derive properties associated with320

other variables and metrics during the transition season, such as the mean soil moisture321

increase (a measurement of the DWTP efficiency) and the number and type of key322

rainfall systems supporting onset. Here, we demonstrate this characterisation using323

mean precipitation rate, fraction of dry days, and onset intensity.324

In both study regions, the DWTP is related to the establishing monsoon regime,325

and this is reflected in the spatial distribution of the mean precipitation rate and326

fraction of dry days (< 1 mm.day−1) during the DWTP (Fig. 4). In SAfr, the highest327

precipitation rates during the DWTP are observed in the Congo basin, Zambia, Malawi,328

south Tanzania, north Mozambique, and Madagascar, with values above 4 mm.day−1
329

on average (Fig. 4a). This area also has the lowest fraction of dry days during the330

DWTP, with values below 60% (Fig. 4c). In the southern part of SAfr, the DWTP is331

characterised by lower average precipitation rates (<2 mm.day−1) and larger fraction332

of dry days (∼70% or more).333

In SAm, the DWTP is generally wetter than in SAfr, with the largest averaged334

precipitation rates observed in the Amazon (∼5mm.day−1), parts of central and eastern335

Brazil along the climatological position of the SACZ (Carvalho et al. 2004, Kodama336

1992), and over subtropical SAm (Fig. 4b), in the region with frequent mesoscale337
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(b) Mean Precipitation Rate - SAm(a) Mean Precipitation Rate - SAfr

(d) Mean Fraction of Dry Days  - SAm(c) Mean Fraction of Dry Days  - SAfr

Figure 4. Characteristics of the DWTP in SAfr (left) and SAm (right), considering the

observed precipitation (CHIRPS). (a) and (b) Mean precipitation rate (in mm.day−1,

contours each 2 mm.day−1);(c) and (d) Mean fraction of dry days (in %, contours

each 20%). In all maps, the dashed boxes indicate the study regions. For SAfr (left):

Zambia (ZBS, blue), Limpopo Valley (LPP, green), South Africa (SAf, light yellow),

and a transect (dashed red). For SAm (right): west Amazon (WAmz, blue), east

Amazon (EAmz, green), eastern Brazil (EBr, light yellow), and a transect over the

core of the monsoon region (dashed red).

convective system activity (Gilmour et al. 2025, Mattingly & Mote 2017). The fraction338

of dry days is also smaller over these regions (Fig. 4d), with values below 40% in the339

Amazon. The driest DWTP occurs in northeastern Brazil and southern SAm, where340

the mean precipitation rate is below 2 mm.day−1 and with more than 70% of dry days.341

We also consider a third characteristic of the DWTP, the onset intensity, defined342

as the mean gradient of smoothed precipitation, PR60, during the DWTP, effectively343

quantifying the intensity with which the wet season is established. Over Western344
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Amazon (WAmz, dashed blue box in Fig. 2 right), for example, PR60 increases gradually345

from the lower rain rates of mid-July until the peak of the rainy season in mid-February346

(see blue line in Fig. 5a). This gradual increase results in a 3.5-month long DWTP,347

with the onset date occurring towards the end of the DWTP (orange triangle and348

dashes in Fig. 5a) and an onset intensity of ∼0.06 mm.day−2 (shades in Fig. 5a). The349

process is similar in Eastern Amazon (EAmz, dashed green box in Fig. 2 right) with350

the DWTP starting a couple of weeks later than WAmz and with a shorter 3-month351

duration (Fig. 5b), resulting from slightly more intense onset (∼0.08 mm.day−2). In352

contrast, Eastern Brazil (EBr, dashed light yellow box in Fig. 2 right), which has a353

3-month long dry season with near-zero rainfall, sees an increase in PR60 from the end354

of August and reaches its peak by the middle of December (blue line in Fig. 5c) with355

greater onset intensity (∼0.09 mm.day−2, shading in Fig. 5c). This greater intensity356

also results in a shorter duration DTWP than the Amazon regions. Nieto-Ferreira &357

Rickenbach (2011) identified a similar behaviour, with abrupt onset in Eastern Brazil358

related to synoptic activity in the region of the SACZ.359

The SAm CPM-PD simulation captures this regionally-averaged onset intensity360

well (Fig. 5d-f). However, there is ∼2-week delay in the simulated DWTP first day in361

EAmz and greater onset intensity (Fig. 5e).362

Over SAfr, three subregions are chosen (boxes in Fig. 2a). The Zambia box (ZBS)363

sits within the core of the African rain belt during the wet season (e.g. Fig. 2 in Hart364

et al. 2019). The Limpopo River Valley (LPP) box covers a well-documented drought365

corridor with high onset variability and dry spell risk (e.g. Tadross et al. 2005, Thoithi366

et al. 2021). The South Africa box (SAf) is located across the highly variable western367

margin of the subtropical convergence zone which is strongly dependent on tropical-368

extratropical cloud band rainfall (Hart et al. 2013). Fig. 6 (a-c) shows how the onset369
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(d) CPM-PD - WAmz

(a) CHIRPS - WAmz

(g) CPM-FUT - WAmz

(e) CPM-PD - EAmz

(h) CPM-FUT - EAmz

(f) CPM-PD - EBr

(i) CPM-FUT - EBr

(b) CHIRPS - EAmz (c) CHIRPS - EBr

Figure 5. Annual cycle of the Butterworth-filtered precipitation (PR60, inmm.day−1,

blue line) and the area-averaged onset intensity per year within the DWTP (shades in

×10−1mm.day−2) considering data from: (a)-(c) CHIRPS observations; (d)-(f) CPM-

PD; and (g)-(i) CPM-FUT. In each graphic, the vertical dotted lines indicate the

median DWTP, the orange triangle by the x-axis indicate the median onset date for

the area, and the orange dashed lines indicate the area median onset date per year.

The dotted yellow lines in (a)-(c) indicate the period of the simulations in (d) to (i).

Graphics are for (left) Western Amazon (WAmz), (middle) Eastern Amazon (EAmz),

and (right) Eastern Brazil (EBr). See Fig. 2 (right) for the location of these areas.

intensity decreases polewards across the continent. This decrease is associated with370

lower peaks in wet season rainfall rates as you move from the tropics (ZBS) into the371

subtropics (SAf) and longer transitions into the wet season.372

Generally, the CPM-PD simulation over SAfr reproduces the timing of the observed373

first day and onset date to within a week of the observations for each area average,374

although magnitude of the peak seasonal precipitation rate, PR60, is 1-2mm/day wetter375

than observed.376
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(i) CPM-FUT - SAf

(a) CHIRPS - ZBS

(d) CPM-PD - ZBS

(g) CPM-FUT - ZBS

(e) CPM-PD - LPP

(b) CHIRPS - LPP

(h) CPM-FUT - LPP

(c) CHIRPS - SAf

(f) CPM-PD - SAf

Figure 6. As in Fig. 5 but for areas over SAfr: (left) Zambia (ZBS), (middle) Limpopo

Valley (LPP); and (right) South Africa (SAf). See Fig. 2 (left) for the location of these

areas.

4. Future Changes in dry-to-wet season transitions377

Across both SAm and SAfr, the high emissions scenario simulated in CPM-FUT shows378

the widely reported projection for delays in the onset date (blue dashed lines Fig. 3e-f)379

(Bombardi & Boos 2021, Dunning et al. 2018). Since this onset date is computed from380

accumulation of daily rainfall anomalies, there is some ambiguity whether these delays381

represent a true extension of the dry seasons or capture lower early season rainfall rates382

and therefore a later turning point in anomaly accumulation leading to a later onset383

date. Similar delays of 2-4 weeks in the first day of the DWTP introduced in this384

paper, indicate these delays are indeed in the first rains of the season too confirming385

the extension of the dry season (solid blue line, Fig. 3e-f). The 2-4 week delays are seen386
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in both the climatological median days (blue lines, Fig. 3e-f) and in the shading which387

moves from green to blues and blues to purples across most of the years in the 10-year388

end-of-century time slice.389

The annual cycles represented in Figs. 5g-i and 6g-i further detail these changes.390

In all areas, the future dry season is longer. In WAmz and EAmz, where the dry season391

rains a little in present climates, the future is drier (see blue line representing PR60). In392

WAmz and EAmz, the first day of the DWTP occurs ∼ 30 days later in the CPM-FUT393

compared to the CPM-PD; in SAfr, the DWTP starts ∼ 10 days later (see also shades394

in Fig. 3c-f). The transition period also contracts reflecting that rainfall accumulates395

more quickly across the dry-to-wet transition. This contraction is expected from the396

higher onset intensities across these regions (shades in Figs. 5g-i and 6g-i).397

These CPM-projected increases in onset intensity suggest that the delayed rains398

across SAm and SAfr may be followed by more rapid establishment of the wet399

season. The delayed timing of the DWTP is also seen in the 25km parametrised-400

convection GCM which drives the regional CPMs and in the HadGEM3 CMIP6 model401

simulations (Fig. 7). However, the CPM projections generally indicate greater delays402

and intensification than the parametrised models.403

The DWTP also enables analysis of changes in daily precipitation rates and fraction404

of dry days during the transition from the dry to the wet season (Fig. 8). As expected405

from established rainfall responses to warming, the mean precipitation rates during the406

DWTP increase in the CPM-FUT simulations and the CMIP6 models (Fig. 8a and b).407

This magnitude of increase varies by region and model, with the CPM-FUT not showing408

distinctly greater increases as may have been expected from other studies focused on409

the core of wet seasons (Kendon et al. 2019). The CPM does, however, produce higher410

fraction of dry days relative to the convection-parametrised models, which is in good411
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(a) DWTP - SAfr (b) DWTP - SAm

Figure 7. Timing of the DWTP over (a) SAfr and (b) SAm in observations (grey

boxes) and simulations (bars; see colour key in the graphics) for all subregions (y-axis

labels). The onset date in observations (dashed grey line) and models (black lines) are

shown. Solid (empty) bars represent present-day (future) simulations. The dates are

climatological medians. See Fig. 2 for name and location of each area.

agreement with observations over SAfr but too high over SAm. Decreases in fraction of412

dry days during the transition are projected for SAfr, especially for ZBS and LPP. These413

decreases are also seen in SAm, but only over EBr. This result suggests that especially414

in drier tropical regions (SAfr-LPP and SAm-EBr) the delayed and intensified transition415

to the wet season will also have fewer dry days than in present climate.416

5. Discussion417

This paper expands the identification of rainfall onset from a single date to a dry-to-418

wet transition period (DWTP), which starts with the first significant rains after the419

dry season and ends when the wet season is established. This approach provides a420

methodology more appropriate to established physical understanding of the transition421

into the wet season (e.g. Fu et al. 1999). The DWTP framework provides a breadth422

of information that is not readily available when considering a single date as the423
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(b) Precipitation Rate - SAm

(c) Fraction of Dry Days - SAfr

(a) Precipitation Rate - SAfr

(d) Fraction of Dry Days - SAm

Figure 8. Characteristics of the DWTP in SAfr (left) and SAm (right): (a), (b)

mean precipitation rate (in mm.day−1) and (c), (d) mean fraction of dry days (in %),

considering observations (grey lines and shaded envelope), and the simulations (box

and whiskers) for present day and future scenarios, according to the colour key in the

graphics. The box plots (and shaded envelope) indicate the interquartile range for

each characteristic, considering the mean of the simulations (observations) over each

area (see Fig. 2 for name and location of each area); the thick solid line indicates the

median and the whiskers (and thin grey dotted line) the 5th and 95th percentiles. Note

that the vertical scale of the graphics are different for the two continents due to high

rain rates over SAm.

onset. Furthermore, the adaptative time series analysis which uses relative, rather than424

absolute, rainfall thresholds provides substantial flexibility for application to different425

data sources, grid resolution, area-averages, and climate regions. It is this flexibility426

which has enabled the analysis in this paper across observations and model simulations427

with horizontal resolutions ranging from kilometres to hundreds of kilometres.428

The results presented here demonstrate the advantages of using this period-based429

analysis to complement the traditional evaluation of the onset date. The DWTP method430
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captures the previously reported delays in rainfall onset across South America and431

southern Africa under continued planetary warming (Bombardi & Boos 2021, Carvalho432

& Cavalcanti 2016, Dunning et al. 2018). However, the method explicitly confirms that433

this is due to a delayed arrival of first wet spells of the season, rather than weaker434

early season rainfall slowing accumulation rates. Therefore, dry seasons are definitively435

projected to lengthen across SAm and SAfr. Furthermore, the DWTP diagnoses more436

intense and frequent (fewer dry days) precipitation, resulting in a more abrupt transition437

from the dry to the wet season. While there are region specific variations in magnitude of438

precipitation intensity and dry day changes, this abruptness of onset, quantified by the439

DWTP onset intensity metric and reflected in shorter DWTP durations, is seen across440

regions over South America and southern Africa. This projected abrupt dry-to-wet441

season transition was identified in Samuel et al. (2025) over central and eastern Brazil442

and aligns with the enhanced seasonality reported for projections of the Western Amazon443

using the same convection-permitting projections considered here (Kahana et al. 2024).444

The mechanisms driving the delayed onset projected over southern African and445

South America remain under investigation (e.g. Chadwick et al. 2025). However, a446

series of papers diagnosing the moist thermodynamics of the delayed onset in these447

southern monsoons offer some explanation for the intensification of the dry-to-wet448

transition we have diagnosed. On regional scales, the differential warming along the449

atmospheric column will lead to increased stability (Bony et al. 2006), which increases450

the amount of near surface moist static energy (MSE) necessary to destabilise the air451

column and trigger convection. Bombardi & Boos (2021) showed that this increased452

demand for greater low-level MSE is not met over the South American or southern453

African monsoons, with both regions projected to develop MSE deficits relative to the454

increasing tropical mean MSE.455
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Samuel et al. (2025) showed that this MSE deficit over the Eastern Amazon can456

be amplified by plant physiology responses reducing evapotranspiration rates thereby457

diminishing atmospheric water content. The delay means that when onset finally does458

begin the season is warmer, with greater solar forcing and higher MSE values in general459

supporting more vigorous convective rainfall and attendant monsoonal circulations.460

None of the models analysed here include projected changes in land use and land cover,461

suggesting our results may under-estimate true magnitude of the risk of future wet season462

delays. The importance of the “moisture pump” provided by rainforests for supporting463

the transition season is well-established (Wright et al. 2017), and warmer dry seasons464

with higher CO2 concentrations may reduce the effectiveness of this pump (e.g Samuel465

et al. 2025). Furthermore, recent studies (Smith et al. 2023b,a) quantified the impact466

of deforestation of pan-tropical rain forests, including the Amazon and Congo Basin.467

Using observational data, they reported a dry season warming of 0.018◦C per percentage468

point of deforestation and a significant decrease in the precipitation rate during the dry469

and transition seasons. The loss of native Cerrado vegetation – a type of savannah470

typical across EBr – results in a drier and warmer transition season, effectively delaying471

the agricultural rainy season by 36 days (Leite-Filho et al. 2024). These results suggest472

that land-use change is already affecting the precipitation cycle over the region and473

may compound projected changes in DWTP characteristics reported here. Emerging474

high-resolution climate change simulations that take into account land-use change (Yoon475

& Hohenegger 2025) will help understand the interplay between increased atmospheric476

temperature, vegetation loss, and changes in the water cycle, in particular during the477

DWTP.478

In terms of large-scale dynamics which may be driving delays in onset reported479

here, Chadwick et al. (2025) showed that uniform and pattern SST warming drives480
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much of the projected SON drying over South America, with as much as 50% of the481

intermodel diversity in projected spring drying related to differences in South Atlantic482

SST warming patterns. Interactions between large-scale dynamical changes and regional483

thermodynamic changes are also evident in regional weather systems which support early484

season rainfall. Across SAfr, spring drying is associated with delays in the breakdown485

of the Congo Air Boundary (Howard & Washington 2020). Tropical-extratropical486

cloud bands driven by synoptic-scale Rossby waves (Hart et al. 2010) help support487

this breakdown (Howard & Washington 2019, Knight & Washington 2024) and are488

projected to decline significantly (Hart et al. 2026). An equivalent spring decline in489

tropical-extratropical cloud bands has also been documented over South America (Zilli490

et al. 2025).491

Managing the risk posed by onset delays combined with emerging trends in492

early season heat waves (e.g. Ivanovich et al. 2025, Marengo et al. 2024), requires493

improvements to current onset early warning systems. In this context, the DWTP494

framework could add value to operational forecasts by diagnosing in more details495

the character of the transition into the wet season in a given year. Also, since the496

identification of the DWTP does not rely on absolute thresholds, the framework can be497

directly implemented in seasonal-to-subseasonal forecast systems without the need for498

prior bias correction. Directly diagnosing the timing of the first rains, onset intensity,499

fraction of dry days and other properties such as hot days, can extract information closer500

to the experience of farmers, water resource managers, and disaster services. Extending501

the DWTP metrics to other aspects such as temperature, evapotranspiration, and soil502

moisture could further support key decision-relevant climate services. Analysing soil503

moisture evolution during this transition is already underway.504
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6. Conclusions505

This study has proposed a novel approach to flexibly identify the dry-to-wet season506

transition, expanding on existing methods by capturing the transitional nature of the507

onset season. The method reiterates existing findings warning of projected delays in508

rainfall onset across South America and southern Africa, using a suite of climate models509

including continent-wide convection-permitting regional simulations.510

Because this DWTP method considers a transition, rather than a single date, based511

directly on rainfall rather than rain anomaly, important additional future changes to512

onset are uncovered. Projected delays in accumulated rainfall anomaly onset dates513

(Bombardi & Boos 2021, Dunning et al. 2018) could be due to lower early season514

rain rates and/or extension of the dry season. The DWTP directly identifies the first515

substantial rains or wet spell which ends the dry season and results presented here516

resolve the previous ambiguity to show that extended dry seasons are projected. Across517

South America and southern Africa, these projected delayed first rains were also shown518

to be followed by more intense onset periods in which the wet seasons are projected to519

establish more abruptly than in present climate. These changes appear consistent with520

dry-to-wet season thermodynamic changes already documented in existing literature.521

In conclusion, the DWTP demonstrated in this paper overcomes limitations of522

existing methods to identify local rainfall onset and has potential to diagnose valuable523

metrics for observational studies, future climate studies, and emerging efforts to improve524

onset early warning systems.525
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Graphical Abstract: Graphics exemplifying the main steps of the DWTP framework: (a)

Identification of the periods with positive filtered precipitation and its gradient. (b)

Definition of the climatological envelope. (c) refinement of the DWTP for a given year.

climate model simulations to represent cloud band events over South America’,799
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Graphical Abstract801

We introduce a novel framework to identify the Dry-to-Wet Transition Period (DWTP),802

capturing the transition from the first significant rainfall to the establishment of803

sustained wet-season conditions. Applied to South America and Southern Africa,804

the framework provides novel insights to the transition period complementing the805

conventional single-date methodologies. Climate projections indicate a delayed, shorter,806

and more abrupt transition. The DWTP provides a flexible tool for climate assessment,807

seasonal forecasting, and early warning systems.808


