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Abstract
This study investigates extreme wet and dry conditions over the humid tropics and their connections to the variability of the 
tropical ocean basins using observations and a multi-model ensemble of 24 state-of-the-art coupled climate models, for the 
1930–2014 period. The extreme wet (dry) conditions are consistently linked to Central Pacific La Niña (Eastern Pacific El 
Niño), the weakest being the Congo basin, and homogeneous patterns of sea surface temperature (SST) variability in the 
tropical Indian Ocean. The Atlantic exhibits markedly varying configurations of SST anomalies, including the Atlantic Niño 
and pan-Atlantic decadal oscillation, with non-symmetrical patterns between the wet and dry conditions. The oceanic influ-
ences are associated with anomalous convection and diabatic heating partly related to variations in the strength of the Walker 
Circulation. The observed connection between the Amazon basin, as well as the Maritime continent, and the Indo-Pacific 
variability are better simulated than that of the Congo basin. The observed signs of the Pacific and Indian SST anomalies 
are reversed for the modelled Congo basin extreme conditions which are, instead, tied to the Atlantic Niño/Niña variability. 
This Atlantic–Congo basin connection is related to a too southerly location of the simulated inter-tropical convergence zone 
that is associated with warm SST biases over the Atlantic cold tongue. This study highlights important teleconnections and 
model improvements necessary for the skillful prediction of extreme precipitation over the humid tropics.
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1 Introduction

The humid tropics represent the tropical rainforest climate 
of the Köppen–Geiger classification. It is found in South 
America, Africa, and Asia, corresponding to the Amazon 
Basin, Congo Basin, and Maritime Continent, respectively 
(Beck et al. 2018; marked by boxes in Fig. 1a). Precipita-
tion and temperatures are high throughout the year, with 
small annual temperature ranges (Fig. 1b–d). Deep convec-
tion and diabatic heating, representing the upward branches 
of the Walker Circulation, over the humid tropics drive the 
global-scale tropical atmospheric circulation (Webster 1983; 
Washington et al. 2013; Hart et al. 2019). Specifically, the 

highest annual precipitation over the humid tropics are asso-
ciated with the rising cells of the Walker Circulation over 
the Amazon Basin, Congo Basin, and Maritime Continent, 
respectively (Fig. 1a). These regions are linked by the inter-
tropical convergence zone (ITCZ) as shown by the band of 
the maximum precipitation rates over the tropics (contours 
in Fig. 1a). As such, variations in tropical circulations can 
induce precipitation anomalies, leading to extreme hydro-
climatic events such as droughts and floods. These extreme 
events profoundly affect the local hydrology, ecosystem ser-
vices, and livelihoods of the people (Dikshit et al. 2020; Shi 
et al. 2020; Kirono et al. 2020).

The frequency, duration, and intensity of extreme hydro-
climate events have generally been increasing in recent years 
over the tropics (Marengo et al. 2011; Kim et al. 2019; Ajayi 
and Ilori 2020; Cook et al. 2020; Almazroui et al. 2021a; 
Klutse et al. 2021; Robinson et al. 2021; Nicholson et al. 
2022; Lau et al. 2023), and are associated with long-lived 
organised mesoscale convective systems (Roca and Fiolleau 
2020). These are often accompanied by disasters associated 
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with severe droughts and floods (Kooperman et al. 2018; 
Rowland et al. 2015).

Several recent studies have investigated the occurrences 
of hydroclimate extremes over the Congo basin (Hua et al. 
2016; Cook et al. 2020; Dyer et al. 2017; Nicholson et al. 
2022), the Amazon basin (Marengo and Espinoza 2016; 
Kooperman et al. 2018), and the Maritime continent (Kim 
et al. 2019; Da Silva and Matthews 2021; Strnad et al. 
2023). Focusing over the 1979–2014 periods, Hua et al. 
(2016) have shown that the observed drying trend was 
strongest and statistically significant during the boreal 

spring (April–May–June) in the eastern part of the Congo 
basin. Nicholson et al. (2022) reported wetter conditions 
spanning the years 2016–2020 in the Congo Basin. They 
concluded that the wetter conditions were associated with 
an increase in total column water vapor and in convective 
available potential energy. The important role of moisture 
flux convergence (divergence) in promoting wet (dry) con-
ditions over the Congo basin have been investigated using 
climate models (Washington et al. 2013; Hua et al. 2018; 
Tamoffo et al. 2019).

Fig. 1  a Mean annual precipitation from GPCC 1930–2014, whereas 
the contours show the monthly-mean precipitation rates in mm  day–1 
from the GPCP satellite-derived dataset 1979–2014 (only values of 
3 mm   day–1 are contoured at the interval of 1 mm   day–1). b–d (left 
axis) annual cycle of land precipitation (bar plots) averaged over the 
Amazon basin (5° N–10° S, 50–80° W), Congo basin (5° N–10° S, 
10–30° E), and Maritime continent (5° N–10° S, 100–150° E) shown 

by the red boxes in a. The right axis in b–d shows the annual cycle 
of 2-m air temperature represented by the dashed line. e Number of 
rain gauges within a grid-cell averaged over the Amazon basin (red), 
Congo basin (blue), and Maritime continent (grey). Dashed ver-
tical lines in e delineate the study period 1930–2014. Note that for 
the area-average over the humid tropic regions, only land grid points 
included to the boxes are considered



349Inconsistent Atlantic Links to Precipitation Extremes over the Humid Tropics  

Published in partnership with CECCR at King Abdulaziz University

The Amazon basin is particularly susceptible to droughts 
under a changing climate (Kooperman et al. 2018; Marengo 
and Espinoza 2016; Seneviratne et  al. 2012; Cox et  al. 
2008), as well as drying trends (Almazroui et al. 2021b). 
For instance, since the end of the last century, the Ama-
zon basin has experienced several extreme droughts 
(Marengo and Espinoza 2016; Erfanian et al. 2017). Mod-
elling studies have reported systematic dry biases when 
simulating precipitation variability over the Amazon basin 
(Gulizia and Camilloni 2015), and these biases have been 
related to the tropical sea surface temperature (SST) in the 
CMIP5 models (Villamayor et al. 2018). Extreme precipita-
tion is quite common in the Maritime continent, leading to 
devastating floods (Rodysill et al. 2019) which represents 
about 30% of the natural disasters in Indonesia (Dewata and 
Umar 2019), and causing profound societal impacts (Adhi-
kari et al. 2010; Da Silva and Matthews 2021).

Understanding the drivers of the tropical circulation, 
leading to extreme precipitation is, therefore, key to advanc-
ing climate predictions over the humid tropics. The El Niño 
Southern Oscillation (ENSO), the most important mode of 
interannual climate variability, drives global-scale atmos-
pheric circulation variability (Bjerknes 1969; Philander et al. 
1984; Ropelewski and Halpert 1987; Wang 2002; McPhaden 
et  al. 2006; Erfanian et  al. 2017; Cai et  al. 2019). As 
strengthening (weakening) of the Walker circulation implies 
stronger (weaker) of the mean ocean–atmosphere state, such 
that La Niña (El Niño) pattern in the tropical Pacific would 
lead to increases (decreases) in precipitation over the humid 
tropics. However, the atmospheric circulation and precipita-
tion response to ENSO depend on the spatial configuration 
of the Pacific SST anomalies such as the Eastern Pacific 
versus Central Pacific events (Weng et al. 2009; Zheleznova 
and Gushchina 2017; Gushchina et al. 2020).

Furthermore, the tropical Indian and Atlantic Oceans 
have also been linked to precipitation variability over the 
humid tropical regions. Specifically, increased precipita-
tion over the Amazon basin has been linked to the Atlan-
tic meridional mode or the pan-Atlantic decadal oscil-
lation (ADO), characterised by meridional gradients in 
SST and wind anomalies from the cold to the warm bands 
from the South Atlantic all the way to Greenland (Xie 
and Tanimoto 1998; Nnamchi et al. 2023). In the tropical 
Atlantic, the ADO pattern is defined by a cross-equatorial 
pattern of SST and wind anomalies in concert with the 
north–south movements of the inter-tropical convergence 
zone (ITCZ) referred to as the Atlantic meridional mode 
(AMM). Increases in precipitation over the Amazon basin 
are associated with cold SST anomalies over the tropical 
North Atlantic and warm SST anomalies over the tropi-
cal South Atlantic representing the negative phase of the 
AMM (Foltz et al. 2019; Servain et al. 1999; Yoon 2016; 

Towner et al. 2020). This is associated with a southerly 
displacement of the ITCZ (Chang et al. 1997; Xie and 
Tanimoto 1998; Foltz et al. 2019; Nnamchi et al. 2023), 
and reduced (increased) moisture transport from tropical 
North Atlantic (tropical South Atlantic) to the Amazon 
(Marengo 1992; Drumond et al. 2014). In contrast, the 
positive phase of the AMM is characterized by the reversal 
of the SST and moisture transport anomalies leading to 
reduction in precipitation over the Amazon.

The Indian Ocean dipole (IOD), which is characterized 
by SST variability of opposite polarity between the west-
ern and eastern tropical Indian Ocean has been linked to 
precipitation anomalies over the Congo basin (Moihamette 
et al. 2022) and the Maritime continent (Xiao et al. 2022). 
The positive phase of the IOD is defined by warm (cold) 
SST anomalies in the western (eastern) tropical Indian 
Ocean and is associated with suppressed convection and 
reduced precipitation over the Maritime continent (Saji 
and Yamagata 2003; Xiao et al. 2022). On the other hand, 
positive IOD promotes wet conditions over the Congo 
basin region (Moihamette et al. 2022). The tropical Atlan-
tic SST anomalies, through their impacts on the seasonal 
variability of the ITCZ, influence precipitation variability 
over the Congo basin (Nicholson 2009; Wang et al. 2021).

Here, we revisit the mechanism driving the occurrence 
of extreme precipitation conditions, i.e., dry and wet con-
ditions, over the humid tropics. We focus on the respec-
tive humid tropical regions and investigate their connec-
tions to the tropical ocean basins generally, using monthly 
observational datasets and a multi-model 24-member 
ensemble of the Coupled Model Intercomparison Project 
phase 6 (CMIP6; Eyring et al. 2016) from 1930 to 2014. 
This approach allows us to directly link the extreme wet 
and dry conditions to the key oceanic variability glob-
ally. We also highlight the similarities and differences in 
the ocean–atmosphere variability associated with the dif-
ferent humid tropical regions. We find that the impacts 
of the Atlantic are inconsistent in observations, and the 
CMIP6 ensemble fails to capture this inconsistency, which 
potentially poses a problem for skillful seasonal climate 
prediction.

The rest of this paper is organized as follows. Section 2 
describes the observational datasets, CMIP6 models, and 
analysis methods. Section 3 presents the results including 
the observations of the extreme wet and dry conditions 
as well as the underlying ocean–atmosphere variability. 
This section also contains an evaluation of the multi-
model ensemble CMIP6 simulated extreme conditions, the 
related SST anomalies, and the ensemble-mean SST and 
precipitation biases. Discussion, limitations, and outlooks 
are presented in Sect. 4, the paper ends with Summary and 
concluding remarks in Sect. 5.
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2  Data, Models, and Analysis Methods

2.1  Data

2.1.1  Precipitation Dataset

We analyze the gauge-derived Global Precipitation Cli-
matology Centre (GPCC) Full Data Monthly Product 
Version 7.0 on 2.5° × 2.5° longitude–latitude global 
grids (Schneider et al. 2014, 2017). The number of rain 
gauge stations per 2.5° × 2.5° cell increased progres-
sively from the early 1900s to reach a maximum around 
1970 and around 1980 for the Congo basin and for the 
Amazon basin, respectively (Fig. 1e). Using a different 
data source, Washington et al. (2013) reported a decline 
in the number of gauges over the Congo basin between 
1950 and 1980. The Amazon basin has the highest num-
ber of rain gauges per grid cell among the regions. The 
Maritime continent curve exhibits the most fluctuations, 
with a decline in the 1940s and then increases up to the 
mid-1970s. The number of gauges per grid cell displays 
a systematic decline since the 1970s/1980s for all three 
regions, which may be partly explained by time-lapse 
before historical data are included in the archives (Becker 
et al. 2013).

The past four decades denote the satellite era in global 
observations, with some products based on a combina-
tion of rain gauge measurements and satellite estimates of 
precipitation. The low density also limits opportunities to 
evaluate and calibrate satellite-based observations (Wash-
ington et al. 2013; Hewitson et al. 2014; Schneider et al. 
2017). Here, we compare the GPCC with three other data-
sets that include satellite estimates, as well as the wholly 
rain gauge-derived Climatic Research Unit gridded Time 
Series (CRU hereafter) version 4.06 precipitation (Har-
ris et al. 2020) on 0.5° latitude × 0.5° longitude grids, 
during the common period from 1981 to 2014. The satel-
lite/gauge-based datasets are the Climate Hazards Group 
InfraRed Precipitation with Station data (CHIRPS) pre-
cipitation on 0.05° latitude × 0.05° longitude grids from 
50° S to 50° N and all longitudes (Funk et  al. 2015), 
the Climate Prediction Center (CPC) Merged Analysis 
of Precipitation on 2.5° × 2.5° global grids (CMAP; Xie 
and Arkin 1997), and the version 3.1 of Global Precipi-
tation Climatology Project (GPCP) analysis product on 
2.5° × 2.5° global grids (Adler et al. 2003). Overall, the 
GPCC precipitation averaged over the humid tropics 
exhibits both consistency and close correlations with the 
other products (r ≥ 0.90; Fig. 2). The correlations appear 
insensitive to the horizontal resolution of the datasets, 
suggesting that using a different dataset may not change 
our conclusions.

2.1.2  Sea Surface Temperature Datasets

The variable quality of sea surface temperature (SST) 
measurement, limited areas of the oceans sampled, and the 
various statistical methods used to create globally com-
plete grids constitute sources of uncertainty in SST data-
sets (Kennedy 2014). Here, we discuss the uncertainties in 
our results through the analysis of four different twentieth 
century gridded SST datasets. These are the Centennial 
In Situ Observation-Based Estimates of the Variability of 
SST and Marine Meteorological Variables (COBE) version 
2 (Ishii et al. 2005), the Extended Reconstruction Sea Sur-
face Temperature (ERSST) version 5 (Huang et al. 2017), 
United Kingdom Met Office Hadley Centre's sea ice and sea 
surface temperature dataset version 1.1 (HadISST; hereafter 
HadISST) (Rayner et al. 2003), and the Kaplan Extended 
SST (KAPLAN) version 2 (Kaplan et al. 1998).

The COBE data set is a spatially complete, interpolated 
monthly dataset on a 1° × 1° horizontal latitude–longitude 
grids for 1850 to present. It combines SSTs from Inter-
national Comprehensive Ocean–Atmosphere Data Set 
(ICOADS) release 2.5, the Japanese Kobe collection, and 
reports from ships and buoys, gridded using optimal inter-
polation (Kaplan et al. 1998). The ERSST is based on sta-
tistical interpolation of the ICOADS release 3.0 data, and 
argo float data in the recent years (since around 2000) and is 
available on a 2° × 2° horizontal grids from 1854 to the pre-
sent (Huang et al. 2017). The ERSST includes corrections 
to reconcile different measurement types (ship engine room 
intakes, ship bucket, buoys) based on comparisons of the 
binned but unadjusted SST data with an independent dataset 
of nighttime marine air temperatures for data through 2010, 
and adjustments based on buoy SSTs after 2010.

The HadISST is a monthly dataset on a 1° × 1° hori-
zontal grids from 1870 to the present (Rayner et al. 2003). 
The dataset was constructed using reduced space optimal 
interpolation applied to SSTs from the Marine Data Bank 
(mainly ship tracks) and ICOADS, including a blend of in-
situ and adjusted satellite-derived SSTs from 1982 onwards. 
The KAPLAN SST is available on a 5° × 5° horizontal grids 
and consists of monthly anomalies from 1856 to present. 
The dataset was constructed from the Met Office database 
(Parker et al. 1994) through various processing steps includ-
ing empirical orthogonal functions projection, optimal inter-
polation, Kalman Filter forecast/analysis, and an optimal 
smoother (Kaplan et al. 1998). These techniques fill missing 
data using both spatial patterns derived from the data that 
exists together with time interpolation.

2.1.3  Air Temperature Dataset

The monthly air temperature shown in Fig. 1 was taken 
from the University of Delaware dataset version 4.01 
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(UDEL) available from 1900 to 2014 (Willmott and Mat-
suura 1995). It was constructed using numerous stations, 
both from the Global Historical Climate Network version 
2, the Global Surface Summary of Day archive and from 
the Legates and Willmott (1990) archive. The dataset con-
sists of monthly mean surface air temperatures over the 
global land surface at a horizontal resolution of 0.5° × 0.5° 
horizontal grids spacings.

2.1.4  Atmospheric Reanalysis

We use atmospheric fields from version 3 of the Twenti-
eth Century Reanalysis (Slivinski et al. 2019). The rea-
nalysis was constructed using prescribed SST and sea ice 
distributions and assimilation of surface pressure observa-
tions into the National Centre for Environmental Predic-
tion’s Global Forecast System version 14.0.1 to generate 

Fig. 2  Scatterplot of the nor-
malized monthly GPCC and a–c 
CRU rain gauge precipitation 
datasets averaged over the (left) 
Amazon basin, (middle) Congo 
basin, and (right) Maritime 
continent for 408 months from 
January 1981 to December 
2014. Panels d–f, g–i, and j–l 
show the same as a–c but for 
CHIRPS, CMAP, and GPCP 
satellite/gauge precipitation data 
sets, respectively. The correla-
tion between the time series pair 
is indicated in each panel
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a four-dimensional global atmospheric dataset from 1836 
to 2015. The system uses an ensemble filter data assimila-
tion method to estimate the state of the global atmosphere 
8-times daily. The individual ensemble simulations were 
performed at a resolution of T254, which corresponds to 
approximately 60 km at the equator, with a vertical atmos-
pheric resolution of 64 levels from 1000 hPa up to 0.3 hPa. 
The analysis here is based on the ensemble mean fields that 
were calculated by averaging over 80 ensemble members at 
each time step.

2.2  CMIP6 Models

We analyze historical simulations of 24 global climate mod-
els taken from the CMIP6 archive (Eyring et al. 2016). The 
selected models provide the first realisation simulations for 
the historical simulations of both precipitation and SST. 
The analysed CMIP6 coupled models, modelling institution 
name, models’ horizontal resolution, and key reference(s) 
are shown in Table 1. The model's horizontal resolution 
ranges from 20 km (AWI-CM-1-1-MR, GFDL-ESM4) to 
100 km (MPI-ESM1-2-LR) in the ocean, and from 60 km 
(MRI-ESM2-0) to 250 km (CanESM5) in the atmosphere. 
We bilinearly remapped the simulated precipitation onto a 
common 2.5° × 2.5° latitude–longitude grid similar to that of 

the GPCC rain gauge dataset, and the SSTs onto a common 
1° × 1° latitude–longitude grid consistent with the COBE 
and HadISST observational datasets.

2.3  Analysis Methods

The analysis covers the common period from 1930 to 2014, 
shown by dashed vertical lines in Fig. 1e, using the observa-
tional data sets and a 24-member multi-model CMIP6 his-
torical ensemble. The anomalies are computed by removing 
the mean and trends from each month for the entire period 
prior to subsequent analyses. The only exception is Fig. 1 
which shows the climatological-mean precipitation and air 
temperature as well as the number of rain-gauges per grid-
cell. The analysis here is based on the all months such that 
strongest patterns without the explicit consideration of the 
seasonality are discussed.

2.3.1  Standardized Precipitation Index

We define precipitation indices calculated as the area-aver-
ages of land-only grid point precipitation over the three 
humid tropical regions (shown by boxes in Fig. 1a), repre-
senting the Amazon basin, Congo basin, and Maritime con-
tinent. For the CMIP6 models, we first mask out ocean grid 

Table 1  Information of the 
24 CMIP6 models used to 
construct the analyzed ensemble

S/N Model name Ocean 
resolution

Atmospheric 
resolution

Reference(s)

1
2

ACCESS-CM2
ACCESS-ESM1-5

70 km
70 km

100 km
100 km

Bi et al. (2020), Ziehn et al. (2020)

3 AWI-CM-1–1-MR 20 km 80 km Sidorenko et al. (2015), Semmler et al. (2020)
4 BCC-CSM2-MR 80 km 100 km Wu et al. (2019)
5 CanESM5 250 km Swart et al. (2019)
6
7

CESM2
CESM2-WACCM

60 km
60 km

100 km
100 km

Danabasoglu et al. (2020)

8
9

CMCC-CM2-SR5
CMCC-ESM2

70 km
70 km

100 km
100 km

Cherchi et al. (2019)

10
11
12

EC-Earth3
EC-Earth3-Veg-LR
EC-Earth3-Veg

70 km
70 km
70 km

80 km
120 km
80 km

Döscher et al. (2022)

13 FGOALS-f3-L 80 km 90 km He et al. (2020)
14 GFDL-ESM4 20 km 100 km Dunne et al. (2020)
15 INM-CM5-0 30 km 150 km Volodin et al. (2017)
16 IPSL-CM6A-LR 70 km 160 km Boucher et al. (2020)
17 KACE-1–0-G 90 km 140 km Lee et al. (2020a)
18 MIROC6 80 km 120 km Tatebe et al. (2019)
19
20

MPI-ESM1-2-HR
MPI-ESM1-2-LR

40 km
100 km

80 km
170 km

Mauritsenet al. (2019), Müller et al. (2018)

21 MRI-ESM2-0 60 km 60 km Mizuta et al. (2012), Yukimoto et al. (2019)
22
23

NorESM2-LM
NorESM2-MM

60 km
60 km

190 km
100 km

Seland et al. (2020)

24 TaiESM1 60 km 100 km Lee et al. (2020b)
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points before computing the indices. It is worth pointing out 
that our approach emphasises the region-wide occurrences 
of wet and dry conditions. The regional-averaged occur-
rences of wet and dry conditions over the humid tropics are 
quantified using the 6-month Standardized Precipitation 
Index (SPI), a measure of wetness and dryness of various 
intensities.

The SPI has been widely used for prediction and moni-
toring of both wet and dry conditions across many regions 
of the globe (e.g., Mckee et al. 1993; Ajayi and Ilori 2020; 
Sharma et al. 2021). The SPI is calculated here by fitting 
a Pearson Type III probability distribution function to the 
monthly precipitation values, which is then normalized so 
that the mean SPI for each region and period of interest 
equals zero (Edwards and McKee 1997; World Meteorologi-
cal Organization 2012; Khanet al. 2021; Mohammed et al. 
2022; Phuong et al. 2022). Positive (negative) values of SPI 
denote greater (less) than the median precipitation. We use 
the 6-month SPI, reflecting variations in meteorological 
and soil moisture conditions. This timescale is relevant for 
agriculture, which responds to precipitation anomalies on 
relatively short timescales.

2.3.2  Definition of Extreme Conditions and Composite 
Analysis

We define extreme wet and dry conditions using the ± 1.5 
of the 6-month SPI threshold using regional-averaged pre-
cipitation data over the respective humid tropical regions. 
This approach allows us to focus on the large-scale persistent 
patterns, rather than specific events at the grid-point level. 
Our criteria correspond to very wet (+ 1.5) and severely 
dry (− 1.5) conditions, respectively (World Meteorological 
Organization 2012). The frequency of occurrence of wet 
(dry) conditions is determined as the number of months 
for which the SPI is + 1.5 (− 1.5) and greater (less) divided 
by the length of the series. These thresholds were used for 
composite analysis (Xie et al. 2017), by defining the wet 
pattern (WET) and dry pattern (DRY). Using the SPI as 
our reference index, we classify field F into an extreme wet 
conditions set  SPIWet and extreme dry conditions set  SPIdry 
as follows:

where,  SPIi and Fi are the ith time point of SPI and F, respec-
tively, wet (dry) is defined by the + 1.5 (− 1.5) threshold and

(1)

WET =
Σ�SPIwet

(

SPIi
)

⋅ Fi

Σ�SPIwet
(

SPIi
) , DRY =

Σ�SPIdry
(

SPIi
)

⋅ Fi

Σ�SPIdry
(

SPIi
)

(2)

�
(

SPIwet
)

=

{

1, SPIi ∈ SPIwet
0, SPIi ∉ SPIwet

,�
(

SPIdry
)

=

{

1, SPIi ∈ SPIdry
0, SPIi ∉ SPIdry

The statistical significance is determined using a two-
tailed t-test, and the 95% confidence interval marked. For 
the CMIP6 patterns, the composite maps were first com-
puted for the individual models and then averaged over the 
24 ensemble members.

2.3.3  Computation of Velocity Potential, Divergence, 
and Diabatic Heating

Here, we show the winds and diabatic heating anomalies 
through which the SST anomalies (see later on Fig. 6a–f 
and corresponding discussions) can be linked to the 
extreme conditions over the humid tropics. According to 
Helmholtz’s theorem, the total circulation u = (u,v) can 
be separated into two components, namely the divergent 
(“vorticity free”) and rotational (“divergence free”) wind 
components:

where �  is the velocity potential function; �  is the 
streamfunction, and k is a unit vector directed vertically. 
�  is obtained fromΔ2� = � ; where δ is the divergence 
(�u∕�x + �v∕�y) , which represents the spreading out of the 
wind flow. Here, we apply the Helmholtz decomposition to 
the horizontal velocity from the daily reanalysis to determine 
the upper-level (200 hPa) and near-surface (850 hPa) diver-
gent winds and velocity potential fields. The daily fields are 
then averaged to monthly fields and linked to the extreme 
wet and dry conditions over the humid tropics using com-
posite analysis.

Diabatic heating denotes the combined consequence 
of radiative fluxes, phase changes of water substance, and 
turbulent flux of sensible heat from the Earth's surface. It 
indicates atmospheric convection and is strongly correlated 
with SST variability over the tropics (Ling and Zhang 2013; 
Stechmann and Ogrosky 2014; Nnamchi et al. 2021). Here, 
we compute the diabatic heating using the apparent heat 
source (Q1) as a residual of the thermodynamic equation 
(Yanai et al. 1973):

where T denotes the air temperature, ω the vertical pressure 
velocity, σ = (RT/Cpp) − (∂T/∂p) is the static stability, q the 
specific humidity, R the gas constant (R = 287  Jkg−1  K−1), p 
the air pressure and Cp the specific heat capacity at constant 
pressure (Cp = 1004.64 J  kg−1  K−1). Differential operators, x, 
y, and t are along zonal and meridional directions, and time, 
respectively. The Q1 was first computed for all atmospheric 
levels using daily data and then averaged to monthly data for 
composite analysis.

(3)u = −Δ� + k × Δ�

(4)Q1 =
�T

�t
−

(

�� −
u�T

�x
+

v�T

�y

)
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3  Results

3.1  The Observations of Extreme Wet and Dry 
Conditions

3.1.1  Occurrences of the Conditions

Figure 3 displays the 6-month SPI averaged over the Ama-
zon basin, Congo basin, and Maritime continent, respec-
tively. Overall, the 6-month SPI exhibits strong interannual 
variations and potentially some decadal modulations in all 
three regions (Fig. 3a–c). To better characterize the SPI, 

we quantify the occurrences of very wet (severe excess 
rainfall) conditions and severely dry (severe rainfall 
deficits) conditions using the ± 1.5 threshold, which are 
marked by dashed horizontal lines in Fig. 3a–c.

Both wet and dry conditions occur throughout the year 
(Fig. 3d–f), although the occurrence of extreme wet condi-
tions is smallest during the austral summer in the Congo 
basin (Fig. 3e). Generally speaking, the occurrences of dry 
conditions exceed those of the wet conditions continuously 
from November to May at the Amazon basin (Fig. 3d) and 
November to January at the Congo basin (Fig. 3e). This 
is in line with reports of recent long drying trends in the 
Congo basin (Nicholson et al. 2022; Cook et al. 2020) and 

Fig. 3  Six-month standardized precipitation index (SPI) averaged 
over the a Amazon basin, b Congo basin, and c Maritime conti-
nent. The dashed horizontal lines (± 1.30) delineate the severely wet 
(+ 1.30) and severely dry (− 1.30) episodes. Frequency of occur-

rences of the severely wet and severely dry conditions in different 
months are shown for d the Amazon basin, e the Congo basin, and f 
the Maritime continent
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the recent Amazon basin extreme droughts conditions in 
1998, 2006, 2010 (see also red fills in Fig. 3a; Marengo 
et al. 2011). For the Maritime continent, which exhibits the 
highest occurrences of dry conditions of all three regions, 
the dry conditions exceed wet conditions from July to Febru-
ary (Fig. 3f). This is consistent with the persistence of dry 
extreme conditions (denoted by red fills in Fig. 3c) compared 
to the extreme wet conditions (represented by the blue fills 
in Fig. 3c).

3.1.2  The Characteristic Precipitation Anomalies

As expected, the typical extreme wet condition in each 
humid tropical region is characterized by excessive pre-
cipitation over the humid tropics in the GPCC observa-
tional dataset (Fig. 4). The extreme wet condition over the 
Amazon is associated with reduced precipitation over the 
La Plata Basin from Brazil to Argentina, forming a dipole 
pattern over South America (Fig. 4a). Strikingly, there is 
also increased precipitation over the Maritime continent as 
well as southern Africa. The precipitation patterns during 
extreme wet and dry conditions over the Maritime continent 
closely reproduce the patterns associated with the Amazon. 
These patterns of precipitation anomalies are reversed dur-
ing extreme dry conditions, which are also characterized by 
dry conditions over the Maritime continent and southern 

Africa but greatly enhanced precipitation over the La Plata 
Basin (Fig. 4d).

The extreme wet (dry) conditions over the Congo basin 
are associated with reduced (increased) precipitation over 
the La Plata Basin (Fig. 4b, e), while over the Maritime 
continent, it is associated with extreme wet (dry) precipita-
tion (Fig. 4b, e). Although the reanalysis bears some resem-
blance to the GPCC gauge-based data over lands generally 
(Fig. 4g–l), the Congo Basin, as well as the related patterns 
over the La Plata Basin, are poorly represented in the rea-
nalysis (Fig. 4h, k).

3.2  Multiple Oceanic Drivers of the Wet and Dry 
Conditions

3.2.1  Related SST Variability in the Tropical Pacific, Indian, 
and Atlantic Oceans

The simultaneous SST variability over the tropical Pacific, 
Indian, and Atlantic Oceans associated with the humid 
tropics’ conditions computed obtained from the various 
datasets (COBE, ERSST, HadISST, and KAPLAN) are 
shown in Fig. 5. Strikingly, the extreme wet (dry) condi-
tions are consistently linked to cold (warm) SST anom-
alies in the tropical Pacific reminiscent of La Niña (El 
Niño), representing the negative (positive) phase of El 

Fig. 4  Composite patterns of a–f GPCC precipitation and g–l rea-
nalysis precipitation anomalies associated with wet (SPI ≥ 1.5) and 
dry (SPI ≤ − 1.5) conditions for Amazon basin (left panels), Congo 

basin (middle panels), and Maritime continent (right panels). Stipples 
denote statistical significance at the 95% confidence level
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Niño Southern Oscillation (ENSO). It must be pointed 
out that while the extreme wet conditions over the Ama-
zon and Maritime continent are associated with Central 
Pacific-type (CP) La Niña SST anomalies, the dry condi-
tions in these regions are linked to Eastern Pacific (EP) 
El Niño SST anomalies. Furthermore, the magnitudes of 
the SST anomalies differ slightly across the four datasets, 
and markedly among the conditions (wet versus dry) over 
the regions. The link to ENSO-type SST anomalies are 
overall least robust for the Congo basin, and are shown 
on the middle panels of Fig. 5. Specifically, the extreme 
wet conditions over the Congo basin which are associated 
with cold SST anomalies in the eastern tropical Pacific in 
HadISST and KAPLAN (Fig. 5h, k) but a more clearly 

defined albeit weak La Niña pattern in the COBE and 
ERSST datasets (Fig. 5b,e).

In all cases, there are significant SST anomalies in the 
tropical Indian and Atlantic Oceans, which points to the 
roles of ocean basins interaction for the humid tropics (Latif 
and Barnett 1995; Cai et al. 2019). However, the impacts of 
SST anomalies in these basins are quite different for the dif-
ferent humid tropical regions. The extreme wet (dry) condi-
tions over the Amazon basin are associated with homogene-
ous cold (warm) SST anomalies in the tropical Indian Ocean. 
However, it is rather unclear if this pattern is related to the 
Indian Ocean Basin wide mode (Klein et al. 1999; Huang 
and Kinter 2002; Schott et al. 2009; Huang et al. 2019), 
which is is mainly forced by ENSO (e.g., Klein et al. 1999; 

Fig. 5  Composite patterns of SST anomalies associated with extreme 
wet conditions (a–l) and extreme dry conditions (m–x) over the Ama-
zon basin (left panels), Congo basin (middle panels), and Maritime 

continent (right panels) based on the multiple datasets indicated 
beside the leftmost panels. The stipples denote statistical significance 
at the 95% confidence level
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Ding et al. 2022). These tropical Indian Ocean homogenous 
SST anomalies are overall more robust in COBE and Had-
ISST (Fig. 5a, g), both of which are comparatively higher 
resolution at a 1° × 1° horizontal latitude–longitude grids, 
during the Amazon extreme wet conditions. In the Atlantic, 
there is an ADO pattern characterized by meridional bands 
of alternating warm and cold SST anomalies (left panels 
of Fig. 5; Xie and Tanimoto 1998; Nnamchi et al. 2023). 
The Amazon wet conditions are associated with the colder-
than-normal SST anomalies over the tropical North Atlantic 
and warmer-than-normal SST anomalies over the tropical 
South Atlantic, representing the negative of the AMM. On 
the other hand, the Amazon dry conditions are associated 
with the positive phase of the AMM.

The extreme wet conditions over the Congo basin are 
linked to homogeneous cold SST anomalies over the Indian 
Ocean (Fig. 5b, e, h, k). Cold SST anomalies in the tropi-
cal Indian Ocean drive upper tropospheric convergence and 
divergence over Central Africa (Bader and Latif 2003), lead-
ing to enhanced convection there as suggested by the dia-
batic heating anomalies (Fig. 5b, h, n). However, the Indian 
Ocean SST anomalies during the Congo basin extreme 
dry conditions are not statistically significant (Fig. 5n, q, t, 
w). This lack of symmetry is also seen in the Atlantic SST 
patterns associated with the Congo basin between the wet 
and dry extremes. The extreme dry conditions are charac-
terised by Atlantic Niña-like cold SST anomalies, that is, 
stronger-than-normal cooling of the Atlantic cold tongue 
region (Fig. 5n, q, t, w). Hua et al. (2016) reported that the 
drying trend over the Congo basin has been driven by SSTs 
changes over the tropical Atlantic and in the Indo-Pacific 
sector, while Cook et al. (2020) associated the extreme dry 
conditions over the Congo basin with surface warming. The 
SST anomalies in the Atlantic cold tongue region are neu-
tral, i.e., not different from zero during the extreme wet con-
ditions over the Congo basin (Fig. 5b, e, h, k). The extreme 
wet conditions over the Congo basin are linked to weak EP-
type La Niña, cold SST anomalies over the Indian Ocean 
or generally cold SST anomalies across the global tropical 
oceans depending on the dataset. Nicholson et al. (2022) 
examined wet versus dry conditions in the region, although 
using different methods than the present study, they linked 
the wetter conditions to changes to pacific SST and tropical 
Walker circulation.

For the Maritime continent, both extreme wet and dry 
episodes are associated with homogeneous warm SST anom-
alies in the tropical Indian Ocean, with opposite phases of 
La Niña (wet conditions) and El Niño (dry conditions) in the 
Pacific (right panels of Fig. 5). The absolute magnitudes of 
the associated El Niño clearly exceed those of the La Niña 
SST anomalies. There are also widespread warmer-than-
normal SST anomalies across the Atlantic which appear as 
the Atlantic Niño over the tropics during the extreme wet 

conditions over the Maritime continent. However, the Atlan-
tic Niño region SST anomalies are not different from zero 
during extreme dry conditions, pointing to a lack of sym-
metry in the Atlantic link to the wet and dry conditions over 
the Maritime continent.

Overall, one striking feature of Fig. 5 is that the Pacific 
and Indian Oceans exhibit consistent SST anomalies asso-
ciated with the wet and dry conditions across the humid 
tropics. While the Pacific exhibits ENSO-like patterns, the 
Indian Ocean exhibits homogeneous patterns. In contrast, 
however, the related Atlantic SST anomalies are generally 
inconsistent. In other words, the pattern of SST anomalies 
associated with the extreme conditions over the Amazon, 
Congo basin and Maritime continent are markedly differ-
ent. Furthermore, except for the ADO-Amazon connection 
shown on the left panels of Fig. 5, the SST anomalies are 
also non-symmetrical between the extreme wet and dry 
conditions. Finally, generally warm SST anomalies across 
the Atlantic are associated with the Atlantic Niño during 
extreme wet conditions over the Maritime continent (Fig. 5c, 
f, i, l). In contrast, the Atlantic Niña pattern associated with 
extreme dry conditions over the Congo basin is confined to 
the Atlantic cold tongue region (Fig. 5n, q, t, w).

3.2.2  Underling Atmospheric Convection and Circulation 
Patterns

During extreme wet conditions over the humid tropics, the 
La Niña-type SST anomalies over the eastern equatorial 
Pacific (Fig. 5a–l) can be linked to intensified southeast-
erly trade winds (Bjerknes 1969; Cai et al. 2020). This is 
accompanied by increased low-level divergence, indicated 
by the negative velocity potential anomalies and anomalous 
divergent wind vectors, in the climatological-mean sinking 
branch of the Walker Circulation over the eastern equatorial 
Pacific (Fig. 6a–c). These are associated with an opposite 
pattern, implying anomalous intensification of the mean con-
vection and low-level convergence over the Pacific Warm 
Pool-Maritime continent complex. The anomalous divergent 
winds flow away from regions of negative velocity poten-
tial anomalies and converge over the regions with positive 
velocity potential anomalies. The anomalous low-level con-
vergence fields can be linked to upper-level divergence and 
enhanced deep convection over the Warm Pool-Maritime 
continent complex which drives the atmospheric circulation 
anomalies (Fig. 6g–i). Enhanced convection is shown by 
elevated diabatic heating anomalies (Fig. 6m–o) and these 
are collocated with increased precipitation over the respec-
tive humid tropical regions (see Fig. 4).

As El Niño-type SST anomalies prevail during extreme 
dry conditions over the humid tropics (Fig. 5m–x), the above 
diabatic heating and atmospheric circulation anomalies 
are reversed (Fig. 6d–f, j–l, p–r). Specifically, upper-level 
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convergence is accompanied by low-level divergence leading 
to reduced diabatic heating over the Warm Pool-Maritime 
continent complex. On the other hand, upper-level diver-
gence anomalies that are associated with low-level conver-
gence and increased diabatic heating prevail over the eastern 
equatorial Pacific.

These analyses ultimately point to the strengthening and 
weakening of the mean Walker Circulation especially in 
the Indo-Pacific region that is associated with extreme dry 
conditions over the humid tropics. The La Niña-type SST 
pattern over the tropical Pacific drives a stronger-than-aver-
age Walker Circulation leading to extreme wet conditions, 
whereas the El Niño-type pattern is linked to weaker-than-
average Walker Circulation and extreme dry conditions, over 
the humid tropics. The impacts of the Pacific are essentially 
modulated by the Indian and Atlantic Oceans. Specifically, 

the extremes over the Congo basin, which exhibits the least 
robustness of the ENSO pattern in the Pacific, appear to be 
mostly influenced by the SST over the Indian and Atlantic 
Oceans as well as diabatic heating anomalies over the Atlan-
tic–African–Indian region.

3.3  The Extreme Wet and Dry Conditions in CMIP6 
Historical Ensemble

3.3.1  Simulated Frequencies and Magnitudes

Next, we investigate how well the current generation of 
state-of-the-art climate models represent the observed 
occurrences and magnitudes of extreme wet and dry con-
ditions over the humid tropics in the 24-member multi-
model CMIP6 historical ensemble (Fig. 7). Generally 

Fig. 6  The shading shows the composite patterns of a–l 850 and 
200 hPa velocity potential anomalies, and m–r 500 hPa diabatic heat-
ing anomalies associated with extreme wet (SPI ≥ 1.5) and extreme 
dry (SPI ≤ − 1.5) conditions over the Amazon basin (left panels), 

Congo basin (middle panels), and Maritime continent (right panels). 
The stipples denote statistical significance at the 95% confidence 
level. The arrows in a–l show the divergent wind anomalies, and only 
statistically significant vectors are plotted
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speaking, majority of models tend to simulate higher fre-
quencies and magnitudes of extreme dry conditions com-
pared to the wet conditions, especially over the Maritime 
continent and Amazon basin. One exception, however, is 
the MPI-ESM1-2-HR which clearly depicts a larger fre-
quency and magnitude of extreme wet conditions over the 
Maritime continent. In contrast, models such as CESM2, 
CESM2-WACCM, CMCC-CM2-SR5, CMCC-ESM2, and 
TaiESM1 simulated small (large) occurrences and magni-
tudes of extreme wet (dry) conditions over the Maritime 
continent (Fig. 7c, f).

For the Amazon basin (Fig. 7a), most models simulate a 
larger frequency and magnitude of extreme dry conditions 
compared to extreme wet conditions, but the differences are 
not as dramatic as the Maritime continent. For the Congo 
basin, there is somewhat of a balance between the extreme 
wet and dry conditions, and this is consistent with a small 
spread between these conditions in observations (Fig. 7b, e).

The multi-model ensemble means, and confidence limits 
(Fig. 7g, h) show that while their frequencies of occurrence 
are on the margin, the magnitude of extreme dry conditions 
is larger than that of the extreme wet conditions for the 

Fig. 7  Frequencies and absolute magnitudes of the wet/dry conditions 
in a, d Amazon basin, b, e Congo basin, and c, f maritime continent 
in CMIP6 historical ensemble for the 1930–2014 period. Dashed line 
in each panel represents the observed occurrences. The multi-model 
means and 95% confidence limit (determined as ± standard devia-

tions) are shown by error bars for the g occurrences and h absolute 
intensity. The blue (red) bars denote wet (dry) conditions in all pan-
els. In g and h, there is a significant difference between the wet and 
dry conditions when the error bar associated with the blue bar is out-
side the vertical segment of the error bar associated with the red bar
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Maritime continent. The extreme wet and dry conditions 
exhibit similar occurrences and magnitudes over the Congo 
basin. For the Amazon basin, the extreme dry conditions 
display larger mean frequency and magnitude, but these 
are not statistically different from those of the extreme wet 
conditions.

3.3.2  The Simulated Precipitation and Related SST 
Anomalies

Consistent with observations, our ensemble-mean of 24 
CMIP6 models clearly shows regional-scale increases 
(decreases) in precipitation during the extreme wet (dry) 
conditions over the humid tropics (Fig. 8a–f). Furthermore, 
the precipitation anomalies associated with extreme condi-
tions are remarkably similar for the Amazon basin as well 
as Maritime continent and are in agreement with the obser-
vations. These are characterized by negative (positive) pre-
cipitation anomalies implying reduced (increased) diabatic 
heating over the equatorial Pacific during extreme wet (dry) 
conditions. However, the Congo Basin extreme conditions 
are associated with a reversal of the precipitation anoma-
lies over the equatorial Pacific, and this is inconsistent with 
observations.

The composite SST anomalies associated with the 
extreme wet and dry conditions over the humid tropics 
are shown in Fig. 8g–l. The extreme conditions over the 

Amazon basin and Maritime continent can be linked to 
ENSO-like SST anomalies over the tropical Pacific. As 
expected, the extreme wet conditions are accompanied by 
CP La Niña-type SST anomalies. The extreme dry condi-
tions are also associated with CP El Niño-type SST anoma-
lies (although more to the east than the simulated La Niña), 
which is inconsistent with observations. Overall, the simu-
lated maximum (absolute) SST anomalies are confined to 
narrower north–south bands compared to observations. The 
extreme wet conditions over the Congo basin is associated 
with Atlantic Niño SST variability whereas the observed 
Pacific link is not seen in the CMIP6 ensemble.

Figure 8 clearly shows the inability of the CMIP6 ensem-
ble to reproduce the observed Atlantic SST patterns associ-
ated with the extreme hydroclimatic conditions across the 
humid tropics as well as the relationship between the extreme 
conditions over the Congo basin and SST anomalies.

The mean-sate biases in the eastern tropical Atlantic that 
link the Benguela and Atlantic Niño regions constitute a 
long-standing problem (Davey et al. 2002; Richter and Xie 
2008; Richter et al. 2014; Xu et al. 2014; Milinski et al. 
2016; Richter and Tokinaga 2020). The mean SST biases 
(Fig. 9a) can be linked to wet biases in precipitation extend-
ing over the tropical Atlantic and the Congo basin (Fig. 9b). 
This implies a biased representation of the main precipita-
tion band, due to a southerly location of the mean ITCZ, and 
is connected to a too warm SST bias. Thus, the extreme wet 

Fig. 8  CMIP6 historical ensemble-mean composite patterns of a–f 
precipitation and g–l sea surface temperature (SST) anomalies asso-
ciated with wet (SPI ≥ 1.5) and dry (SPI ≤ − 1.5) conditions over (i) 

Amazon basin (left panels), (ii) Congo basin (middle panels), and (iii) 
Maritime continent (right panels) for the 1930–2014 period
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(dry) conditions over the Congo basin are tied to the Atlantic 
Niño (Niña) pattern (Fig. 8) in the CMIP6 ensemble, which 
is inconsistent with observations (Fig. 5). There are also 
biases in the tropical Pacific and Indian Oceans (Fig. 9), par-
ticularly the double-ITCZ bias in the Pacific (Mechoso et al. 
1995; De Szoeke and Xie 2008; Adam et al. 2018; Tian and 
Dong 2020). Nonetheless, the gross features of the observed 
Indo-Pacific SSTs associated with the Amazon and Maritime 
continent are fairly well reproduced in the CMIP6 ensemble, 
despite the biases. Overall, these results suggest that accu-
rately capturing the relationship between the precipitation 
extreme conditions and large-scale atmospheric circulations 
associated with SSTs pattern changes is critical for skillful 
climate predictions over humid tropics, to produce more reli-
able climate predictions to inform policies.

4  Discussions, Limitations, and Outlook

4.1  Discussions

Consistent with the prevailing ENSO-centric view of trop-
ical climate variability (e.g., Cai et al. 2019), this analy-
sis shows that the extreme wet (dry) conditions across 
the humid tropics are consistently linked to La Niña (El 

Niño) type SST anomalies over the tropical Pacific—rep-
resenting the negative (positive) phase of ENSO. The 
associated upper-level divergence (convergence) drives 
enhanced (diminished) low-level convection over the 
Pacific Warm Pool-Maritime continent complex and is 
linked to decreased (increased) low-level convection over 
the eastern equatorial Pacific. Ultimately, these patterns 
imply fluctuations in the strength of the mean Walker 
Circulation, leading to extreme wet conditions over the 
Amazon, and Maritime continent, and to a lesser extent 
over the Congo basin.

Beyond ENSO, however, it must be stressed that mul-
tiple oceanic influences including those from Indian and 
Atlantic Oceans are indeed linked to the extreme conditions 
over the humid tropics. These influences are expressed as 
homogeneous warm or cold SST variability over the tropical 
Indian Ocean (Klein et al. 1999; Schott et al. 2009; Huang 
et al. 2019), the Atlantic Niño (Zebiak 1993; Lübbecke et al. 
2018; Foltz et al. 2019), the ADO (Xie and Tanimoto 1998; 
Nnamchi et al. 2023). The ADO extends beyond the trop-
ics, with alternative bands of cold and warm SST anoma-
lies from the South Atlantic to the subpolar regions of the 
North Atlantic, and is dominated by 10–15 year periodicity. 
Thus, the connection of the extreme wet and dry conditions 
over the humid tropics to the ADO-like pattern we show 

Fig. 9  24 CMIP6 multi-model ensemble mean state biases in a SST 
and b precipitation for the 1930–2014 period. The biases are defined 
as the CMIP6 ensemble-mean minus observations. The mean state 

biases for SST (precipitation) are calculated with respect to the Had-
ISST (20CR reanalysis)
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in this study raises the question of low-frequency modula-
tion of these conditions and the roles of forcing from the 
extra-tropics.

For instance, the low-frequency rainfall variability over 
the Congo basin is correlated with multiple climate indices 
such as those of the North Atlantic Oscillation, the Atlantic 
multidecadal oscillation, and the Pacific decadal oscillation 
(Lüdecke, et al. 2021). Previous studies have shown low-fre-
quency hydroclimate variability of rainfall over the Amazon 
(Marengo 2004; Wang et al. 2011; Fernandes et al. 2015), 
linked to a cross-equatorial SST gradient reminiscent of the 
regional expression of the ADO in the tropical Atlantic (Fer-
nandes et al. 2015). The Maritime continent also exhibits 
strong decadal variability, which affects its predictability, 
with the precipitation being more predictable in decades 
dominated by El Niño and less predictable in decades domi-
nated by La Niña (Li et al. 2022). Compared to La Niña, El 
Niño drives stronger ocean–atmosphere interactions across 
the tropics, leading to stronger precipitation variability and 
predictability over the Maritime continent (Lee and Lo 2021; 
Li et al. 2022; Xiao et al. 2022).

The most striking feature in our analysis is that while the 
Pacific and Indian Oceans exhibit consistent SST anomalies 
linked to the wet and dry conditions across the humid trop-
ics, the Atlantic impacts are quite inconsistent, and non-
symmetrical. An ensemble-mean of 24 CMIP6 models fails 
to reproduce these patterns, representing a key challenge for 
seasonal climate prediction and climate change projections 
over the humid tropical regions.

The CMIP6 ensemble reproduces the observed La Niña 
(El Niño) link to extreme wet (dry) conditions over the 
Amazon and Maritime continent, although the simulated 
SST anomalies are smaller than the observations. In con-
trast, the observed signs of SST anomalies in the tropical 
Pacific and Indian Oceans associated with the Congo basin 
are reversed in the CMIP6 ensemble. The modelled occur-
rences of extreme wet and dry conditions over the Congo 
basin are tied to the Atlantic Niño variability. This strong 
connection can be explained by warm SST biases over the 
Benguela-Atlantic Niño complex (Davey et al. 2002; Rich-
ter and Tokinaga 2020; Farneti et al. 2022) and wet biases 
over the tropical Atlantic extending over the Congo basin. 
There are also mean state biases in the Pacific and Indian 
Oceans such as the double ITCZ bias in the tropical Pacific 
(Mechoso et al. 1995; Tian and Dong 2020). Nonetheless, 
the simulated connections of the Amazon and Maritime con-
tinent to the Indo-Pacific variability are, nonetheless, gen-
erally more realistic in comparison to the Atlantic–Congo 
basin connection. Thus, model improvements for the humid 
tropics (particularly the Congo basin) will require a focused 
effort to correctly represent the region’s observed large-scale 
teleconnections to oceanic and atmospheric variability in the 
Pacific, Indian, and Atlantic Oceans.

4.2  Limitations and Outlook

The composite analyses are presented here based on simulta-
neous monthly data for the period 1930–2014. These results, 
therefore, represent the averages over an 85-year long time 
span during which phase relationships between the extreme 
wet and dry conditions, and potential forcing from the differ-
ent ocean basins may have undergone phase shifts. Indeed, 
all three humid tropical regions analyzed show some decadal 
modulations (Fig. 3a–c) that were not further investigated 
here. Moreover some relationships can only be detected 
when seasonality and time lags are taken into consideration. 
The representation of precipitation variability over humid 
tropics, including the roles of seasonality, and external forc-
ing, can vary substantially across the CMIP6 models (Eyring 
et al. 2021; Chiang et al. 2021; Baker and Spracklen 2022). 
Questions such as how these considerations may affect the 
patterns described here, as well as the mechanisms underly-
ing the inconsistent and non-symmetric Atlantic impacts, 
need to be investigated in further studies.

5  Summary and Policy Implications

5.1  Summary and Concluding Remarks

• The 6-month SPI is associated with coherent wet and 
dry patterns over the humid tropical regions (Amazon 
basin, Congo basin, and Maritime continent), with strong 
interannual variability and some potentially decadal 
modulations. The occurrences of extreme dry conditions 
(SPI ⋜ − 1.5) generally exceed those of the wet conditions 
(SPI ⋝ + 1.5) over all three regions.

• The observed extreme wet conditions are consistently 
linked to La Niña-type patterns, whereas the extreme 
dry episodes are associated with El Niño-type patterns in 
the tropical Pacific. Specifically, the Amazon and Mari-
time continent wet (dry) conditions are associated with 
CP (EP) La Niña (El Niño) SST anomalies. The Congo 
basin extreme conditions tend to be associated with EP 
patterns. The amplitudes of the La Niña/El Niño SST 
anomalies differ markedly among the regions, being gen-
erally small and uncertain in some datasets for the Congo 
basin.

• Beyond the La Niña/El Niño, all regions are also associ-
ated with significant SST anomalies in the tropical Indian 
and Atlantic Oceans, pointing to the important roles of 
ocean basins interactions. The extreme wet (dry) condi-
tions over the Amazon are associated with homogeneous 
cold (warm) SST anomalies in the tropical Indian Ocean 
and negative (positive) ADO phases, whereas the warm 
tropical Indian Ocean pattern is linked to both the wet 
and dry conditions over the Maritime continent. Strik-
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ingly, while the Pacific and Indian Oceans exhibit con-
sistent SST anomalies linked to the wet and dry condi-
tions across the humid tropics, the Atlantic impacts are 
quite inconsistent, and non-symmetrical.

• The Congo basin and Maritime continent exhibit non-
symmetrical response to the tropical Indian and Atlan-
tic Oceans. While the extreme wet conditions over the 
Congo basin are linked to cold tropical Indian Ocean 
patterns, the SST anomalies during the extreme dry con-
ditions are not different from zero. The extreme wet con-
ditions over the Maritime continent are associated with 
the Atlantic Niño but no significant SST anomalies in the 
Atlantic Niño region during the dry conditions.

• The extreme wet and dry conditions over the humid 
tropics are linked to the SST anomalies through fluctua-
tions of the mean Walker Circulation especially in the 
Indo-Pacific region particularly over the Amazon basin 
and Maritime continent, modulated by the Indian and 
Atlantic Oceans. The Congo basin exhibits smallest con-
nection to large-scale ocean–atmosphere in the tropical 
Pacific and is potentially mostly influenced by the SST in 
the Indian and Atlantic Oceans as well as diabatic heating 
over the Atlantic-African-Indian region.

• Consistent with observations, the extreme wet conditions 
over the Amazon basin and Maritime continent are linked 
to CP La Niña-type SST anomalies in an ensemble of 24 
CMIP6 models. The extreme dry episodes are also asso-
ciated with CP El Niño-type SST anomalies, which is 
inconsistent with observations. The extreme wet/dry con-
ditions over the Congo basin are associated with Atlantic 
Niño/Niña variability whereas the observed Pacific links 
are not seen in the CMIP6 multi-model ensemble. The 
CMIP6 ensemble fails to simulate the observed Atlantic 
SST anomalies associated with the extreme conditions 
over the humid tropics.

• Climate model biases play important roles in the simula-
tion of the relationship between extreme wet/dry condi-
tions and SST variability. More specifically, warm SST 
biases in the eastern tropical Atlantic are linked to wet 
biases in precipitation extending over the Congo basin 
(see Fig. 9b). This represents a too southerly position of 
the ITCZ, thereby tying the Congo basin to the Atlantic 
Niño/Niña variability, in the CMIP6 ensemble.

5.2  Policy Implications

This study provides an assessment of the mechanisms driv-
ing precipitation extremes over the humid tropical regions, 
using the 6-month standardized precipitation index, which 
reflects variations in meteorological and soil moisture con-
ditions. The findings are particularly relevant for the eco-
systems, agriculture, and public utilities. We conclude that 
the accurate simulation of precipitation variability over the 

humid tropical regions in state-of-the-art climate models 
remains a key challenge, most notably over the Congo basin. 
This calls for the improvements of the seasonal climate pre-
diction models to address the model biases identified in this 
study, such as the too strong Atlantic cold tongue-Congo 
basin coupling as well as the region’s weak teleconnections 
to the Indo-Pacific in our multi-model ensemble. The same 
is true of the asymmetrical impacts of oceanic influences on 
different humid tropical regions.

Generally speaking, the humid tropics are considered 
data-scarce regions (e.g., Washington et al. 2006), with par-
ticularly low gauge density per grid-cell during the recent 
decades as shown in Fig. 1e. Thus, enhanced observational 
systems and internationally-coordinated efforts to reduce the 
time-lapse before the observations are included in the global 
archives (Becker et al. 2013) are necessary to address this 
gap. This study suggests possible low-frequency modula-
tions of the extreme precipitation conditions, with potential 
implications for long-term climate change. Specifically, the 
interactions of such modulations with externally-forced cli-
mate change, and the weaknesses of the current generation 
of state-of-the-art climate models highlighted in this study 
must be carefully considered in climate change adaptation 
policies for the affected countries.
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