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Abstract9

Observations show that the seasonal cycle of precipitation in parts of southern Mexico and10

Central America exhibits a bimodal signal, known as the Midsummer drought (MSD),11

but there is no consensus on which processes are most relevant for the two-peak structure12

of the rainy season. This paper evaluates three hypotheses that could explain the MSD:13

the SST cloud-radiative feedback, the solar declination angle and the Caribbean Low-14

Level Jet (CLLJ) moisture transport hypotheses. Model experiments produced by the15

Met Office Hadley Centre (MOHC) for CMIP6 as well as ERA5 reanalysis data are16

used to critically assess the predictions of each hypothesis. The simulations capture the17

double peak signal of precipitation well and reasonably simulate the spatial and temporal18

variations of the MSD and other relevant climate features such as the CLLJ. Evidence19

from our analysis suggests that the Eastern Pacific SSTs do not increase in late summer20

in ERA5 data and only slightly increase in the simulations. More importantly, the21

Eastern Pacific SST variability in ERA5 and in the model experiments cannot explain22

the differences in the seasonality of precipitation. The net shortwave radiation at the23

surface shows a two-peak seasonal cycle; however, this behaviour appears to result from24

a strong anti-correlation of the incoming shortwave and convective activity due to cloud25

radiative-effects. There was no evidence found by this study of a causal link in which26

absorption of shortwave energy forces precipitation variations, as suggested by the solar27

declination angle hypothesis. The moisture convergence, CLLJ and the precipitable water28

vapor variations best explain the characteristics of the observed and simulated MSD,29

particularly for the onset of the MSD. The diagnosed variations of moisture convergence,30

which are synchronous with the timing of the MSD, point to a dynamic mechanism in31

which the low-level inflow from the Caribbean is more important for the MSD than other32

radiative mechanisms.33
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bimodal seasonal cycle35

1. Introduction

The annual cycle of precipitation in parts of southern Mexico, Central America and36

the Caribbean exhibits a bimodal signal characterized by two wetter periods and a drier37

period in between during Midsummer, most commonly referred to as Midsummer drought38

(MSD; Mosiño and Garćıa, 1966, Magaña et al., 1999, Gamble et al., 2008, Perdigón-39

Morales et al., 2018, Zhao and Zhang, 2021) or locally as cańıcula and Veranillo (Dilley,40

1996). The MSD, as a relatively drier spell during the rainy season, is known to impact41

agriculture and crop-yield (Jobbová et al., 2018, Harvey et al., 2018), and recent evidence42

has highlighted both changes to the timing of the MSD (Anderson et al., 2019) and in-43

creasingly damaging impacts of droughts to local farmers (Hellin et al., 2017, Chen et al.,44

2017). The relevance of the MSD calls for improved seasonal and climate predictions of45

its strength and timing. However, our understanding of the physical mechanisms that46

cause the MSD is still very limited.47

Since the early analyses of the characteristics of the MSD, research has aimed to48

understand the physical mechanisms that cause this peculiar two-peak structure of pre-49

cipitation (e.g. Hastenrath, 1967, Magaña et al., 1999, Giannini et al., 2000, Curtis, 2002,50

Herrera et al., 2015, Hidalgo et al., 2015, Maldonado et al., 2016, Zermeño-Dı́az, 2019).51

For instance, Hastenrath (1967) first suggested that a double-crossing of the east Pacific52

Intertropical Convergence Zone (ITCZ) can explain the MSD, so the first peak of pre-53

cipitation is associated with the early summer northward crossing of the ITCZ and the54

second peak with the southward displacement of the ITCZ during late summer. This55

theory, however, fails to explain the MSD signal seen in northeastern Mexico (e.g., in56

the state of Tamaulipas) at latitudes of 29◦N (Perdigón-Morales et al., 2018, Zhao and57

Zhang, 2021, Garćıa-Franco et al., 2021).58

Several hypotheses now exist to explain the timing and strength of the MSD in59

Mesoamerica (e.g. Angeles et al., 2010, Hidalgo et al., 2015, Maldonado et al., 2016,60

Perdigón-Morales et al., 2019), yet, to date, there is no comprehensive accepted theory61

and fundamental questions remain, such as whether the MSD is caused by mechanisms62

that enhance precipitation either side of the MSD (Karnauskas et al., 2013) or a mecha-63

nism that inhibits rainfall at midsummer (Durán-Quesada et al., 2017), which indicates64

a poor understanding of the processes responsible for the MSD. Three of the leading65

hypotheses (illustrated in Figure 1) for the Mesoamerican MSD are: a feedback mecha-66

nism of sea-surface temperatures (SSTs) and cloud-radiative effects proposed by Magaña67

et al. (1999); the solar declination angle hypothesis (Karnauskas et al., 2013); and the68
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Caribbean Low-Level Jet (CLLJ) as a modulator for moisture transport and convective69

activity (Amador et al., 2016, Durán-Quesada et al., 2017).70

The SST cloud-radiative feedback mechanism (Fig. 1a) proposes that the seasonal71

peaks and trough in precipitation are a result of a similar seasonality in the Eastern Pacific72

SSTs and near-surface humidity (Magaña et al., 1999, Magaña and Caetano, 2005).73

During the first peak of precipitation, cloud radiative effects (CREs) block shortwave74

radiation from reaching the surface. The decrease in solar heating, in addition to an75

increase in the low-level wind flow which acts to enhance the latent heat fluxes from76

the ocean to the atmosphere, cool the SSTs and decrease the surface moisture available77

leading to a decrease in convective activity and precipitation, i.e., the MSD. During78

this drier period with less cloud cover, incoming shortwave increases again, weaker trade79

winds decrease surface fluxes and Eastern Pacific SSTs warm above 29◦C leading to the80

second peak of precipitation.81

The solar declination angle hypothesis (Fig. 1b) argues that the surface total short-82

wave radiation absorption is controlled by the bi-annual crossing of the solar declination83

angle (Karnauskas et al., 2013). The absorption of shortwave energy in the MSD regions84

force precipitation changes, according to this hypothesis, with a lag of a few days/weeks85

by modifying the near-surface moist static energy, specifically the surface moisture, which,86

in this framework, is the ultimate control on precipitation variability during the rainy87

season. In short, Karnauskas et al. (2013) suggest that precipitation follows the solar88

declination angle through the influence of the local absorption of shortwave energy on89

near-surface temperature and humidity so that the two peaks of precipitation are the90

result of one precipitation enhancing mechanism occuring twice during the rainy season.91

The third mechanism proposes that the CLLJ acts as a conveyor belt and collector92

of moisture (Fig. 1c) and, through this role, is responsible for the double-peak signal93

of precipitation in the Caribbean or the MSD region (e.g. Small et al., 2007, Gamble94

et al., 2008, Curtis and Gamble, 2008, Herrera et al., 2015, Hidalgo et al., 2015, Martinez95

et al., 2019, Corrales-Suastegui et al., 2020). The main argument suggests that changes96

to CLLJ strength, possibly influenced by seasonal variations in the high pressure gyre97

in the northern subtropical Atlantic (Mapes et al., 2005), modifies moisture transport98

and precipitation over the Pacific coast of Central America (Muñoz et al., 2008, Durán-99

Quesada et al., 2010, Garćıa-Mart́ınez and Bollasina, 2020).100

Dynamical mechanisms associated with the CLLJ also exist to explain the MSD of the101

Caribbean (e.g. Martinez et al., 2019), the frequency of eastern Pacific tropical cyclones102

(Fu et al., 2021), as well as decadal (Cerón et al., 2021) and intra-seasonal (Martin and103

Schumacher, 2011, Perdigón-Morales et al., 2019) variability of precipitation in Central104

3



America. The CLLJ seems to play a vital role for the regional-scale circulation and the105

variability of precipitation. Therefore, suggestions that the CLLJ variations are the main106

cause of the MSD over the Pacific coast of Mesoamerica (Herrera et al., 2015, Amador107

et al., 2016, Durán-Quesada et al., 2017) require further examination.108

Moreover, most general circulation models (GCMs) in CMIP3/CMIP5 struggle to109

reasonably reproduce the MSD signal (Rauscher et al., 2008, Ryu and Hayhoe, 2014),110

and these biases have led other studies to use regional models or downscaled output to111

understand future projections of the MSD (Fuentes-Franco et al., 2015, Maurer et al.,112

2017, Imbach et al., 2018, Corrales-Suastegui et al., 2020, Cavazos et al., 2020). Less113

attention has been given as to why some CMIP models reproduce the bimodal seasonal114

cycle while others do not. Garćıa-Franco et al. (2020), Garćıa-Franco et al. (2021) showed115

that CMIP6 simulations from the Met Office Hadley Centre (MOHC) models reproduce116

the timing and strength of the MSD with reasonable skill, albeit with a stronger first117

peak and a later onset of the MSD, which motivates further use of these simulations to118

investigate the processes that are associated with the MSD.119

There is no robust or satisfying understanding of the physical processes associated120

with the MSD, as illustrated by the relatively large and growing number of hypotheses121

to explain the timing and processes leading to this bimodal seasonal cycle. Meanwhile,122

more GCM (CMIP) simulations are being produced and used to predict changes to the123

MSD in the future without a clear sense of what processes are being well represented by124

the models. This lack of a comprehensive depiction of the processes of the MSD together125

with good representation of the spatial and temporal characteristics of the MSD in the126

MOHC CMIP6 experiments, are the main motivations for this paper. Specifically, this127

study critically assesses the three leading hypotheses for the MSD using the MOHC128

models and ERA5 in order to highlight the strengths and weaknesses of each hypothesis129

and to explain why the MOHC models are able to reproduce the bimodal signal of130

precipitation in the region.131

The remainder of this paper is presented as follows. Section 2 describes the obser-132

vational, model and reanalysis data and and the methodology to diagnose the timing of133

MSD. Section 3 evaluates the representation of the key features of the regional climate134

in the CMIP6 experiments and in ERA5. Then, the hypotheses of SST-cloud feedback135

(section 4), the solar declination angle (section 5) and the CLLJ (section 6) are investi-136

gated using composite and regression analysis. A summary and discussion is presented137

in the final section of this paper.138
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2. Data and methods139

2.1. Observations and reanalysis data140

The precipitation datasets used are the Tropical Rainfall Measuring Mission (TRMM)141

version 7, product 3B42 (Huffman et al., 2010), and the Climate Hazards Infrared Pre-142

cipitation with Stations (CHIRPS) (Funk et al., 2015). The remaining diagnostics are143

taken from ERA5 (Hersbach et al., 2020) at the 0.75◦ resolution and for the period 1979-144

2018. Note that SSTs in ERA5 are a blended product of HadISST version 2, and OSTIA145

datasets (Hersbach et al., 2020). ERA5 precipitation data is used throughout this paper146

to compare against the models for two reasons. Firstly, observational (satellite or surface147

station) data of all the required diagnostics are not always available at the daily resolu-148

tions needed for this study, for example the wind flow or moisture profiles over the ocean149

region. Secondly, ERA5 precipitation in the MSD region closely follows the seasonal150

cycle of TRMM and CHIRPS, and this reanalysis reproduces well the mean timing for151

the MSD compared to observational datasets (Garćıa-Franco et al., 2020, Garćıa-Franco152

et al., 2021). Therefore, ERA5 can be compared to the simulations as another model;153

one that is more realistic as the reanalysis is partially driven by the observed state of154

the atmosphere through the radiosondes taken in the region as well as satellite data155

(Hersbach et al., 2020).156

2.2. CMIP6 data157

This paper uses the output from realizations of the HadGEM3 GC3.1 and from the158

Earth System Model UKESM1 submitted to CMIP6. These simulations use the GC3.1159

configuration (Walters et al., 2019, Williams et al., 2018); the latest version of the cou-160

pled model HadGEM3 GC3.1 was run at two horizontal resolutions for CMIP6: a low-161

resolution configuration, labelled as N96, with an atmospheric resolution of 1.875◦x1.25◦162

and a 1◦ resolution in the ocean model and a medium resolution configuration, labelled163

N216, with atmospheric resolution of 0.83◦x 0.56◦ and a 0.25◦ oceanic resolution (Menary164

et al., 2018). The UKESM1 was recently developed aiming to improve the coupled model165

by adding processes of the Earth System (Sellar et al., 2019). These additional com-166

ponents include ocean biogeochemistry with coupled chemical cycles and tropospheric-167

stratospheric interactive chemistry (Mulcahy et al., 2018, Sellar et al., 2019).168

This study uses the deck experiments from CMIP6: pre-industrial control, AMIP, and169

historical experiments from HadGEM3 GC3.1 N96 (hereafter GC31-LL) and N216 (here-170

after GC31-MM), and UKESM1, which are summarised in Table 1. The pre-industrial171

control experiments use a constant external forcing for the year 1850, and are relatively172

longer integrations (Menary et al., 2018), whereas the historical experiments use our173
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Table 1: Summary of the simulations used in this study detailing the experiment, CMIP activity name,

acronym, model years, and number of ensemble members (Ens.).

Model
Experiment Period Activity Acronym Ens. Reference

HadGEM3

N96

pre-industrial

control

1850-

2350

CMIP/DECKGC31-LL pi 1 (Menary et al., 2018)

HadGEM3

N216

pre-industrial

control

1850-

2000

CMIP/Deck GC31-MM

pi

1 (Menary et al., 2018)

HadGEM3

N96

historical 1979-

2014

CMIP/DECKGC31-LL

hist

5 (Andrews et al.,

2020)

HadGEM3

N216

historical 1979-

2014

CMIP/DECKGC31-MM

hist

1 (Ridley et al., 2019b)

HadGEM3

N96

amip 1979-

2014

CMIP/AMIPGC31-LL

amip

5 (Ridley et al., 2019a)

HadGEM3

N216

amip 1979-

2014

CMIP/AMIPGC31-MM

amip

3 (Ridley et al., 2019a)

UKESM1 pre-industrial

control

2060-

2600

CMIP/DECKUKESM-pi 1 (Tang et al., 2019b)

UKESM1 historical 1979-

2014

CMIP/DECKUKESM-hist 6 (Tang et al., 2019a)

UKESM1 amip 1979-

2014

CMIP/AMIPUKESM-

amip

1 (Tang et al., 2019a)
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best estimate of the time-varying aerosol and greenhouse gas emissions from 1850 to174

2014 (Eyring et al., 2016, Andrews et al., 2020). The AMIP experiments use the same175

external forcing as the historical experiments but also ”nudge” the SSTs using observa-176

tional products, thereby decoupling the atmosphere from the ocean and removing SST177

biases (Eyring et al., 2016).178

Precipitation in the MOHC GC3.1 configuration is diagnosed from the large-scale and179

convection schemes (Walters et al., 2019). The convective scheme first diagnoses whether180

convection is feasible, and then whether to use the shallow or deep convection scheme.181

Convective precipitation is computed by the deep convection scheme which is based182

on the mass-flux scheme of Gregory and Rowntree (1990) modified to use a convective183

available potential energy (CAPE) closure and detraintment rates as a function of relative184

humidity (Walters et al., 2019).185

2.3. Determination of the timing of the MSD186

Garćıa-Franco et al. (2021) described a wavelet transform (WT) method that objec-187

tively determines the timing of the MSD in observational gridded datasets, reanalysis188

and climate model precipitation time series at the 5 day scale. This paper uses the WT189

method to determine the onset (MO) and retreat (MR) of the monsoon rainy season, as190

well as the onset (MSDO) and end (MSDE) of the MSD. MO and MR are determined191

by the maximum and minimum sum of WT coefficients computed from a dilation scale192

vector ranging from 24 to 54 pentads. After MO and MR are determined, a second WT193

is computed with dilation scales from 10 to 24 pentads and the minimum sum of the WT194

coefficients corresponds to the onset of the MSD and the maximum to the end of the195

MSD (MSDE). The timing of the first peak (P1) of precipitation is defined as the period196

between the MSDO and the preceding 4 pentads or 20 days, whereas the second peak197

(P2) is defined as the period between the date of MSDE and the subsequent 4 pentads.198

An example of this separation of the MSD timing for each year is given in Figure199

2, for precipitation observed from TRMM in 2017 over the study region. The area of200

study of this paper is southern Mexico and northwestern Central America (Fig. 3,) a201

region with robust MSD signals (see Perdigón-Morales et al., 2018, Garćıa-Franco et al.,202

2021). The WT method was applied to the TRMM, CHIRPS, ERA5 and model dataset203

area-averaged time-series over the study region.204

3. Climatological features205

The climatological distribution of precipitation and the temporal differences asso-206

ciated with MSD timing in ERA5 agree well with TRMM and CHIRPS data (Figure207
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3). ERA5 captures reasonably well the climatology of precipitation over land and over208

the Eastern Pacific ITCZ with some positive biases (Figure S1) over the Eastern Pa-209

cific Ocean and western Mexico, and negative biases over land in southern Mexico and210

Central America. The patterns of the MSD-P1 and P2-MSD differences in ERA5 (Fig.211

3) also agree well with TRMM. The precipitation differences associated with the MSD212

timing within the box in Figure 3b extend well outside the study region comprising the213

easternmost Pacific Ocean, the entrance to the Gulf of Mexico and western Caribbean214

Sea, illustrating that these changes to precipitation are of regional scale.215

The historical simulations (Fig. S2) show a positive bias in the EP ITCZ of 3-6 mm216

day−1 as well as a dry bias over southern Mexico and Central America (Garćıa-Franco217

et al., 2020). The simulations capture the spatial patterns associated with the MSD218

stages, characterised by the highest differences found on the west coast of Mesoamerica.219

In agreement with observations, the precipitation differences in the MSD region in the220

simulations are always opposite to that of the North American monsoon region, e.g., in221

Figures 3 and S2 the North American monsoon regions gets wetter when the dry period222

begins in the MSD regions.223

The seasonal cycle of precipitation in the MSD region (Fig. 4a) shows that the224

CMIP6 experiments and ERA5 reasonably represent the temporal distribution of rainfall225

(Garćıa-Franco et al., 2020). The two-peak structure of the MSD is observed in TRMM226

and ERA5 as two precipitation maxima (Fig. 4a), the first peak found during early to227

mid-June and the second peak at the end of September, separated by a drier period that228

spans from late June to late August. The precipitation rates in ERA5 agree well with229

the seasonal variation of TRMM throughout the rainy season. The MSDO pentad in230

the model experiments is found one or two pentads after TRMM and ERA5 and the231

experiments show a stronger variation in precipitation between the first peak and the232

MSD (Garćıa-Franco et al., 2021).233

The mean rainfall observed in the three periods (P1, P2 and the MSD) in the simula-234

tions varies notably between experiments with different configurations, i.e., simulations235

of different horizontal resolutions, coupled ocean-atmosphere or atmosphere-only config-236

urations, or with different external forcings (Fig. S3). The magnitude of the first and237

second peak precipitation rates are roughly linearly related to another but the corre-238

lation decreases between the precipitation rates during P1 and the MSD, i.e., a larger239

magnitude of the first peak of precipitation does not imply a wetter or drier MSD period.240

The magnitude of the first decrease in rainfall (MSD-P1) and the late-summer increase241

(P2-MSD) also show a significant spread amongst experiments which suggest that there242

is only a modest relationship between the magnitude of the MSD and the magnitudes of243
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the two peaks of precipitation in these simulations.244

The literature suggests that a number of regional features are important for precipi-245

tation variability in the MSD, including the EP SSTs, the Caribbean Sea SSTs, the EP246

zonal wind flow and the CLLJ (Magaña et al., 1999, Amador, 2008, Herrera et al., 2015).247

The comparison of the seasonal cycle of these features in ERA5 and the simulations (Fig.248

4) shows that the experiments are able to replicate the seasonal variations of the SSTs249

and the zonal wind flow of the region reasonably well, although the seasonal cycle of the250

low-level winds is delayed in the experiments compared to ERA5. The EP SSTs (Fig.251

4c) peak in late May, prior to the first peak of precipitation. In contrast, the Caribbean252

SSTs peak in early fall, about five months later, during late September. After the peak253

SST period in the EP, SSTs decrease to a local minimum found in July both for ERA5254

and the simulations. The experiments show a cold bias in the SSTs in both regions, but255

this bias is most pronounced in the Caribbean Sea.256

The low-level wind flow in the EP shows a bimodal seasonal cycle in all datasets (Fig.257

4e). The easterly flow in the EP during the spring becomes weaker turning westerly at258

the end of May and reaching a local maximum in early June in ERA5 and mid-June259

in the simulations. This local maximum then decreases during June and early July as260

the zonal wind turns easterly again. The easterly flow peaks in mid-July in ERA5 and261

two-to-three weeks later in the model simulations. After the easterly flow peaks in the262

midsummer, the zonal wind becomes westerly again peaking at the end of September263

in both ERA5 and simulations. This seasonality of the zonal wind in the EP is similar264

to the seasonal cycle of precipitation in the region, with a similar delay of 2 weeks in265

the timing of the peaks of precipitation and zonal winds in the experiments compared to266

ERA5.267

The CLLJ seasonal cycle (Figure 4f) is reasonably simulated by the experiments,268

although CLLJ peak strength, found during the last week of June in ERA5, is delayed269

in the simulations by about three weeks, as the simulated CLLJ peaks in mid-July in all270

the simulations. The simulations follow closely the CLLJ evolution in late summer and271

early fall, except for a notable difference in GC31-LL amip in Oct-Nov characterised by272

a weaker than observed CLLJ.273

The outgoing long-wave radiation (OLR) and vertical velocity (ω at 500 hPa) com-274

posite differences for each stage of the MSD, computed using the WT method (Fig. 5),275

confirm that the MSD is not a local-scale feature but the convective activity variations276

span a relatively wide extent of the Intra-Americas Seas. From the first peak period277

in the MSD, OLR and ω increase in the EP and the MSD regions and these anomalies278

extend into the Caribbean. Given that ω is defined as ω = Dp/Dt where p is pressure,279
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these positive anomalies are indicative of weaker ascent.280

In contrast, a region several degrees west into the EP Ocean (125◦W) and the North281

American monsoon region show negative OLR and ω anomalies in the MSD-P1 panels,282

which suggest that simultaneously with the onset of the MSD, more active convection is283

observed in the North American Monsoon region (Adams and Comrie, 1997) and over the284

ocean west of the continent. The OLR and ω variations associated with the end of the285

MSD (P2-MSD) show an opposite picture to the MSD-P1 differences. Note that several286

of these features have been described previously by Herrera et al. (2015) and agree with287

previously reported ”MSD patterns” (Zermeño-Dı́az, 2019).288

This section demonstrates that several features of the climate of the region are well289

represented by these models, such as the seasonality of the CLLJ and that the WT290

method can retrieve the so-called ”MSD patterns”, although some biases are apparent291

such as the colder SSTs throughout the region, as well as the temporal delay in the peak292

magnitude of the CLLJ and EP zonal winds.293

4. The SST-cloud radiative feedback294

The Eastern Pacific (EP) SSTs are a dominant factor for the variability of precipita-295

tion in the MSD region (Amador et al., 2006, Fuentes-Franco et al., 2015, Amador et al.,296

2016, Straffon et al., 2019) and are a key element of the SST-cloud radiative feedback297

mechanism proposed by Magaña et al. (1999). This mechanism predicts that EP SSTs298

and near-surface moisture exhibit a bimodal seasonal cycle, suggesting that the EP SSTs299

drive the seasonal variations in precipitation over the MSD region such that the seasonal300

cycle of EP SSTs and precipitation in the MSD region are very similar, but out-of-phase,301

with the SSTs leading precipitation. In this section, we evaluate the predictions of this302

hypothesis for both ERA5 and the CMIP6 experiments.303

According to the feedback mechanism, the EP SSTs cool down during or just prior304

to the onset of the MSD and then increase during the MSD period which then enhances305

precipitation and causes the second peak in late summer. However, in ERA5 the EP SSTs306

only very slightly increase during the MSD (Jul-Aug) and cool notably in late August307

and September in synchrony with the second peak of increased convective activity (Fig.308

4c). In the models, there is a modest second peak in EP SSTs (averaging 28.5◦C) in309

early September, nearly synchronous with the second peak of precipitation and crucially310

not exceeding the threshold of 29◦C suggested by Magaña et al. (1999) as for the first311

peak, and the surface humidity (Fig. 4b) varies very little within the rainy season.312

The WT method was used to composite SSTs and surface humidity in the P1, MSD313

and P2 periods. The spatial distribution of SST and surface humidity changes associated314
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with the MSD (Fig. 6) suggest that the EP SSTs south of 10◦N cool slightly between315

the P1 and MSD periods, meanwhile the coast of Baja California and the northern316

eastern Pacific warm by more than 2 K. At the end of the MSD (P2-MSD), the EP317

SSTs keep cooling in both ERA5 and the simulations, instead of warming as suggested318

by the SST feedback mechanism. The P2-MSD panels show that the Caribbean SSTs319

increase, as Caribbean SSTs peak at the end of the summer (Fig. 4d). The surface320

humidity in the EP and MSD regions, however, is relatively unchanged (less than 0.5321

g kg−1) in ERA5 during the various stages of the MSD (Figs. 4b and 6), and in the322

model simulations surface humidity variations are not appreciable in the EP region, even323

though precipitation varies notably during these periods. Instead, the greatest variations324

in surface humidity are observed west of Baja California and in the North American325

Monsoon region.326

If the EP SSTs play a dominant role in the timing and strength of the MSD, as327

suggested previously (Magaña et al., 1999, Magaña and Caetano, 2005, Herrera et al.,328

2015), then the simulations with imposed SSTs taken from observations, e.g., the GC31-329

LL amip experiment, may be further explored to evaluate the links between SSTs and330

the timing or strength of the MSD. A scatter plot of the dates (pentads) of the MO,331

MR, MSDO and MSDE (Fig. S4) for matching years between the CHIRPS dataset332

and TRMM, ERA5 and the five ensemble members of GC31-LL amip shows that the333

timing of the MSD in GC31-LL amip are unrelated to the observed timing.This evidence334

suggests that the SSTs forcing the model in GC31-LL amip are not the dominant factor335

controlling the timing of the MSD in these atmosphere-only runs.336

Alternatively, the interannual variability in ERA5 and the differences amongst the337

model experiments may be further explored using composite differences between the P1,338

MSD and P2 periods, computed for each variable for each year and then averaged to339

provide a mean value. These results are presented in scatter plots that aim to diagnose340

emergent properties and physical relationships that explain the different representations341

of the MSD. The mean difference in ERA5 SSTs (Fig. 7a) between the P1 and the MSD342

periods indicate cooling of the EP. In contrast, the coupled model simulations show a343

mean warming of 0.2 K and a greater precipitation reduction from the P1 to the MSD344

period. During the second peak, the EP SSTs cool (Fig. 7b) associated with a positive345

increase in precipitation, suggesting an inverse and weak relationship between EP SSTs346

and precipitation.347

Furthermore, evidence shows that the surface saturation specific humidity qsat, which348

measures the maximum moisture that a parcel can hold, provides a strong link between349

local precipitation and local SSTs on seasonal time-scales over tropical oceans (Yang350
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et al., 2019, Good et al., 2021). Figure 7c-d show the ”remote” relationship between351

EP qsat and MSD precipitation. The temporal changes to qsat associated with the MSD352

timing are negatively correlated to changes in the precipitation over the MSD region.353

This negative correlation also holds for the local EP qsat-precipitation relationship (not354

shown) which confirms that there is no positive correlation between EP SSTs and EP or355

MSD precipitation.356

The relationship between EP SSTs and precipitation may exist at some lag, as sug-357

gested by the radiative-convective feedback mechanism, in which the SSTs lead precipita-358

tion changes. Lag-lead correlations (Fig. 8) of the EP SSTs and the precipitation in the359

MSD region show that only during monsoon onset these two fields exhibit a significant360

positive correlation at lags of ≈-35 days in ERA5 and -40 to -20 days in the historical361

experiments.362

In ERA5, the correlation for all the boreal summer (JJAS) sample is only significant363

for the SSTs leading precipitation region for negative lags from 30 to 40 days and is only364

significant (negative correlation) at positive lags at lag +5 days, indicative of an inverse365

SST-precipitation relationship where the SSTs follow precipitation. In the models (Fig.366

8b-d), very similar results are found where significant positive correlations at negative367

lags, indicative of SSTs leading precipitation, are only found for the MO panel, whereas368

for MSDO and MSDE panels, the correlations are only significant at positive lags and369

for negative correlations, indicative of precipitation leading SSTs on the scale of 3-5 days370

and SSTs decreasing with increased precipitation.371

This section investigated the SST-cloud feedback hypothesis by Magaña et al. (1999).372

Results in this section show that in observations, the EP SSTs do not exhibit a double-373

peak seasonal cycle, so the second peak of precipitation over the MSD region cannot374

be driven by a second peak in EP SSTs, contradicting the SST-cloud hypothesis. Even375

though the simulated seasonal cycle of EP SSTs shows a bimodal signal, the second peak376

of EP SSTs is smaller and cannot explain the differences found between the various model377

experiments. Moreover, the simulations with nudged SSTs from observations (AMIP),378

which do not exhibit a bimodal seasonal cycle equally simulate a MSD. Finally, lag-379

lead correlations confirm that the variations of precipitation during the midsummer are380

not significantly correlated with variations in EP SSTs in ERA5 or in the simulations,381

contradicting the main arguments of this hypothesis.382

5. The solar declination angle hypothesis383

The mechanism proposed by Karnauskas et al. (2013) suggests that the amount of384

shortwave energy (SW) that reaches the surface is key in the driving mechanism of385
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the MSD. In this hypothesis, the seasonal march of the net SW absorbed by the surface386

determined by the solar declination angle modulates the seasonal cycle of the near-surface387

temperature and humidity leading to a lagged relationship between SW and precipitation.388

This section evaluates the predictive capacity of this hypothesis that the local absorption389

of SW in the MSD region modulates the variability of precipitation throughout the rainy390

season.391

According to Karnauskas et al. (2013), the net SW (the difference between upwelling392

and downwelling shortwave fluxes) at the surface should have a bimodal seasonal cycle393

just as precipitation. In both ERA5 and the simulations, the seasonal cycle of the net SW394

(Fig. 9a) exhibits a bimodal signal characterized by a first local maximum in late May,395

followed by a local minimum during June and a secondary increase in Jul-Aug coinciding396

with the MSD. After this second local maximum, there is another sharp decrease of net397

SW in late summer. This behaviour closely follows the seasonal cycle of precipitation398

(but with the opposite sign).399

The patterns of changes to the net SW at the surface through the MSD stages (Fig.400

10) show that from the first peak to the MSD there is a positive difference in net SW,401

indicative of more SW energy absorption at the surface, of approximately 30 W m−2 in402

ERA5 and 40 W m−2 in the simulations. The P2-MSD differences reveal a notable reduc-403

tion in net SW energy throughout the North American continent. One might reasonably404

then suspect that the increased SW absorption during the MSD period may be part of405

the mechanism for the second peak of precipitation, as suggested by Karnauskas et al.406

(2013). On the other hand, this correlation could be highlighting the coupling between407

clouds, radiation and precipitation and not necessarily evidence that SW heating is the408

actual driving mechanism.409

These hypotheses are further tested through scatter plots and lag-lead regression410

analysis (Fig. 11). The scatter plots show that the interannual variability of net SW in411

ERA5 is negatively correlated to the interannual variability of precipitation. Similarly, in412

simulations, the reduction in SW in the MSD-P1 shows a strong and negative correlation413

with the changes in precipitation. The amount of SW absorbed in the MSD is also414

negatively correlated with the precipitation increase during the second peak (P2-MSD).415

In other words, years in which less shortwave is absorbed in the MSD have stronger second416

peaks in the MSD region, in disagreement with solar declination angle hypothesis.417

Lag-lead correlations (Fig. 11c, d) confirm that there is a strong negative correlation418

between SW and precipitation at lag 0. This negative correlation illustrates that strong419

precipitation periods are associated with less shortwave absorbed by the surface, resulting420

from CREs blocking effects of incoming SW. Correlations are not significant outside of lag421
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-5 to 5 days near the MSDE date, or around the MSDO date (not shown), although they422

appear significant for some coupled simulations at lags of -40 days when the entire JJA423

season is considered. These results contradict the argument of Karnauskas et al. (2013)424

which suggested a lagged relationship between shortwave absoprtion at the surface and425

precipitation throughout the various stages of the MSD.426

Cloud-radiative effects (CREs) are coupled to the tropical circulation (Bony et al.,427

2004, Webb et al., 2017), influence the timing and strength of monsoons and column428

radiative heating (Guo et al., 2015, Byrne and Zanna, 2020), and modulate the amount429

of SW that reaches the surface (Allan, 2011). To investigate the role of CREs over the430

net SW, the surface cloud radiative effect (CREsurf ) is computed from daily-mean fields431

following Allan (2011), as the sum of the longwave (LW) and SW CREs, i.e.:432

CREsurf = LWCREsurf + SWCREsurf

= LDS − LUS − (LDScs − LUScs) + SDS − SUS − (SDScs − SUScs), (1)

where the fluxes are depicted as long-wave (L) or short-wave (S) and downwelling (D) or433

upwelling (U) at the surface (S) and the suscript cs denotes under clear-sky conditions.434

The long-wave upwelling at the surface (LUS) cancels with the LUScs because the long-435

wave emission from the surface does not dependent on the presence of clouds (Allan,436

2011). The net CRE at the surface is then given by:437

CREsurf = LDS − LDScs + SDS − SUS − SDScs + SUScs. (2)

The CREsurf during P1, MSD and P2 periods (Fig. S5) is negative and the mini-438

mum values are found in the EP ITCZ region. The minimum CRE in the EP and the439

Mesoamerican region is found during the two peaks of precipitation with weaker CREs440

during the MSD (Fig. S6). The comparison of the individual contributions of the SW441

and LW surface CREs show that the dominant term in the EP and Mesoamerican re-442

gions is the SW term (Figs. 9 and S7), as the LW term (Fig. S8) is generally smaller in443

magnitude than the SW term, especially over the EP ITCZ region. The seasonal cycle of444

the SW, LW and net CREs (Fig. 9b-d) show bimodal signals characterized by stronger445

CREs during the two peak periods during June and September and a relative minimum446

during the MSD.447

This section shows that there is strong negative correlation between SW absorbed448

by the surface and precipitation, and there is no evidence for a positive correlation at449

any lag, as suggested by the solar declination angle hypothesis. Evidence suggests that450
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CREs are likely the reason for the anticorrelation between precipitation and the net SW451

throughout the rainy season.452

6. The role of the Caribbean Low-Level Jet453

Several roles have been attributed to the CLLJ to explain a link between the low-level454

wind flow over the Caribbean Sea and the MSD in southern Mexico and Central America455

(see e.g. Gamble et al., 2008, Herrera et al., 2015, Zermeño-Dı́az, 2019, Corrales-Suastegui456

et al., 2020). The main dynamical argument that links the MSD and the CLLJ is centred457

around variations in moisture flux convergence (MFC), and would subsequently influence458

the mass content of water vapor or total water content (TWC) (see e.g. Herrera et al.,459

2015, Durán-Quesada et al., 2017). Section 3 shows that the seasonal cycle of the CLLJ460

is relatively well represented by the model simulations (see Fig. 4f), but the timing of461

the peak magnitude of the CLLJ in the simulations is delayed by about three weeks with462

respect to ERA5. The timing of the start of the MSD is also notably delayed in the463

simulations by around 10 days, according to Garćıa-Franco et al. (2021) which suggests464

that the CLLJ may be playing a role in the timing of the MSD in the simulations, which465

aligns well with the CLLJ hypothesis.466

The CLLJ strength is measured in this study through the 850 hPa zonal wind in the467

Caribbean Sea (see box in Figure 3) for both model and reanalysis data . Additionally,468

we use the integrated moisture flux convergence (IMFC) and precipitable water vapor or469

TWC in the MSD region to explore this hypothesis. The IMFC was calculated using the470

following equation from daily data from ERA5 and the simulations:471

IMFC = −

〈

∇ · u⃗q

〉

, (3)

where q is the specific humidity at each pressure level, u⃗ is the wind vector and ∇ is472

the horizontal divergence operator and the ⟨⟩ operator denotes column integrals in the473

troposphere.474

The seasonal cycles of the IMFC and TWC (Fig. 12) averaged over the region of475

the MSD show a strong bimodal signal, with two maxima in IMFC and TWC occurring476

roughly at the same time as the two peaks in precipitation in June and September and477

a minimum found during July to August. The simulations closely follow the timing of478

the variations of the seasonal cycle of ERA5, but with an overall weaker IMFC and less479

TWC throughout the rainy season.480

The patterns of the IMFC, TWC and 850-hPa zonal wind variations associated with481

the MSD (MSD-P1 and P2-MSD) are shown in Figure 13. The patterns observed in the482
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low-level wind vectors associated with the MSD timing are similar to the ”MSD patterns”483

described previously Zermeño-Dı́az (2019), Zhao et al. (2020), which confirms that the484

WT method is able to skilfully diagnose variations in the low-level wind associated with485

the MSD. The wind flow pattern in the MSD-P1 panel is characterised, both in ERA5486

and the simulations, by northeasterly anomalies in the Gulf of Mexico and the CSEA487

and strong easterly anomalies over the EP region, which indicate that the wind field488

changes from a weak low-level westerly wind to an easterly wind at lower levels 950-700489

hPa (see also Fig. 4e). At the end of the MSD, the wind direction changes again to a490

westerly direction in the EP, whereas the wind anomalies in the CSEA turn to westerlies491

indicative of a weakening of the CLLJ, coinciding with the second peak of precipitation492

observed in the MSD region.493

The IMFC and TWC show coherent variations with the timing of the seasonal cycle494

of precipitation in the MSD region, with less moisture convergence and TWC during495

the drier period compared to the two peak periods. Simultaneous with this drying in496

southern Mexico and Central America during the MSD, the North American monsoon497

region moistens (increased TWC and IMFC). In the P2-MSD panel, positive differences498

in the MSD region and negative anomalies southward of the MSD in the EP region499

suggest increased IMFC and TWC over southern Mexico and northern Central America,500

following the second peak of precipitation.501

A scatter plot of the mean changes to the IMFD, TWC and the CLLJ and their502

relationship to the synchronous variations in precipitation (Fig. 14) confirm that TWC503

and IMFC are strongly related to the timing and strength of the seasonal cycle of precip-504

itation. The interannual variability of the precipitation differences MSD-P1 in ERA5 are505

very well explained by the variability of the TWC (r = 0.87) and the IMFC (r = −0.98)506

but less so by the CLLJ (r = 0.14). The inter-experiment MSD-P1 precipitation differ-507

ences can largely be explained by the differences in IMFC changes during the MSD-P1508

periods (r = 0.91). However, the changes in the CLLJ and IMFC in the simulations can509

not explain the precipitation differences between the runs in the MSD-P1 periods.510

The changes from the MSD to the second peak of precipitation (Fig. 14) in the511

simulations are explained to some extent by the mean variations to the CLLJ and the512

IMFC but less so by changes in the TWC. However, for the interannual variability of513

precipitation changes (P2-MSD) in ERA5, only the TWC and IMFC show significant and514

relatively high correlations. These results would suggest that the observed interannual515

and inter-experiment variability of the CLLJ cannot explain the differences in the strength516

of the second peak of precipitation.517

The synchronous relationship found in the previous scatterplot is further tested via518
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lagged correlations (Fig. 15). These correlations do not show any evidence of robust519

relationship between the CLLJ and precipitation directly at any lags. as the correlation520

coefficients are not higher than 0.3 at any lag and only become significant for a few days in521

some simulations. In particular, around the MSDE date, no correlation at negative lags522

is significant and positive which is at odds with the hypothesis that CLLJ is responsible523

for the end of the MSD.524

However, the strength of the CLLJ may not be the relevant factor, but rather the525

influence of the CLLJ on the IMFC. The correlation with the IMFC is positive and signif-526

icant at lag 0 for both MSDO and MSDE dates, indicative that changes in precipitation527

during these periods are strongly correlated with the amount of moisture convergence528

in the column, as similar results are found for TWC-pr correlations (not shown). There529

is little evidence that this relationship is of a lagged nature, as the correlations are not530

significant away from the 0 lag.531

The MSD is a key element of the climate of southern Mexico, northern Central Amer-532

ica and the Caribbean, yet a comprehensive understanding of the processes for the sea-533

sonality of precipitation remains elusive. This study critically assessed three hypotheses534

that physically explain the MSD, using the MOHC CMIP6 experiments and the reanal-535

ysis ERA5. The diagnosis of MSD timing and patterns on a sub-monthly scale using the536

wavelet transform method (WT; Garćıa-Franco et al., 2021) to determine the timing of537

the MSD on a 5-day (pentad) scale is a step forward from previous studies that diag-538

nosed the MSD on monthly-mean timescales. The WT method proved useful to separate539

the wet season in each dataset into three stages: the first and second peak periods (P1540

and P2) and the drier period (MSD). This approach was able to reproduce the so-called541

”MSD patterns” reported in previous studies (Zermeño-Dı́az, 2019, Zhao et al., 2020)542

using various diagnostics such as OLR, ω and the low-level winds.543

The analysis of the leading hypotheses was carried out in two distinct manners.544

Firstly, ERA5 data were utilized to assess whether the given hypothesis could explain the545

interannual variability in the strength and timing of the MSD in the reanalysis. The sec-546

ond approach used data resulting from the MOHC CMIP6 experiments to test whether547

the elements of each hypothesis could explain the differences in the MSD strength and548

timing between different experiments.549

The first mechanism proposed by Magaña et al. (1999) argues the Eastern Pacific550

SSTs should exhibit a bimodal seasonal cycle, with a second peak in SSTs found in551

September of similar magnitude to the early rainy season peak. Magaña and Caetano552

(2005) analysed the seasonal cycle of EP SSTs in a specific year and found no evidence553

of a late-summer increase in SSTs, yet, no study to date confirmed or denied their554
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hypothesis. Evidence from our study shows that with ERA5 data, SSTs not only do not555

increase during the later stages of the summer, but, to the contrary, decrease. While the556

seasonal cycle in the model simulations shows a two-peak structure, no evidence is found557

that the variability in Eastern Pacific SSTs, or surface humidity, is directly associated558

with the precipitation over the MSD region in ERA5 nor in the CMIP6 experiments.559

The solar declination angle hypothesis of Karnauskas et al. (2013) suggests that short-560

wave absorption has two peaks in the seasonal cycle following the solar declination angle,561

which leads to the two precipitation peaks. The shortwave absorption at the surface562

does show a bimodal seasonal cycle in ERA5 and in the simulations, as predicted by563

this mechanism. However, the interannual variability in ERA5 and inter-experiment564

differences exhibit an anti-correlation relationship between the absorbed shortwave and565

precipitation at the different stages of the rainy season. This means that years with a566

stronger shortwave absorption during the MSD are associated with drier second peak567

periods in ERA5 and experiments with less mean shortwave absorption show a wetter568

second peak, which appears to contradict this hypothesis.569

Our study finds little evidence that these two radiative hypotheses can explain the570

observed or simulated MSD. The lack of a double-peak seasonal cycle in EP SSTs in571

ERA5, and the existence of an MSD signal in simulations that employ the observed572

SSTs as boundary conditions, seem to undermine the original argument presented by573

Magaña et al. (1999), as SST variability does not appear to be the dominant feature.574

Similarly, the solar declination angle hypothesis suggests a lagged positive correlation575

between solar insolation and precipitation around the MSD, yet our results indicate a576

syncrhonous negative correlation caused by CREs. Moreover, the present study reveals577

no robust changes to near-surface humidity in the EP nor the MSD, both of which578

are critical to these radiative hypotheses which argue that near-surface moisture drives579

precipitation variability on the MSD timescales.580

The third hypothesis argues that the MSD is related to the CLLJ variability (Herrera581

et al., 2015, Zermeño-Dı́az, 2019, Martinez et al., 2019). Synchronous changes to the zonal582

wind, the integrated moisture flux convergence (IMFC) and the precipitable water vapor583

suggest that the low-level wind flow in the Caribbean varies coherently with the stages584

of the MSD. Morevoer, the IMFC best explains the observed and simulated differences585

in precipitation, compared to the previous hypotheses. Strong correlations between the586

IMFC and precipitation suggest that the horizontal transport of moisture is a key element587

of the MSD mechanism.588

Multiple roles have been attributed to the CLLJ as causal links to the MSD of the Pa-589

cific coast of Mesoamerica such as a modulation of moisture divergence (Durán-Quesada590
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et al., 2017), cooling of SSTs (Herrera et al., 2015) and zonal circulations (Hidalgo et al.,591

2015). However, in this study, the CLLJ strength seems less skilful at predicting the592

strength of the MSD, in both model and reanalysis, compared to IMFC. Coherent and593

synchronous changes to the CLLJ are evident and may suggest that, as argued by Herrera594

et al. (2015), the CLLJ modulation of the moisture convergence is a key aspect of the595

MSD.596

More generally, variability of the CLLJ and its influence over the regional moisture597

transport seem to be key for other aspects other than the MSD (Durán-Quesada et al.,598

2017, ?). For example, evidence that the flow from the Caribbean Sea over the orography599

of the Mesoamerican region modulates convective activity in tropical cyclones (Fu et al.,600

2021), as well as the role of the CLLJ in teleconnection mechanisms from the Madden601

Julian Oscillation (MJO) (Martin and Schumacher, 2011, Perdigón-Morales et al., 2019)602

highlight the relevance of the low-level jet in the dynamics and precipitation variability.603

Our analysis of ERA5 and the MOHC CMIP6 experiments suggests that the CLLJ604

hypothesis best explains MSD characteristics, suggesting that dynamical mechanisms605

are more important than radiative mechanisms.606

Questions still remain open such as how strong the influence of the CLLJ is on the607

horizontal moisture transport to the MSD region? The late summer warming of the608

Caribbean Sea and the strengthening of the CLLJ coinciding with the end of the MSD609

is consistent with the moisture transport hypothesis. The use of observational data to610

track temporal changes to the amount of precipitable water in the column in the MSD611

region may provide key insight into how strong is the influence of the CLLJ for MSD. On612

the modelling side, how the convective scheme represents the daily cycle of precipitation613

at each stage of the MSD remains to be compared to observations and understand its614

role in the seasonality of the MSD.615
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Angeles, M. E., González, J. E., Ramı́rez-Beltrán, N. D., Tepley, C. A. and Comarazamy,638

D. E. (2010), ‘Origins of the Caribbean rainfall bimodal behavior’, Journal of Geophys-639

ical Research: Atmospheres 115(D11).640

Bony, S., Dufresne, J.-L., Le Treut, H., Morcrette, J.-J. and Senior, C. (2004), ‘On641

dynamic and thermodynamic components of cloud changes’, Climate Dynamics 22(2-642

3), 71–86.643

Byrne, M. P. and Zanna, L. (2020), ‘Radiative effects of clouds and water vapor on an644

axisymmetric monsoon’, Journal of Climate 33(20), 8789–8811.645

Cavazos, T., Luna-Niño, R., Cerezo-Mota, R., Fuentes-Franco, R., Méndez, M.,646

Pineda Martinez, L. F. and Valenzuela, E. (2020), ‘Climatic trends and regional cli-647

mate models intercomparison over the CORDEX-CAM (Central America, Caribbean,648

and Mexico) domain’, International Journal of Climatology 40(3), 1396–1420.649

Cerón, W. L., Kayano, M. T., Andreoli, R. V., Avila-Diaz, A., de Souza, I. P. and Souza,650

R. A. (2021), ‘Pacific and atlantic multidecadal variability relations with the choco651

and caribbean low-level jets during the 1900–2015 period’, Atmosphere 12(9), 1120.652

Chen, C., Son, N., Chen, C., Chiang, S., Chang, L. and Valdez, M. (2017), ‘Drought653

monitoring in cultivated areas of central america using multi-temporal modis data’,654

Geomatics, Natural Hazards and Risk 8(2), 402–417.655

20



Corrales-Suastegui, A., Fuentes-Franco, R. and Pavia, E. G. (2020), ‘The mid-summer656

drought over Mexico and Central America in the 21st century’, International Journal657

of Climatology 40(3), 1703–1715.658

Curtis, S. (2002), ‘Interannual variability of the bimodal distribution of summertime659

rainfall over Central America and tropical storm activity in the far-eastern Pacific’,660

Climate Research 22, 141–146.661

Curtis, S. and Gamble, D. W. (2008), ‘Regional variations of the Caribbean mid-summer662

drought’, Theoretical and Applied Climatology 94, 25–34.663

Dilley, M. (1996), ‘Synoptic controls on precipitation in the Valley of Oaxaca, Mexico’,664

International Journal of Climatology: A Journal of the Royal Meteorological Society665

16(9), 1019–1031.666

Durán-Quesada, A. M., Gimeno, L. and Amador, J. (2017), ‘Role of moisture transport667

for Central American precipitation’, Earth System Dynamics 8(1), 147–161.668

Durán-Quesada, A. M., Gimeno, L., Amador, J. and Nieto, R. (2010), ‘Moisture sources669

for central america: Identification of moisture sources using a lagrangian analysis tech-670

nique’, Journal of Geophysical Research: Atmospheres 115(D5).671

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J. and672

Taylor, K. E. (2016), ‘Overview of the Coupled Model Intercomparison Project Phase673

6 (CMIP6) experimental design and organization’, Geoscientific Model Development674

(Online) 9.675

Fu, D., Chang, P., Patricola, C. M., Saravanan, R., Liu, X. and Beck, H. E. (2021),676

‘Central american mountains inhibit eastern north pacific seasonal tropical cyclone677

activity’, Nature communications 12(1), 1–11.678

Fuentes-Franco, R., Coppola, E., Giorgi, F., Pavia, E. G., Diro, G. T. and Graef, F.679

(2015), ‘Inter-annual variability of precipitation over Southern Mexico and Central680

America and its relationship to sea surface temperature from a set of future projections681

from CMIP5 GCMs and RegCM4 CORDEX simulations’, Climate Dynamics 45(1-682

2), 425–440.683

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G.,684

Rowland, J., Harrison, L., Hoell, A. and Michaelsen, J. (2015), ‘The climate haz-685

ards infrared precipitation with stations—a new environmental record for monitoring686

extremes’, Scientific data 2, 150066.687

21



Gamble, D. W., Parnell, D. B. and Curtis, S. (2008), ‘Spatial variability of the Caribbean688

mid-summer drought and relation to north Atlantic high circulation’, International689

Journal of Climatology 28(3), 343–350.690
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Figure 1: Schematic of the three mechanisms analysed in this paper, a) the SST cloud-radiative mech-

anism, (b) the solar declination angle and (c) the moisture divergence mechanism driven by the CLLJ.

In all panels, the three stages of the MSD are represented: the first peak period (P1), the MSD and the

second peak period (P2).
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Figure 2: Pentad-mean precipitation averaged over the study region [95-86◦W,11-19◦N] in the TRMM

dataset for the summer of 2017. The timing of the onset (MSDO) and end (MSDE) of the MSD, as well

as the first (P1) and second (P2) peak periods and the MSD periods are highlighted.
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Figure 3: (a, d, g) Climatological JJAS rainfall and the difference (b, e, h) between the midsummer

drought and the first peak (MSD-P1) periods and (c, f, i) between the second peak and the midsummer

drought (P2-MSD) periods for (a-c) TRMM, (d-f) ERA5 and (g-i) CHIRPS. The climatological low-

level winds (at 850 hPa) for JJAS in ERA5 are shown in c). The boxes in panels b, h and i show

the definitions of the MSD, Eastern Pacific (EP) and Caribbean Sea (CSEA) regions that are used

throughout this paper.
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Figure 4: Pentad-mean seasonal march of (a) MSD precipitation, (b) EP near-surface humidity, (c) EP

SSTs [◦C], (d) CSEA SSTs, and the low-level (925-hPa) zonal wind flow [m s−1] in (e) the EP and (f)

the CSEA regions. The areas for the regions used are illustrated in Figure 3.
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Figure 5: Outgoing long-wave radiation (OLR) [W m−2] (shaded) and ω 500-hPa [10−2 Pa s−1] (line

contours) composite differences between (a, c, e) the MSD and first peak (MSD-P1) and (b, d, f) the

second peak and MSD (P2-MSD).
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Figure 6: As in Figure 5 but the anomalies are shown for near-surface humidity [g kg−1] (contours) and

SSTs [K] (line-contours).
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Figure 7: Scatterplots of the mean changes in the Eastern Pacific (a, b) sea-surface temperatures (SSTs)

and (c, d) surface saturation specific humidity qsat in the x-axis with respect to precipitation variations

in the MSD region on the y-axis for the (a, c) MSD-P1 and (b, d) P2-MSD periods. The correlation

coefficients for ERA5 indicate the correlation of the sample of all the years, whereas the marker for

ERA5 indicates the mean differences for variables in the x and y-axis. The multi-experiment correlation

coefficient is also shown in each panel.
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Figure 8: Lagged correlations between Eastern Pacific SSTs and precipitation in the MSD region for

(a) ERA5 where the lag 0 date was used in four different ways: firstly, all the boreal summer JJAS

SSTs and precipitation pairings, then lag 0 represents the monsoon onset (MO), MSD onset (MSDO)

and MSDE dates. (b-d) as in (a), but for the simulations where the correlations are computed with the

SST-precipitation timeseries lagged with respect to the b) monsoon onset date, the c) MSDO date and

the d) MSDE date.
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Figure 9: Pentad-mean seasonal cycle of the (a) the net SW at the surface, signed positive to indicate

surface absorption of SW radiation, and (b) the net CRE, (c) SW and (d) LW CREs at the surface,

averaged over the MSD region.
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Figure 10: As in Fig. 5, but for the net shortwave radiation [W m−2] at the surface.
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Figure 11: (a, b) Scatter of the mean changes to the net short-wave (SW) at the surface (abscissa)

with respect to changes in precipitation, both averaged in the MSD region. (c, d) Lagged-regression

coefficients between the net shortwave absorption and precipitation over the MSD region for the (c) the

JJA season and (d) around the MSDE date.

Figure 12: Seasonal cycle of (a) IMFC and (b) TWC averaged over the MSD region for model experiments

and ERA5 (see legend).
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Figure 13: As in Figure 6, but showing variations in the IMFC (shading), TWC (contours in units of kg

m−2) and 850-hPa wind (vectors; vector size illustrated in the top left corner).
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Figure 14: As in Figure 7, showing the scatter of mean changes (a-c) MSD-P1 and (d-f) P2-MSD periods,

but using the (a, d) IMFD and (b, e) TWC in the MSD region and the (c, f) CLLJ on the x-axis and

precipitation in the MSD region in the y-axis.
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Figure 15: Lagged correlations between precipitation in the MSD region and the (a, b) CLLJ, defined

as the 925 hPa zonal wind averaged over the CSEA region, and (c, d) the IMFC over the MSD region.

Correlations are shown with lags computed with respect to the (a, c) onset and (b, d) end dates.

Figure S1: (a, b) JJAS precipitation biases in ERA5 when compared to (a) TRMM and (b) CHIRPS.
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Figure S2: (a, d, g, j) JJAS model bias compared to TRMM and the difference between (b, e, h, k)

the midsummer drought and the first peak periods and (c, f, i, l) between the second peak and the

midsummer drought periods for four different simulations.
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Figure S3: (a, b) Scatter plots of the mean values of precipitation [mm day−1] for TRMM, ERA5,

CHIRPS and the CMIP6 experiments (see 2.2) during the first peak (P1), the MSD and the second

peak (P2) periods and (c, d) the precipitation differences between the three periods. Precipitation was

area-averaged in the region illustrated in Figure 3. Pearson correlation coefficients are shown in the

top-left corner of each panel.
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Figure S4: Scatterplots of the pentads diagnosed by the WT method as the dates of (a) monsoon onset

(MO), (b) monsoon retreat (MR), (c) MSDO and (d) MSDE where the results of the CHIRPS dataset,

on the x-axis, are compared with ERA5, TRMM and the GC31-LL amip simulation, on the y-axis. The

legend shows the Pearson r coefficient for each comparison.
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Figure S5: Composite mean net CRE at the surface [W m−2] during the periods of onset of the MSD,

the MSD and the end of the MSD for (a-c) ERA5, and the ensemble mean of (d-f) GC31-LL hist and

(g-h) GC31-MM hist.
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Figure S6: Composite mean differences of the net CRE at the surface [W m−2] for (a-b) ERA5, and the

ensemble mean of (c-d) GC31-LL hist and (e-f) GC31-MM hist.
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Figure S7: As in Fig. S5 but for the short-wave radiative effect.

Figure S8: As in Fig. S5 but for the long-wave CRE.

47



Figure S9: Composite mean differences of the SW CRE at the surface [W m−2] for (a-b) ERA5, and the

ensemble mean of (c-d) GC31-LL hist and (e-f) GC31-MM hist.
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