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Abstract
Using 31 CMIP6 models we have analyzed projected future Caribbean precipitation. The model mean projection results in a 
0.5 mm/day (20%) drying under a SSP5-8.5 scenario for the end of this century over the Caribbean basin. The multi-model 
spread is large ranging from no drying to a 1 mm/day (40%) reduction in mean precipitation. Eastern and central Pacific 
warming, resembling an El Niño / positive phase of Pacific Decadal Oscillation (PDO), appears to be the main driver by 
shifting and weakening the Walker circulation and inducing subsidence over the Caribbean, especially during the wet season 
(May–November). This applies for the model mean as well as for the inter-model spread. During the dry season (December–
April) the southward migration of the Intertropical Convergence Zone (ITCZ) and the advection of dry air from outside the 
Caribbean seem to be the dominant drivers of the projected drying. Another mechanism that contributes to the drying is the 
land-sea contrasts that induce divergence/convergence over the Caribbean. The incapability of CMIP6 models to simulate 
the current tropical Pacific warming and Walker circulation trends questions the reliability of precipitation projections in the 
Caribbean. Based on our understanding of the physical processes affecting Caribbean drying and on an emergent constraint 
analysis we state that the future drying in the Caribbean is likely to be weaker than the one projected by CMIP6 models.
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1 Introduction

The Caribbean is vulnerable to hydro-meteorological haz-
ards like storms, floods, droughts, and tropical cyclones. The 
region’s vulnerability is a consequence of factors such as 
small island size, topography, densely populated areas, low 
altitude of urban areas, strong dependence on rainwater, and 
climate sensitive industries like tourism, agriculture, and 
fisheries (Lewsey et al. 2004; Taylor et al. 2012). Moreo-
ver, due to their limited financial resources to overcome 
past impacts and mitigate future risks, many islands in the 
Caribbean are considered Small Islands Developing States 
(SIDS) (Bloemendaal and Koks 2022). The occurrence of 
extreme climate events affecting the Caribbean is likely to 
be exacerbated by climate change (Karmalkar et al. 2013; 
Climate Studies Group Mona (Eds.) 2020; Van Meerbeeck 
2020). Because of the linkage of those extremes to large-
scale atmospheric circulation, understanding of how climate 
change affects the Caribbean atmospheric circulation, and its 
variability is crucial for a reliable assessment of the impact 
of climate change on hydro-meteorological hazards.
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We define the Caribbean as the region situated between 
 8◦N to  24◦N and  60◦W to  90◦W. The Caribbean region pre-
sents a complex hydro-climate affected by different pro-
cesses. Martinez et al. (2019) identify four main systems 
that determine the moisture availability in the region: the 
North Atlantic Subtropical High (NASH), the Caribbean 
Low-Level Jet (CLLJ), the Eastern Pacific and Atlantic 
Intertropical Convergence Zone (ITCZ), and the Atlantic 
Warm Pool (AWP).

The southern flank of the NASH is characterized by 
easterly winds, which produce moisture divergence (dry 
conditions) in the absence of unstable upper tropospheric 
westerlies across the Caribbean. In contrast, its western flank 
features southeasterly winds, which produce moisture con-
vergence (wet conditions) in the Caribbean. As a result, the 
location of the NASH affects the moisture availability in the 
Caribbean. During boreal winter and summer, the NASH 
causes strong easterlies and moisture divergence reducing 
moisture availability. Spring and fall are characterized by 
weaker easterlies over the Caribbean driving wetter con-
ditions in the region (Wang 2007; Martinez et al. 2019). 
The CLLJ is associated with moisture transport from the 
Caribbean Sea and the Gulf of Mexico to the United States. 
Strengthening of the CLLJ produces moisture divergence in 
the Caribbean and the Gulf of Mexico and moisture conver-
gence (precipitation) in the United States (Wang 2007). The 
genesis of the CLLJ appears to be related to the intensifica-
tion of easterly winds by NASH (Wang 2007; Cook and Vizy 
2010) and its strength and orientation to the AWP (Wang and 
Lee 2007) and NASH (Cook and Vizy 2010).

The ITCZ, located between 4  and   12◦N in the surround-
ings of the Caribbean, migrates meridionally following the 
solar cycle (Waliser and Gautier 1993; Philanderet al. 1996; 
Zhang 2001; Gu et al. 2005). When the ITCZ is located over 
the Caribbean, moisture convergence is enhanced, resulting 
in wetter conditions. Similarly, drier conditoins occur when 
the ITCZ is located north or south of the Caribbean (Mar-
tinez et al. 2019).

During late spring and early summer, the AWP is pre-
sent in the Gulf of Mexico but absent in the Caribbean Sea, 
hereby driving a local low sea level pressure (SLP) in the 
Gulf of Mexico and a local high SLP in the Caribbean. 
The SLP dipole produces a meridional SLP gradient which 
enhances trade winds and strengthens the CLLJ. Once the 
AWP has expanded to the whole region during late summer 
until early autumn, the meridional SLP gradient is not pre-
sent anymore. Then, high sea surface temperatures (SSTs) 
favor lower SLP, which weakens the NASH and trade winds, 
enhancing moisture convergence and leading to wetter con-
ditions (Wang 2007; Wang et al. 2008). The AWP is absent 
during winter.

The combination of the different seasonality of the sys-
tems that affect Caribbean rainfall, described above, leads 

to the bimodal pattern of precipitation, with the exception 
of the Lesser Antilles (Martinez et al. 2019), and to four 
precipitation seasons. These are Winter Dry Season (WDS), 
from December to April; Early Rainy Season (ERS), from 
May to June; Mid-Summer Drought (MSD), from July to 
August and Late Rainy Season (LRS), from September to 
November (Giannini et al. 2000; Anthony Chen and Taylor 
2002; Taylor et al. 2002; Allen and Mapes 2017; Martinez 
et al. 2019; Climate Studies Group Mona (Eds.) 2020).

On an interannual time scale, different drivers affect 
Caribbean rainfall. Several studies consider the El Niño 
Southern Oscillation (ENSO) to be one of the most impor-
tant ones (Giannini et al. 2000; Giannini et al. 2001a, b, c; 
Alexander et al. 2002; Rodriguez-Vera et al. 2019). El Niño, 
the warm episode of the ENSO cycle which manifests dur-
ing boreal winter, produces an eastward migration of the 
Pacific Walker circulation. Consequently, a zonal seesaw in 
SLP develops, consisting of an anomalously low SLP in the 
eastern equatorial Pacific and an anomalously high SLP over 
the equatorial Atlantic. This pattern induces a lower tropo-
spheric convergent flow over the eastern equatorial Pacific 
and a divergent one over the Caribbean basin. The divergent 
flow is associated with dry conditions. The zonal seesaw in 
SLP also has an indirect effect on SST: higher than average 
SLP in the equatorial Atlantic decreases the meridional SLP 
gradient over the North Atlantic and, consequently, weak-
ens the NASH, which produces a weakening of trade winds 
and higher SSTs in the equatorial Atlantic. The indirect SST 
effect is lagged by a season, and thus, it takes place in the 
spring following an El Niño event. As explained above, high 
SSTs in the tropical Atlantic enhance precipitation (Giannini 
et al. 2000; Giannini et al. 2001a; Giannini et al. 2001c,b). 
ENSO also affects tropical cyclone (TC) activity in the tropi-
cal Atlantic. During an El Niño event, vertical wind shear 
(VWS) is enhanced over the Atlantic basin, resulting in TC 
formation suppression (Gray 1984; Goldenberg and Shapiro 
1996; Tartaglione et al. 2003; Klotzbach 2011b,a). During 
La Niña events, the atmospheric response is opposite, result-
ing in wet conditions in the Caribbean and more favorable 
TC formation conditions in the tropical Atlantic.

Another driver of interannual Caribbean rainfall variabil-
ity is the North Atlantic Oscillation (NAO). This index rep-
resents the meridional pressure gradient between the NASH 
and the Icelandic low (Visbeck et al. 2001). A positive phase 
indicates stronger than normal NASH, hence stronger trade 
winds and thus dry conditions in the Caribbean. A nega-
tive phase consists of the opposite situation (Giannini et al. 
2000).

Several studies (Giannini et al. 2000; Anthony Chen 
and Taylor 2002; Wang 2007; Martinez et al. 2020) ana-
lyze the combined effect of ENSO and NAO, which can 
have a stronger effect if the two signals interfere construc-
tively. Studies also attribute inter- annual variability in the 
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Caribbean to other drivers such as the Atlantic Multidecadal 
Oscillation (AMO) (M ́endez and Magaña 2010; Klotzbach 
2011b), the Pacific Decadal Oscillation (PDO) (M ́endez and 
Magaña 2010; Chang and Oey 2013) and temperature gra-
dients (Taylor et al. 2011; Chang and Oey 2013; Rodriguez-
Vera et al. 2019). The Madden–Julian Oscillation (MJO) has 
been assigned as a mode dominating intra- seasonal vari-
ability of the region (Martin and Schumacher 2011). How-
ever, researchers have strong agreement considering ENSO 
and NAO as the dominant mechanisms affecting interannual 
variability in the Caribbean region.

Besides all efforts studying the drivers of precipitation 
in the Caribbean under current climate conditions, there is 
a lack of understanding of large-scale atmospheric dynam-
ics affecting precipitation under future climate conditions. 
Coupled Model Intercomparison Project Phase 6 (CMIP6) 
models (Eyring et al. 2016) project an increase in drought 
severity and prevalence across the Caribbean region. (Cook 
et al. 2020; Almazroui et al. 2021; Herrera et al. 2020). For 
the end of the twenty-first century, CMIP6 models project 
a strong reduction in precipitation in the Caribbean region 
(around − 0.5 mm/day which equals approximately − 20%). 
However, there is a large inter-model spread, projections 
range from nearly no reduction to a reduction up to 1 mm/
day which is approximately 40% (Fig. 1).

This study aims to contribute to the understanding of 
precipitation projections in the Caribbean by analyzing an 
ensemble of 31 CMIP6 models, identifying the main pro-
cesses responsible for the model mean trends and the inter-
model spread. For this, we investigate the changes in atmos-
pheric circulation and Caribbean moisture convergence that 

induce the model mean drying and the inter-model spread, 
and the drivers of these changes. These changes and drivers 
will be linked to those governing the seasonal and interan-
nual variability of Caribbean rainfall. In addition, we will 
analyze the reliability of the projected precipitation trends 
based on the comparison of the trends of the drivers of 
CMIP6 historical simulations with observations. Based on 
this analysis we will apply an emergent constraint analysis 
narrowing the projected drying. Although drought has many 
aspects, including hydrological drought, we focus here only 
on the dynamics affecting the precipitation.

2  Data and methods

2.1  Data

For precipitation observations we use the MSWEP v2.8 
(Beck et al. 2019), ERA5 reanalysis (Herrera et al. 2020) 
and Global Precipitation Climatology Project (GPCP) 
(Angeline 2016) Gridded Precipitation Products (GPPs). 
Centella-Artola et al. (2020) extensively analyzed different 
GPPs and found that MSWEP is one of the most reliable 
ones for the Caribbean region. This motivates us to base the 
spatial model validation for precipitation only on MSWEP.

For SSTs observations we use three different gridded 
datasets: the HadlSST from the Met Office Hadley Cen-
tre (Rayner et al. 2003), ERA5 reanalysis data from the 
Copernicus Climate Change service Climate Data Store 
(Herrera et al. 2020) and the International Comprehensive 
Ocean–Atmosphere Data Set (ICOADS) (Freeman et al. 

Fig. 1  CMIP6 change in (yearly 
mean) precipitation projections 
averaged over the Carib-
bean region  (8◦N—24◦N and 
 60◦W—90◦W). The output from 
31 CMIP6 models (Table B.1) 
from historical and SSP5-8.5 
simulations is used. The change 
is computed relative to the 1991 
to 2020 average. The thick blue 
line represents the multi-model 
mean, while the shaded light 
blue region shows the 90% 
inter-model spread
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2017) from National Oceanic and Atmospheric Adminis-
tration (NOAA). ERA5 is also used to validate the models’ 
vertical and horizontal velocities.

We use CMIP6 (Eyring et al. 2016) to analyze the impact 
of climate change. For the historical (from 1850 to 2014) 
simulations, we analyze the period from 1961 until 2014. 
Regarding the Shared Socioeconomic Pathways (SSPs 
or scenarios), only CMIP6 SSP5-8.5 emissions scenario 
simulations are taken due to a larger signal to noise ratio 
which facilitates the recognition and interpretation of the 
changes in the atmospheric dynamics. This choice is based 
on the pattern scaling hypothesis (Santer et al. 1990) which 
assumes that the dominant response will change in ampli-
tude but not in pattern depending on the forcing scenario. In 
total, we use 31 CMIP6 models. The list of the models used 
together with their variant labels and their nominal resolu-
tions are displayed in Table B.1. Monthly averages are used. 
The Climate and Forecast (CF) standard names, abbrevia-
tions, and units of the variables used are listed in Table B.2.

2.2  Methods

Our purpose is to obtain a comprehensive understanding of 
the main drivers dominating the Caribbean climate change in 
the multi-model mean and the inter-model spread of CMIP6 
models. It is essential to note that our focus is not on the 
detailed examination of individual climate models. Conse-
quently, this approach leads to several key simplifications. 
Firstly, we use monthly averaged data rather than data with 
higher temporal resolution. Secondly, our analysis encom-
passes the Caribbean region as a whole, although we real-
ize its heterogeneity in precipitation patterns, as shown by 
Martinez et al. (2019). The latter simplification is also sup-
ported by the rather homogeneous climate change signal of 
the models over the Caribbean, as will be shown in Sect. 3. 
Furthermore, the large-scale and slowly evolving nature of 
the drivers affecting Caribbean climate provide additional 
bolstering to these simplifications.

To compare CMIP6 models’ output we regrid all the mod-
els to a 1◦ × 1◦ spatial resolution using bilinear interpolation 
methods. We first conducted a model validation analysis for 
the current climate, focusing on precipitation. Validation 
is made for the reference period (1991 to 2020) for which 
we use a blend of historical (1991–2014) and SSP5-8.5 
(2015–2020) simulations for the models. We compute pre-
cipitation climatologies from CMIP6 models and MSWEP. 
In addition, we compute the CMIP6 precipitation bias, 
defined as precipitation from CMIP6 models minus pre-
cipitation from MSWEP for the same period. We use a two-
tailed Student t-test to study the significance of the CMIP6 
multi-model mean bias. It could be argued that a land- only 
and an ocean-only model validation is necessary due to the 
different processes affecting Caribbean precipitation as a 

consequence of topography. However, land vs. ocean vali-
dation is non-sense due to a double reason. First, most of 
the islands can not be resolved in CMIP6 models due to the 
coarse spatial resolution. Second, the drivers of Caribbean 
climate are mostly large-scale. A detailed spatial analysis of 
the precipitation bias for the islands is therefore out of the 
scope of this study and not possible.

To analyze the response of the climate system to different 
warming levels we need to eliminate the climate sensitiv-
ity of CMIP6 models. Thus, we set all the models to the 
same warming level by dividing the future change of the 
different variables by the increase in temperature averaged 
over the area between 40◦S and 40◦N. The new variables 
are referred to as the scaled variables. The motivation to 
choose the temperature in this latitude range instead of the 
change in global temperature comes from the assumption 
that the polar regions have little effect on the circulation in 
the tropics, whereas the temperature increase there is large. 
However, results are not sensitive to this choice since the 
output figures do not show major differences depending on 
the temperature used to scale the variables.

To analyze the change in atmospheric dynamics for a 
range of variables, we compute the difference between the 
mean of the reference period (1991–2020) and the mean of 
the future period (2071–2100). We then use a two-tailed 
Student t-test to examine the statistical significance of the 
multi-model change.

2.3  Moisture budget analysis

Following Martinez et al. (2019) we perform a moisture 
budget analysis for the Caribbean. The atmospheric mois-
ture budget equation is:

where P is precipitation (kg/m2s); E is evaporation (kg/
m2s); g is gravity (9.8 m/s2); q is specific humidity (kg/kg); 
V is the wind field (m/s), and p is pressure (hPa). Because 
we focus on seasonal time scales, the storage capacity of the 
atmosphere is neglected. Taking the time mean of Eq. 1 and 
separating the total moisture flux convergence into a mean 
and transient term results in Eq. 2, where the mean flow 
convergence is the first term of the right-hand side (r.h.s.) 
and the transient convergence is the second term of the r.h.s.:

where an overbar denotes time mean and primes denote daily 
departures from the time mean. Since we use monthly data, 
it is not possible to compute the convergence by the transient 
flow (second term on the r.h.s. of Eq. 2). However, Martinez 

(1)P − E = −
1

g
∇ ∙ ∫

ps

0

qVdp

(2)P − E ≈ −∇ ∙ ∫
ps

0

Vq
dp

g
− ∇ ∙ ∫

ps

0

V�q�
dp

g
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et al. (2019) find in their study that the contribution by this 
term over the Caribbean is minor south of 20◦N. Since our 
study region is located south of this latitude, we decide to 
neglect the convergence by the transient flow. This reduces 
Eq. 2 to:

Decomposing the r.h.s. of Eq. 3 gives:

where we will denote the first term of the r.h.s. the mass 
convergence and the second term of the r.h.s. the advection 
term.

Because of the minor contribution of the upper tropo-
sphere to moisture budget, the computation has been limited 
to lower pressure layers. Specifically, the three pressure lay-
ers (1000−925 hPa, 925−850 hPa and 850−700 hPa) have 
been used to approximate the integrals. This approximation 
for the computation of the moisture budget has been tested 
for one single model by comparing the results with those 
including all model layers, resulting in small differences (not 
shown). Results are obtained in kg/m2s, and subsequently 
converted to mm/day.

3  Model validation

Figure 2 shows the monthly averages of precipitation for the 
reference period from MSWEP, ERA5 and GPCP obser-
vations (dashed red, orange and black lines, respectively), 
the multi-model mean of CMIP6 (blue line) and the 90% 
spread of CMIP6 models (light blue shaded region). The 

(3)P − E ≈ −∇ ∙ ∫
ps

0

Vq
dp

g

(4)

−∇ ∙ ∫
ps

0

Vq
dp

g
= −∫

ps

0

(

q∇ ∙ V

)dp

g
− ∫

ps

0

(V ∙ ∇q)
dp

g

values shown correspond to spatial averages of the Carib-
bean region. From Fig. 2, we observe that CMIP6 models’ 
mean slightly underestimates precipitation compared to the 
observations’ ensemble. The precipitation underestimation is 
greater during the ERS. Moreover, we realize CMIP6 show a 
large spread in the climatology suggesting that models might 
be characterized by different climate regimes. As already 
mentioned, analyzing the individual models’ cli-mates is not 
the goal of our work, but understanding the dynamics gov-
erning CMIP6 models’ future climates is. As such, from here 
on, we group the seasons into a dry and wet season, with the 
dry season being composed of the WDS, and the wet season 
being composed of the ERS, MSD and LRS. The division 
into two seasons still characterizes the major aspects of the 
climatology in the Caribbean and can be reliably simulated 
by CMIP6 models. In addition, the large-scale nature of the 
dynamics governing Caribbean climate provides another 
argument to consider the use of two seasons to be sufficient 
time resolution.

Figure 3 shows the model mean CMIP6 precipitation bias 
for the reference period. We observe an underestimation of 
precipitation over the western equatorial Pacific, and an 
overestimation in the western subtropical Pacific. Further-
more, in the eastern equatorial Pacific and Atlantic, models 
overestimate precipitation, indicating that in CMIP6 models, 
the ITCZ migrates excessively southward in those regions. 
Over land areas of the Caribbean models underestimate pre-
cipitation by a maximum of − 5.73 mm/day (− 55.7%) com-
pared to MSWEP. The patterns observed in Fig. 3 resemble 
the double ITCZ bias and aligns with the findings of Adam 
et al. (2020), Tian and Dong (2020), and Si et al. (2021). 
The double ITCZ bias consists of an overestimation of pre-
cipitation over the southeastern Pacific and has been a long-
standing bias in climate models (Zhang 2001; Zhang et al. 
2015; Adam et al. 2020).

Fig. 2  Rainfall climatologies 
averaged per month of the year 
and over the Caribbean region 
 (8◦N—24◦N and  60◦W—90◦W). 
The period used is from 1991 to 
2020. The black line shows data 
from GPCP observations, the 
blue line shows the multi-model 
mean of the 31 CMIP6 models 
and the shaded area is the 90% 
spread. Gray vertical dashed 
lines delimit the four seasons: 
Winter Dry Season (WDS), 
Early Rainy Season (ERS), 
Mid-Summer Drought (MSD), 
and Late Rainy Season (LRS) 
and black vertical dashed lines 
limit the wet and dry seasons 
encompassing the four seasons
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Although many of those biases, such as the double ITCZ, 
are common to all CMIP6 models there is also a large spread 
between the models as can be seen in Fig. 2 and Fig. 14. 
From the latter figure it is notable that especially over the 
Caribbean region the spread in the bias among the models 
is large.

4  Projections

4.1  Model mean Caribbean drying

4.1.1  Circulation changes

To investigate the change in atmospheric circulation at the 
end of the century and the drivers of the Caribbean drying 
trend, we compute the multi-model mean scaled change for 
different variables (see Sect. 2.2).

Figure 4 shows the scaled change in precipitation for the 
dry and the wet season on the upper and the lower panels, 
respectively. We see that both seasons are characterized by 
an increase of precipitation in the equatorial tropics and a 
decrease in the subtropics, specially in the North Atlantic. 
These patterns are similar to the ones from the Summary 
for Policymakers of the IPCC AR6 (Masson-Delmotte et al. 
2021). Over the Caribbean region, CMIP6 models show a 
homogeneous drying for both seasons with a larger ampli-
tude during the wet season. For the dry season (Fig. 4a), the 
strongest drying is located west of the Caribbean around 
 150◦W to  120◦W and  10◦N.

In Fig. 4b we observe a drying in the North Atlantic Con-
vergence Zone (NACZ) while, a wetting is observed in the 
North Pacific Convergence Zone (NPCZ). Thus, suggest-
ing a future climate characterized by zonal flow from the 
tropical Atlantic toward the tropical Pacific which advects 
moisture from the NACZ to the NPCZ. In Fig. 4 we also 
identify a drying around 10◦N latitude and a wetting around 
0◦N which are larger during the dry season. This dipole in 
the sign of precipitation indicates a southward migration 
of the ITCZ. To further investigate these hypotheses and 
understand their drivers we must look at different variables.

Similar to the biases, the CMIP6 precipitation projections 
show a large spread among the different models (Fig. 15), 
in particular over the Caribbean. The causes of this large 
spread, also reflected in Fig. 1, will be discussed below in 
Sect. 3.2.2.

To investigate the changes in atmospheric circulation that 
are responsible for the model mean change in precipitation 
at the end of the century, we analyze the changes in vertical 
velocity and wind. The change in scaled model mean omega 
at 500 hPa (colors) and wind at 850 hP a (vectors) are shown 
in Fig. 5.An increase in the upward motion over the NPCZ, 
for both seasons, and a decrease over the NACZ, during the 
wet season, are observed. This reflects an increase (decrease) 
in deep convection over the NPCZ (NACZ), which produces 
the observed increase (decrease) in precipitation in Fig. 4. 
During the wet season, an increase in downward motion 
occurs in the Caribbean. This subsidence over the Carib-
bean, accompanied by horizontal divergence and increased 
trade winds, reduces precipitation. The increase of down-
ward motion over the Caribbean jointly with the increase 

Fig. 3  Annual mean of the CMIP6 precipitation bias (using MSWEP 
v2.8 as observations). Results are shown for the 1991 to 2020 period. 
Hashing shows the regions where the multi-model mean bias is sig-
nificant at the 95% confidence level. The Caribbean region is marked 

with a red box. Positive values indicate an overestimation of precipi-
tation by CMIP6 models while negative values show an underestima-
tion
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of upward motion over the central Pacific, during the wet 
season, indicates an eastward migration of the Walker cir-
culation that is associated with the drying trend in the Car-
ibbean. This will be discussed extensively in the Drivers of 
Caribbean drying Section.

During the dry season the vertical motion over the Carib-
bean reveals an upward increase, while west of the Carib-
bean, there is a downward increase. Thus, suggesting that 
changes in the Walker circulation and its associated vertical 
motion are not responsible for a drier Caribbean. In addition, 
changes in the horizontal circulation are minor and much 

less compared with the wet season. The future drying over 
the Caribbean during the dry season is therefore not due to 
changes in atmospheric circulation. The mechanism driving 
the dry season drying will be discuss this more in detail in 
the next Section.

4.1.2  Moisture budget changes

To further investigate the relative contribution of circulation 
driven and advection driven changes of the drying over the 
Caribbean we follow the approach of Martinez et al. (2019), 

Fig. 4  Scaled change in precipitation (in mm/day/K) at the end of 
the century (from 2071 to 2100) with respect to the reference period 
(from 1991 to 2020). Positive values indicate a future increase in pre-
cipitation and negative values correspond to a future decrease in pre-
cipitation. The contour lines show the reference period’s mean pre-

cipitation. The dry and the wet seasons are shown in the upper and 
lower panel, respectively. Results shown are from the multi-model 
mean of the 31 CMIP6 models. Hashing shows the areas where the 
multi-model mean future change is significant at the confidence level 
over 95%. The red box shows the Caribbean region
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by analyzing the moisture budget equation (see Sect. 2.3). As 
shown by Martinez et al. (2019) and discussed in Sect. 2.3 
the moisture convergence over the Caribbean is dominated 
by the mean flow. We therefore neglect changes in the con-
tribution from the eddy terms.

Figure 6 shows the changes in the moisture convergence 
(term on the l.h.s. of Eq. 4) (Fig. 6a, b) and the contribu-
tions from the change in the mass convergence (first term on 
the r.h.s. of Eq. 4) (Fig. 6c, d) and the moisture advection 
(second term of the r.h.s. of Eq. 4) (Fig. 6e, f). We checked 
the correctness of the computations of the moisture conver-
gence by comparing them with the changes in P-E (Fig. 16). 

During the wet season there is a clear reduction of moisture 
convergence over the Caribbean (Fig. 6b), which is domi-
nated by changes in mass convergence (Fig. 6d), underscor-
ing the importance of changes in atmospheric circulation 
discussed before. During the dry season the reduction in 
moisture convergence is less (Fig. 6a) and is dominated by 
the change in mass convergence as well (Fig. 6c). Although 
moisture advection during the dry season (Fig. 6e) seems 
to have a larger contribution on the moisture convergence. 
We observe a dipole in the mass converge which resembles 
a similar one identified in precipitation (Fig. 4). This indi-
cates that the southward displacement of the ITCZ might 

Fig. 5  Same as Fig. 4 but for omega at 500 hPa (in colors, and in Pa/sK) and in wind at 850 hPa (in vectors, and in m/s/K)
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contribute to the mass convergence reduction. The drivers 
of the migration of the ITCZ will be discussed later. The 
advection term might be dominated by the trade winds and 
the CLLJ that advect the dry air from the neighboring areas 
to the Caribbean). A detailed analysis of the causes for the 
drying outside the Caribbean is outside the scope of this 
paper but enhanced downward motion in areas neighboring 

the Caribbean such as the tropical Atlantic and west of the 
Caribbean (Fig. 5) contribute to this.

4.1.3  Drivers of Caribbean drying

To understand what drives the observed changes in precipi-
tation and atmospheric circulation, we analyze near surface 

Fig. 6  Same as Fig. 4 but for moisture convergence (a,b), mass convergence (c,d) and moisture advection (e,f) in mm/day/K 
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temperature projections. Figure 7 shows the change in scaled 
temperature at 2 m for the dry season (upper panel) and the 
wet season (lower panel). Different regions of enhanced and 
reduced warming can be identified in Fig. 7. Most notably is 
the stronger warming over the Arctic region that is known 
as polar amplification and it is a consequence of the ice-
albedo feedback and other effects (Holland and Bitz 2003; 
Pithan and Mauritsen 2014). The stronger warming over 

land compared to ocean has been ascribed to the different 
lapse rates between ocean and land as the dominant cause 
(Joshi et al. 2008; Brogli et al. 2021).

The enhanced warming in the eastern tropical Pacific is 
most relevant for the observed changes in omega and the 
trade winds in the tropical Pacific and the Caribbean. The 
enhanced warming over the eastern tropical Pacific resem-
bles the pattern of the warm phase of ENSO, also known 

Fig. 7  Same as Fig. 4 but for temperature at 2 m. Values higher than one indicate warming faster than the  40◦N and  40◦S region, while values 
below one show a weaker warming than that region



Drivers of Caribbean precipitation change due to global warming: analyses and emergent…

as El Niño. It should be noted that this does not indicate 
an increase in El Niño events, because we are analyzing 
30-year averages. It, however, indicates a change in the tropi-
cal atmospheric circulation towards El Niño-like dynamics 
under global warming. The stronger warming in the cen-
tral-eastern tropical Pacific produces the observed eastward 
migration of the convergence zone of the west Pacific and 
thus drives the eastward migration and weakening of the 
Walker circulation (Giannini et al. 2000, 2001c; Alexander 
et al. 2002; Rodriguez-Vera et al. 2019). Consequently, the 
downward branch of the Walker circulation is located over 
the Caribbean during the wet season (Fig. 5) driving the 
decrease in precipitation (Fig. 4). During the dry season, the 
downward branch is located west of the Caribbean (Fig. 5) 
and therefore the eastward migration of the Walker circu-
lation does not drive the precipitation decrease in the dry 
season as already discussed before. The eastward migration 
of the Walker circulation also justifies the wetting of the 
NPCZ and drying of the NACZ due to changes in low level 
zonal winds.

Other drivers that may impact the Caribbean precipitation 
are the horizontal temperature gradients. In Fig. 7a strength-
ening of the gradient between the relative cool Caribbean 
Sea and relative warm South American continent can be 
observed, especially during the wet season. This gradient 
drives a divergent flow in the Caribbean and a convergent 
flow in South America which can be observed in the wind 
vectors in Fig. 5. Divergent flow over the Caribbean is asso-
ciated with dry conditions (Taylor et al. 2011). Easterly 
winds driving the divergent flow of the Caribbean might 
also be enhanced by the zonal temperature gradient between 
the tropical Pacific and Atlantic during the wet season.

In addition, an increase in the eastern subtropical 
Pacific—southwestern North America temperature gradient 
is identified during the dry season. This temperature gradi-
ent is related to the North American monsoon dynamics. 
An increase in the gradient enhances southwesterly winds 
in Mexico and southwestern North America (Fig. 5a) and 
produces moisture convergence and precipitation in both 
regions (Adams and Comrie 1997). This might contribute 
to the weaker drying during the dry season (Fig. 4a).

Figure 7 also reveals a dipole over the tropical Atlan-
tic with a less warming north of the equator that extends 
into the Caribbean and a more warming south of the equa-
tor. This dipole and in particular the subtropical Atlantic 
warming south of the equator displaces the ITCZ southward 
(Bellomo et al. 2021) as reflected by the dipole sign of pre-
cipitation changes over the tropical Atlantic (Fig. 4). The 
moisture budget analysis indicates that the southward migra-
tion of the ITCZ reduces mass convergence into the Carib-
bean region and is the main cause of drying during the dry 
season (Fig. 6). In addition Fig. 7 reveals less warming over 
the North Atlantic subpolar gyre. This warming hole has 

been associated with a weakening of the Atlantic Meridional 
Overturning Circulation (AMOC) (Drijfhout et al. 2012) 
and a reduction of poleward heat transport (Rahmstorf et al. 
2015; Caesar et al. 2018) that cools the North Atlantic and 
warms the South Atlantic. Our hypothesis is that the meridi-
onal temperature dipole over the tropical North Atlantic in 
Fig. 7 is induced by a weakening of the AMOC, although 
further analyses of the AMOC are needed to confirm this 
hypothesis. The dipole drives the meridional temperature 
gradient at the equator that produces the southward displace-
ment of the ITCZ thus affecting precipitation.

4.2  Caribbean inter‑model spread

To study the inter-model spread, we separate the CMIP6 
models into dry and wet models. We define wet and dry 
models as models that are wetter than the 70th percentile and 
dryer than the 30th percentile, respectively, based on annual 
mean precipitation. In Table B.1 the models belonging to the 
wet and dry groups are indicated with green and brown text, 
respectively. The nominal atmospheric and oceanic resolu-
tions are also listed in the table which permits us to conclude 
that there is not a clear linkage between the amplitude of the 
drying and the models’ resolution. Figure 8 shows the scaled 
change in precipitation averaged over the Caribbean region 
for every model, together with the 30th and 70th percentile 
of the distribution. We see that most of the models project 
a drying in the Caribbean region under global warming, but 
that there is a large inter-model spread ranging from weak to 
strong drying, confirming the analyses of Fig. 1.

After defining the wet and dry models, the multi-model 
mean of the scaled changes of different variables for both 
groups and their difference (dry–wet) are calculated. This 
procedure is similar to the one used in Bellomo et al. (2021) 
but we use annual change of precipitation to divide the mod-
els in two groups.

4.2.1  Circulation differences

Figure 9 shows the difference between dry and wet mod-
els for the scaled change in precipitation. We see that the 
difference in precipitation between dry and wet models is 
largest in the Caribbean region. This is to be expected since 
the dry and wet group definition is based on precipitation 
change over the Caribbean. The patterns of Fig. 9 over the 
tropics are similar to those from Fig. 4 suggesting that the 
mechanisms driving the multi-model drying might also be 
responsible for the inter-models spread. During the wet 
season, there is a strong enhanced drying over the Carib-
bean that extends over the subtropical Atlantic for the dry 
models. This is less visible for the dry season. During the 
wet season there is enhanced precipitation over the NPCZ 
that is strongest in the western part. An additional band of 
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enhanced precipitation ranging from tropical South America 
in north-westerly direction is observed. Over the tropical 
Atlantic there is a clear dipole signal in both seasons indicat-
ing that dry models show a systematic poleward shift of the 
ITCZ compared to wet models.

Figure 10 shows the difference between dry and wet 
models for the scaled change in omega at 500 hPa (colors) 
and wind at 850 hPa (vectors) for the wet and dry sea-
sons. Over the equatorial Pacific, a stronger upward 
movement (negative omega) is observed in dry models 
in both seasons. This indicates a stronger deep convec-
tion in dry models over the NPCZ. The location agrees 
with the enhanced precipitation seen in Fig. 9. Moreover, 
over the Caribbean, stronger downward motion is pro-
jected by dry models with a larger amplitude during the 
wet season. This stronger downward motion also enhances 
stronger trade winds over the Caribbean thereby enhancing 
the dryer conditions. Thus, the large difference between 
dry and wet models simulating the vertical motion in the 
Caribbean causes the large inter-model spread in pre-
cipitation projections during the wet season. Combined 
with the enhanced deep convection over the Pacific, we 
associate these changes with an eastward migration of the 
Walker circulation. For the dry season the difference in 
omega between dry and wet models over the Caribbean is, 

however, minor, and unlikely to be the main cause between 
dry and wet models and points towards an important role 
for differences in moisture budget similar as for the model 
mean change. This will be further analyzed below. Over 
the tropical Atlantic a dipole in omega between dry and 
wet models is observed for the dry and wet seasons that 
matches with a shift in the ITCZ as noticed in Fig. 9.

Although there are notable differences Fig. 10 reveals a 
similar pattern as Fig. 5 indicating that similar changes in 
atmospheric circulation are responsible for the model mean 
drying as well as the inter-model spread.

4.2.2  Moisture budget

Analyzing the moisture budget reveals that during the wet 
season the differences in moisture convergence between the 
dry and wet models are dominated by the mass convergence 
similar as for the model mean climate change (Fig. 17). For 
the dry season the difference in moisture convergence is less 
and dominated by the mass divergence although moisture 
advection contributes as well. Again, analogous results for 
the model mean climate change (Fig. 17) suggest similar 
mechanism explaining the multi-model mean and the inter-
model spread.

Fig. 8  Scaled change in precipitation averaged over the Caribbean 
region (y-axis) for the 31 CMIP6 models (x-axis). The 30th and 70th 
percentiles of the 31 CMIP6 models’ distribution are shown by the 

brown and green dashed lines, respectively. The models defined as 
wet models are marked by green dots, while brown dots indicate the 
dry models
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4.2.3  Drivers of spread in Caribbean drying

The difference between dry and wet models for the scaled 
change in near surface temperature is shown in Fig. 19. 
Although also for the temperature pattern similarities 
between those for the model mean (Fig. 7) and inter-model 
spread (Fig. 19) can be observed, a much more detailed pat-
tern is visible for the inter-model spread.

Different patterns can be identified, which can be linked 
to different atmospheric processes. Over the tropical Pacific, 
we see for both the dry and wet season a pattern similar 
to an El Niño or the positive phase of the Pacific Decadal 

Oscillation (PDO). This suggests that the observed stronger 
eastward migration of the Walker circulation in the dry mod-
els, and accompanying subsidence over the Caribbean espe-
cially during the wet season is driven by this tropical Pacific 
warming. This is in agreement with the dominant role of El 
Niño explaining the interannual variability of precipitation 
over the Caribbean in present climate (Giannini et al. 2000; 
Martinez et al. 2020).

In the North Atlantic, more warming over the Gulf 
Stream and less warming south of Greenland, together with 
a dipole pattern over the tropical Atlantic are observed. 
The enhanced warming south of the equator and a weaker 

Fig. 9  The difference between dry and wet models (multi-model 
mean dry models – multi-model mean wet models) for the scaled 
change in precipitation (mm/day/K). The dry and the wet seasons are 

shown in the upper and lower panels, respectively. Hashing shows 
the regions where the difference is significant at the 95% confidence 
level. The red box shows the Caribbean region



 M. Brotons et al.

warming north of it (Fig. 19), induces a poleward shift of the 
ITCZ, as observed in Figs. 9 and 10, which is the dominant 
mechanism for drying during the dry season as revealed by 
the moisture budget analyses. Similar as for the model mean 
response, we speculate that larger (weaker) warming south 
(north) of the equator and southward shift of the ITCZ, is 
associated with the weak warming in the subpolar gyre and 
decline of the Atlantic meridional overturning circulation 
(AMOC), that affect the Atlantic meridional heat transport, 
between the dry and wet models. Further investigation of 
this mechanism is outside the scope of this paper.

A positive temperature difference is observed over the 
northern part of South America, which is more robust dur-
ing the wet season. This, together with weaker warming 
over the Caribbean, indicates that dry models project a 
stronger temperature gradient between the Caribbean and 
the northern part of South America. Temperature gradients 
drive different flow patterns (Taylor et al. 2011). Hence, 
dry models project during the wet season a stronger diver-
gent flow in the southern part of the Caribbean region 
(Fig.  10) induced by the enhanced Caribbean—South 
America temperature gradient.

Fig. 10  Same as Fig. 9 but for omega at 500 hPa (in colors, and in Pa/sK) and wind at 850 hPa (in vectors and in m/s/K)
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Comparing the analyses of the inter-model spread with 
the multi-model mean change reveals that similar processes 
and drivers are responsible for the inter-model spread and 
model mean change. Although, also notable differences are 
observed with a much more detailed structure of the changes 
in the atmospheric circulation and the temperature warming 
for the inter-model spread (Fig. 11).

5   Emergent constraint analysis

From the results above, the importance of the Walker circu-
lation for the multi-model mean and the inter-model spread 
of precipitation in the Caribbean is demonstrated, especially 
for the wet season. Moreover, it has been shown that this 
is linked to temperature changes in the tropical Pacific. As 

Fig. 11  Same as Fig. 9 but for temperature at 2 m (in K/K)
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shown by Seager et al. (2019), CMIP5 models simulate a 
strong Niño 3.4 (region between 5◦S to 5◦N and 170◦W to 
120◦W) warming trend over the past 60 years that is not 
seen in the observations (Fig. 1 in Seager et al. (2019)). 
Inspired by their work we calculated the difference between 
the observed and modeled 60 years SST trends. Figure 12 
shows that the mismatch identified by Seager et al. (2019) 
is still present in CMIP6 models and is most prominent 
over the eastern tropical Pacific. On the other hand, over the 
western tropical Pacific the observations reveal a relative 
warming not simulated by the models. These results are in 
line with those of Wills et al. (2022) and are a long-standing 
problem (Bayr et al. 2014; Kociuba and Power 2015; Plesca 
et al. 2018). Moreover, this mismatch is not only present 
in climate models but has also been identified in different 
seasonal forecasting models. The amplitude of the difference 
in seasonal forecasting models is directly related to the lead 
time (Sharmila et al. 2023). Among the scientific community 
there is no clear consensus whether these discrepancies are 
produced by internal variability (Bayr et al. 2014; Plesca 
et al. 2018; Chung et al. 2019; Zhao and Allen 2019) or 
by a bias in the models (Kohyama et al. 2017; Seager et al. 
2019, 2022; Wills et al. 2020, 2022; Suarez-Gutierrez et al. 
2021). Understanding the drivers of this mismatch is not the 
scope of this research. However, the fact that none of the 
analyzed models (Fig. 18) are able to capture the observed 
trends suggests that the mismatch might be driven by a 
wrong representation of the real climate in the models. In 
addition, 60 years is a period of time long enough for the cli-
mate system to experience different long-period cycles, thus 
rejecting the possibility of natural variability causing these 

discrepancies. Other studies (Seager et al. 2019, 2022; Wills 
et al. 2020, 2022) support this hypothesis. Consequently, the 
differences between the historical simulated and observed 
warming over the tropical Pacific makes the CMIP6 projec-
tions of future drying questionable.

We therefore investigate whether historical warming of 
the eastern tropical Pacific is related to future warming in 
that region in CMIP6 models. Figure 13a shows that there is 
indeed a strong relationship between present and future Niño 
1 + 2 (region between 0◦S to 10◦S and 90◦W to 80◦W) warm-
ing in CMIP6 models. Because of the influence of eastern 
tropical Pacific warming on Caribbean rainfall we are able 
to apply an emergent constraint analysis for future Caribbean 
drying shown in Fig. 13b. The emergent constraint analysis 
reveals a negative correlation between present Niño 1 + 2 
warming and future Caribbean drying. The Niño 1 + 2 is 
chosen because it is the region that shows the highest cor-
relation with projected change of precipitation in the Car-
ibbean and is also one of the areas where the SST trend 
bias is largest (Fig. 12). In Fig. 13, the wet season is shown 
because it is strongly influenced by Pacific SSTs. When 
comparing in Fig. 13b CMIP6 models (dots) with observa-
tions (vertical blue dashed line and shaded region), models 
show large trends with respect to observations, which is in 
line with the results found in Fig. 12. It is therefore impos-
sible to constrain Caribbean precipitation projections with 
the equatorial Pacific SST trends since all the models are out 
of the range of the observed warming. In addition, the cor-
relation between historical Niño 1 + 2 warming and future 
Caribbean drying is not very high (r =  − 0.55) suggesting 
that other mechanisms (like the ones described along this 

Fig. 12  Multi-model mean of the 60 (1961–2020) years SST trend 
bias. Here the bias is defined as CMIP6 models—observations. Posi-
tive values indicate that CMIP6 models show a stronger warming 
trend compared to observations and vice-versa. The observed dataset 

used is the HadlSST. The Caribbean region is marked with a red box 
and the El Ni ̃no 1 + 2 is shown with a blakc box. Hashing shows the 
regions where the multi-model mean of the trend is significant at the 
95% confidence level
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manuscript) might be responsible for the remaining vari-
ability of precipitation in CMIP6 models. Therefore, we 
can not derive robust conclusions from this analysis. How-
ever, from Fig. 13b we can still state that future drying in 
the Caribbean will be likely weaker than the one projected 
by CMIP6 models. This result is supported by our physi-
cal understanding of the processes affecting precipitation 
in the Caribbean (described in Sect. 3). Moreover, similar 
emergent constraint analysis using different Niño regions 
(not shown) drive us to the same conclusion supporting this 
statement and increasing its confidence. Thus, we found a 
clear linkage between Caribbean drying and the equatorial 
Pacific SST trends bias. However, we did not find signs of 
a strong correlation between this bias and model resolution 
since model resolution is not related to Caribbean drying 
amplitude (Sect. 3.2.2, Table B.1).

To study the influence of climate sensitivity on the tropi-
cal Pacific warming and the Caribbean drying, we indicated 
in Fig. 13 with colors the projected 40◦N − 40◦S warming for 
each model. Figure 13a, shows a linear relationship between 
the present and future Niño 1 + 2 warming with the projected 
global warming. This suggests climate sensitivity influences 
the simulated SST trends in the tropical Pacific. The asso-
ciation between projected global warming and drying in the 
Caribbean is not so clear in Fig. 13b. But a weak linear 
relationship can still be deduced suggesting that climate sen-
sitivity might have some effect on the projected precipitation 
change in the Caribbean.

We found biases in the warming trends for CMIP6, but 
still an open question remains about the capability of the 
models to simulate the SST mean-state. The CMIP6 SST 
mean-state bias for the reference period is depicted in 

Fig. 19a. During the historical period CMIP6 models simu-
late too high SSTs in the eastern equatorial Pacific which 
are largest on the Niño 1 + 2 region, while in the Caribbean, 
models simulate too low SSTs. The SST underestimation 
in the Caribbean has been previously addressed in CMIP5 
models (Ryu and Hayhoe 2015). To understand the impli-
cations of the SSTs biases on the circulation we look at the 
omega bias (Fig. 19b). We observe that models simulate 
too strong downward flow over the Caribbean. These results 
suggest that not only Walker circulation trends are wrongly 
simulated by the models but also the mean-state. This leads 
us to conclude that CMIP6 simulations are dominated by 
a weak (or too eastward-located) Walker circulation, thus 
permanent enhanced El Niño conditions, which cause an 
overestimation of SSTs over the eastern equatorial Pacific 
and overestimation of the downward branch of the Walker 
cell over the Caribbean. These biases in the mean-state 
explain the region-wide underestimation of precipitation in 
the Caribbean (Fig. 3).

6  Discussion and conclusions

By analyzing an ensemble of 31 CMIP6 models, we found 
that the Caribbean precipitation is projected to decrease at 
the end of the twenty-first century. The amplitude of the 
drying differs among models leading to large inter-model 
uncertainty. The results shown in Sects. 3.1 and 3.2 indi-
cate that the eastward migration of the Walker circulation is 
the process dominating both the drying trend and the inter-
model spread during the wet season. The eastward migra-
tion of the Walker circulation drives subsidence over the 

Fig. 13  Emergent constraint analysis conformed by: scatterplot of 
simulated (a) historical (1961–2020) vs. future (2041–2100) Niño 
1 + 2 60 years SST trends (in K/year) and (b) historical (1961–2020) 
60 years SST trends (in K/year) vs. change in Caribbean precipitation 
(mm/day). Every point is one of the 31 CMIP6 models. The black 
line shows the linear trend between the x and y-axis for the CMIP6 

models. The colors of the dots show the projected  40◦N − 40◦S warm-
ing for every CMIP6 model. r refers to the Pearson Correlation Coef-
ficient. The vertical dashed lines denote the mean, while the vertical 
blue shaded region shows the standard deviation of the historical 
observations of Niño 1 + 2 trend. The data sets used as observations 
are HadlSST, ERA5 and ICOADS
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Caribbean, which produces moisture divergence and, there-
fore, drying. This circulation is similar as during El Niño 
events, whose effects on the Caribbean region have been 
previously studied (Giannini et al. 2000, 2001c; Martinez 
et al. 2020). During the dry season, the drying is dominated 
by mass divergence driven by the southward migration of 
the ITCZ and by the advection of dry air into the Caribbean. 
This applies for the model mean and the inter-model spread. 
We should note here that our approach has some limitations. 
In the first place, CMIP6 models’ resolution is too coarse 
to properly resolve the islands and thus, some small-scale 
processes. Moreover, low-level atmospheric response cannot 
be captured by CMIP6 models. Thus, near surface moisten-
ing and orographic processes are absent. This may lead to 
an underestimation of precipitation, especially during boreal 
summer, due to the effect of orographic diurnal rainfall as 
shown by Jury and Bernard (2020). Investigating the impact 
of small-scale and low-level mechanisms on precipitation 
can only be achieved through dynamical downscaling, which 
is outside the scope of our work due to our interest on the 
general behavior of the models. Although, analyzing future 
CMIP6 climate with higher horizontal and vertical resolu-
tion methods seems an interesting path of research. In the 
second place, by averaging the Caribbean seasons in two 
(wet and dry) instead of four (WDS, ERS, MSD, LRS) we 
might underestimate some important processes as well. For 
example, Martinez et al. (2020) found NAO to be the domi-
nant variability affecting precipitation during the ERS. Our 
approach could potentially obscure these kind of results. 
However, we decided to average over two seasons due to 
the large spread in CMIP6 models’ precipitation simulations. 
These large inter-model differences suggest that CMIP6 are 
characterized by different climate regimes. Analyzing the 
individual models’ climates is beyond the scope of this 
paper. Instead, our focus is on understanding the factors 
driving the multi-model mean and the variation between 
models. This argument underpins our choice of using two 
seasons rather than four. Nevertheless, a more detailed 
analysis with higher temporal resolution of CMIP6 is likely 
to yield valuable insights into the climate characteristics of 
individual models, which can enhance our understanding 
of Caribbean projections. This presents a promising line of 
research for further work. Additionally, caused by a hetero-
geneous precipitation distribution in the Caribbean (Mar-
tinez et al. 2019), examining the subregions independently 
would likely underscore the importance of other processes 
affecting precipitation. This can be as well considered as a 
new research opportunity.

In Sect. 3.3, we found that CMIP6 models are not able to 
properly simulate the tropical Pacific surface temperature 
trends for the historical period and associated changes in the 
Walker circulation in accordance with Wills et al. (2022). 
We also found a bias in the SST mean-state which suggests 

that CMIP6 simulations are dominated by enhanced Niño 
conditions. These biases have no apparent correlation with 
the models’ nominal resolutions. Over recent decades, a 
strengthening of the Walker circulation, related to a west-
ward migration of the Walker circulation or La Niña-like 
dynamics, has been observed. In contrast, for the histori-
cal period, CMIP6 models simulate a warming of the east-
ern tropical Pacific, resembling an El Niño-like warming, 
together with a weakening and eastward migration of the 
Walker circulation. Although this issue has already been 
reported in previous versions of CMIP models (Bayr et al. 
2014; Kociuba and Power 2015; Chung et al. 2019; Seager 
et al. 2019) and has also been confirmed for CMIP6 by 
Wills et al. (2022) a deeper investigation of this mismatch 
between observations and model simulations is still needed 
(Wang et al. 2021). Whether the mismatch in the modeled 
and observed Walker circulation trends is caused by natural 
variability or by a wrong simulation of the Pacific warm-
ing is still open to debate (Chung et al. 2019; Seager et al. 
2019; Wills et al. 2022). We argue that natural variability 
is a less likely explanation since none of the models cap-
tures the observed SST trends and 60 year trends should be 
long enough to capture most of the variability of the climate 
system.

The strong influence of the tropical Pacific temperature 
on Caribbean precipitation and the tropical Pacific warming 
bias risk the reliability of Caribbean precipitation projec-
tions. Using an emergent constraint analysis where we cor-
relate historical Niño 1 + 2 SST trends with future Caribbean 
precipitation we try to constraint projections. However, a 
confident quantitative constraint of the Caribbean precipita-
tion results impossible from this analysis due to a twofold 
reason. First, although the physical understanding of the link 
between tropical Pacific SSTs and Caribbean precipitation 
is clear and has already been reported in the bibliography 
(Giannini et al. 2000, 2001a, b, c; Martinez et al. 2019), 
the correlation between these two is not robust enough in 
our results. Second, the discrepancies between modeled 
and observed SST trends are so large that none of the mod-
els fall in the observed range. Therefore, more research is 
needed in order to be able to confidently constraint precipi-
tation projections in the Caribbean. Nevertheless, we can 
still state that at the end of the century the drying in the 
Caribbean will probably have a weaker amplitude than in 
CMIP6 projections. The projected Caribbean drying might 
be weakly influenced by climate sensitivity. The conclusions 
are in line with our understanding of the drivers of Carib-
bean precipitation.

Another field of research that may be impacted by the 
mismatch between observed and simulated changes in the 
Walker circulation, is the field of tropical cyclone (TC) 
research. TC formation is directly influenced by vertical 
windshear, where high values of vertical windshear decrease 
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TC formation chances. This means that typically, during El 
Niño years, TC formation may be lower (Vecchi and Soden 
2007). As such, following our previously obtained results, 
the over-representation of El Niño circulation in CMIP6 
models may result in an underestimation of TC frequen-
cies (and hence also TC probabilities of occurrence at the 
local scale, as was for instance found in Bloemendaal et al. 
(2022)) in the Caribbean region under future warming.
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