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by El Niño-Southern Oscillation (ENSO) and North Atlan-
tic Oscillation (NAO), driven and sustained by the Wind-
Evaporation-SST (WES) feedback mechanism, and related 
to the latent heat flux anomalies caused by weakening of the 
northeast trade winds(Chang et al. 1997; Czaja et al. 2003; 
Jiang and Li 2019). ENSO triggers the Pacific-North Ameri-
can (PNA) pattern(Enfield and Mayer 1997), inducing tro-
pospheric heating(Chang et al. 2006) and anomalies in the 
Hadley circulation(Wang 2004). This leads to reduced evap-
oration and latent heat flux from the ocean surface, causing 
anomalous warming of the NTA SST. On the other hand, 
the negative phase of the NAO weakens the subtropical 
high, inducing anomalous southwesterlies over the NTA. 
Consequently, this weakens the northeast trades, reduces 
upward latent heat flux from evaporation, and contributes 
to the anomalous warming of SST(Czaja et al. 2003). As 
mentioned above, previous studies on NTA warming have 
primarily focused on oceanic and atmospheric factors, such 
as ENSO and NAO, while paying little attention to the role 
of Land-Atmosphere (L-A) coupling factors.

Soil Moisture (SM) is a key factor for L-A 
coupling(Seneviratne et al. 2006; Song et al. 2019; Yang et 
al. 2018a). The interaction between SM and the atmosphere, 
known as Soil Moisture-Atmosphere (SM-A) feedback, has 
significant impacts on various climatic factors, including air 

1  Introduction

The North Tropical Atlantic (NTA) Sea Surface Temperature 
(SST) anomaly exerts a significant impact on the climate 
variability over the surrounding areas(Ham et al. 2013; Huo 
et al. 2015; Wang et al. 2006). It can induce alterations in 
the formation and paths of tropical cyclones and hurricanes 
and affect the spatial distribution of precipitation and tem-
perature in the Northern Hemisphere(Chen et al. 2020; Jin 
and Huo 2018). The warming of NTA SST is mainly forced 
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temperature, precipitation, atmospheric boundary layer sta-
bility, and even large-scale atmospheric circulation anoma-
lies. This influence extends beyond local areas, as changes 
in SM can impact surface energy balance and water vapor 
transport, thereby influencing atmospheric conditions on a 
larger scale(Cook et al. 2006; Eltahir 1998; Seneviratne et 
al. 2010; Yang et al. 2018a). The impact of SM variabil-
ity and its role in L-A coupling is particularly pronounced 
in regions known as hotspots(Qiao et al. 2021). One such 
hotspot is the Amazon rainforest, rich in soil water content, 
one of the largest tropical rainforests and strongest L-A cou-
pling regions in the world, that is adjacent to the NTA ocean. 
The active high evapotranspiration in the Amazon rainfor-
est modulates local atmospheric water cycle and energy 
balance, consequently impacting atmospheric circulation 
pattern(Lejeune et al. 2015; Nobre et al. 2009). In recent 
decades, Amazon rainforest has faced significant drought 
risks, primarily due to large-scale deforestation caused by 
human activities(Nobre et al. 2016). SM serves as a crucial 
indicator of drought conditions in the Amazon, as it reflects 
the availability of water in the soil, which directly affects 
plant growth and vegetation in the rainforest. Understand-
ing the local climate impact of deforestation and drought 
in the Amazon is one of the primary focuses of the cur-
rent literature. For example, deforestation in the Amazon 
leads to surface temperature warming and drought(Alves 
de Oliveira et al. 2021), diminishing the rainforest’s abil-
ity to sequester carbon and potentially turning them into 
carbon sources(Gatti et al. 2021). Moreover, the decreased 
SM in the Amazon inhibits evaporation, resulting in higher 
temperatures(Geirinhas et al. 2022) and impacting carbon 
flux (Levine et al. 2019). However, the remote effects of 
the Amazon rainforest, especially on the ocean, remain a 
significant gap in the literature. Considering the geographic 
proximity between the Amazon rainforest and the NTA, the 
influence of the Amazon rainforest changes on the NTA 
remains undetermined and warrants further investigation.

Recent research has emphasized the significant impact 
of atmospheric and oceanic factors on the NTA SST 
anomaly(Amaya et al. 2017; Yang et al. 2018b). How-
ever, the influence of land surface factors on SST variabil-
ity remains poorly understood in the existing literatures. 
Meanwhile, Amazon rainforest, neighboring the NTA, has 
experienced frequent drought events(Boulton et al. 2022; 
Jiménez-Muñoz et al. 2016). The change in atmospheric 
circulation caused by variations in Amazon Soil Moisture 
(ASM) is likely to induce changes in NTA SST through land-
atmosphere-ocean interaction. Studying the impact of ASM 
on NTA SST variability will provide a novel perspective on 
the role of SM, a land-atmosphere factor, in SST variability. 
This will contribute to a more comprehensive understanding 
of the mechanisms and characteristics of SST variability, 

enhance our comprehension and predictive capacity con-
cerning climate change, and facilitate a better understanding 
of the interactions and impacts between crucial ecosystems 
and marine systems, thus enabling improved forecasts of 
future climate change and ecosystem shifts.

2  Data and method

2.1  Data

In this study, the sea surface temperature data is derived 
from Extended Reconstructed SST version 5 (available at 
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html) 
(Huang et al. 2017). The atmospheric data for sea level 
pressure, precipitation, vertical velocity, surface winds are 
derived from the ECMWF reanalysis, ERA5(Hersbach et 
al. 2020). Compared with the previous versions, the ERA5 
product shows a significant improvement in representing the 
variability and magnitude of near-surface air temperature 
and wind fields. The surface heat flux data are also derived 
from the ERA5 product, and the latent heat flux is defined to 
be positive upward in this study. All data are employed and 
analyzed for the period 1983–2019.

The monthly soil moisture data for global terrestrial sur-
faces is derived from the Terra Climate(Abatzoglou et al. 
2018), which is a combination of the CRU TS climate data 
set (Climatic Research Unit gridded Time Series) World 
Climdata set and the JRA data set (available at wwwclima-
tologylab.org/terraclimate.html). The Terra Climate dataset 
is based on station and reanalysis data and is available from 
1958 to present. The dataset has a rather high resolution at 
4 km, which is then conformed to T63 grids (1.88° × 1.88°) 
to match the resolution of atmospheric data. We also use 
the top layer of soil moisture dataset from ERA5 for com-
plementary validation. To describe the drought, we also 
use the Palmer Drought Severity Index (PDSI)(Dai 2011) 
(available at https://climatedataguide.ucar.edu/climate-data/
palmer-drought-severity-index-pdsi) as a supplement to soil 
moisture.

This study uses the historical simulation of coupled mod-
els of the Coupled Model Intercomparison Project Phase 6 
(CMIP6), which is based on the historical atmospheric radia-
tive forcing fields (e.g., greenhouse gases and volcanic aero-
sols, etc.). Table S1 summarizes the CMIP6 models used 
in this study (available at https://esgf-index1.ceda.ac.uk/
search/cmip6-ceda/). In this study, only the first ensemble 
member (i.e., r1i1p1) run of each model is used and the 
analysis is performed for the period 1980–2014 for all mod-
els. A large number of ensemble members are provided by 
the CMIP6 project, which have different variant labels (a 
label constructed from 4 indices stored as a global attribute) 
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based on realizations (r), initialization (i), physics (p), and 
forcing (f) indices. These indices are used to identify each 
simulation of an ensemble contributed by a single model. 
This study selected the first available ensemble member of 
the historical simulation of each model, with a variant label 
of r1i1p1f1. Although a few of the CMIP6 models have 
more than one ensemble member, we use a single member 
(r1i1p1f1) for each model for fair comparisons. The use of a 
single run for each model assures an equal weight for differ-
ent CMIP6 models and the model performance is evaluated 
based on the r1i1p1f1 run of different CMIP6 models.

2.2  Definitions of various indices

In this study, to describe the variability of SST in NTA, 
the NTA SST index is defined as the averaged SST in the 
region of (0°–15°N, 80°W–10°W) in the North Tropical 
Atlantic. The ASM index and APDSI index are defined 
as the averaged soil moisture and PDSI in the region of 
(5°S–5°N, 65°W–45°W) in the Amazon. The Niño3.4 
index, the most commonly used index to represent ENSO 
intensity, is defined as the average of SST anomalies over 
the Niño3.4 region (5°S‒5°N, 170°W‒120°W). The NAO 
index is defined as the principal component (PC) time series 
of the first Empirical Orthogonal Function (EOF) of SLP 
anomalies over the Atlantic sector (0°–90°N, 90°W–30°E). 
The IOD index is defined as the SST anomaly differences 
between the western (10°S–10°N, 50°E–70°E) and south-
eastern (10°S–0°, 90°E–110°E) tropical Indian Ocean(Saji 
et al. 1999).

2.3  Experimental design

In this study, the numerical experiments are conducted 
using ICTPGCM model to isolate the atmospheric and 
oceanic response to the reduction of SM in Amazon. The 
atmospheric component called Simplified Parameteriza-
tions, Primitive-Equation Dynamics (SPEEDY) is an atmo-
spheric general circulation model (AGCM) developed by 
ICTP (Kucharski et al. 2006). The SPEEDY is intermedi-
ate, which contains eight vertical levels and adopts a hori-
zontal resolution of T30 (3.75° × 3.75° grid). The model 
includes basic components of physical parameterizations 
used in more complex GCMs, such as convection (a sim-
plified mass flux scheme), large-scale condensation, clouds, 
short-wave radiation (two spectral bands), long wave radia-
tion (four spectral bands), and vertical diffusion. The land 
surface model is coupled to the atmospheric component of 
the ICTPGCM, which allows for the exchange of energy, 
water, and momentum between the land and atmosphere. 
The model has certain simulation capabilities for climate 

and land surface physics process, which has been widely 
used in global climate change research(Gore et al. 2020).

This study employs a Slab Ocean Model (SOM) as the 
ocean component within the ICTPGCM (Kucharski et al. 
2016). This choice aligns with prior findings (Foltz et al. 
2013; Rugg et al. 2016) highlighting the dominant role of 
mixed-layer thermodynamics in driving NTA SST warming. 
Consequently, the SOM’s focus on these processes renders 
it a well-suited and computationally efficient tool for SST 
simulation within this context. In the SOM, the depth (d0) 
of the mixed layer is constant throughout the whole simu-
lation period, varying between 60 m (d0max) in the extra 
tropics and 40 m (d0min) in the tropics. The climatological 
annual-averaged mixed layer depth is geographically vary-
ing, generally shallow in the tropics and deep in mid-high 
latitudes. Besides, a heat flux correction is applied to clima-
tological SST for the SOM and the mixed-layer temperature 
variation is derived from the integration of the net heat flux 
into the ocean (the sum of surface shortwave and longwave 
radiation and sensible and latent heat flux; all fluxes anoma-
lies are defined as positive downward(Sun et al. 2017).

We designed two sets of experiments to isolate the cli-
matic impact of decreased soil moisture: a control experi-
ment (CTRL) and a sensitivity experiment (SM_Neg). In 
both experiments, prescribed soil moisture is imposed 
within a defined domain (5°S–5°N, 65°W–45°W) at each 
time step. Outside the domain, climatological monthly vary-
ing soil moisture is applied to the land surface to ensure that 
the difference in soil moisture between the two experiments 
was confined to the Amazon region, highlighting the impact 
of soil moisture drying in the Amazon. CTRL: The available 
soil moisture (both top soil layer and root zone) is prescribed 
using a monthly climatology. SM_Neg: The available soil 
moisture in the top soil layer is prescribed as the climatol-
ogy superimposed with an anomaly term. This anomaly is 
defined as the product of the observed linear trend value, a 
37-year time range (1983–2019) and a scaling factor. The 
difference between the SM_Neg and CTRL experiments 
isolates the climatic effect of decreased soil moisture over 
the Amazon region. The CTRL and SM_Neg experiment 
are integrated for 50 year of which the first 30 year are dis-
carded. The scaling factor of five is used to make sure that 
the model produces steady and strong enough responses to 
the SM forcing with short integrations. The atmospheric and 
oceanic responses to the ASM forcing is defined as the dif-
ference between the ensemble means of the sensitivity and 
control runs scaled by a factor of 1/5.

2.4  Statistical analysis

To assess the statistical significance of differences in win-
ter NTA SST following anomalously dry ASM conditions, 
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To exclude a control variable’s influence, we use partial 
correlation analysis to test the correlation between two vari-
ables so that the linear effects from the control variable are 
removed(Aloe 2014). The equation is as follows [Eq. 3]:

R =
R12 − R13R23√

(1−R2
13) (1− R2

23)
� (3)

where R12、R13 and R23 represent the correlation coefficients 
between X1 and X2, X1 and X3, and X2 and X3, respectively. R 
represents the partial correlation coefficient between X1 and 
X2 when X3 is the control variable.

This study uses a two-tailed Student’s t-test to test the 
statistical significance of the linear correlation analysis 
between two autocorrelated series. The effective number of 
degrees of freedom is calculated by [Eq. 4]:

1

Neff
≈ 1

N
+

2

N

∑ N

j=1

N − j

N
ρ XX (j) ρ Y Y (j)� (4)

where N is the sample size, ρ XX (j)is the autocorrelation of 
the series X at the time of sampling, ρ Y Y (j) is for the series 
Y , and j is the time lag(Li et al. 2013).

3  Results

3.1  The cross-seasonal connection between ASM 
and NTA SST

The NTA (0°–15°N, 80°W–10°W) is one of the crucial 
zones for SST variability in the Tropical Atlantic(Handoh 
et al. 2006). NTA SST warming typically develops in win-
ter (DJF) and peaks in the following spring (MAM)(Bates 
2008). We calculate trends and time series for global SST 
across four seasons (Fig. S1). Spatiotemporal patterns show 
that the NTA region experiences the most rapid winter 
warming (0.021 °C /yr, p < 0.05) compared to other global 
oceanic regions, surpassing the warming rate of the global 
average SST (0.011 °C /yr, p < 0.05) during the same period, 
as well as the warming rates observed in the Tropical Pacific 
and Indian Oceans at the same latitudes (Fig. 1). It is widely 
acknowledged that the increase in greenhouse gas concen-
trations in the atmosphere is the primary driver contributing 
to the overall warming in SST(Cheng et al. 2022). There-
fore, internal variability may play an important role in the 
rapid warming trend observed in DJF NTA SST.

The Amazon rainforest, bordering the NTA, has signifi-
cant impacts on internal climate variability, with frequent 
droughts over the past few years(Jiménez-Muñoz et al. 2016; 
Marengo et al. 2008, 2011). SM and Palmer Drought Sever-
ity Index (PDSI) are important indicators for monitoring 

we employ a bootstrap resampling method (Austin and Tu 
2004). The 15 values of the winter NTA SST anomaly index 
for wet autumn ASM anomaly (ASM anomaly > 5 mm) and 
15 values of the winter NTA SST anomaly index for dry 
autumn ASM anomaly (ASM anomaly <−5 mm) in obser-
vations are resampled randomly to construct 10,000 real-
izations of the NTA SST anomaly index, respectively. We 
calculate the s.d of the 10,000 realizations of mean value for 
the two groups, and if the mean value difference between 
the two groups is greater than the sum of the doubled s.d. 
values, the difference is considered statistically significant 
above the 95% confidence level.

In this study, Multiple Linear Regression (MLR) statisti-
cal method(Krzywinski and Altman 2015) is used to deter-
mine the skill of the forcing factor to reproduce the NTA 
SST and to explain the contribution. MLR is widely used for 
analyzing the relationship between a dependent variable and 
two or more independent variables by fitting a linear equa-
tion. It has commonly employed in climate impact analysis 
(Folland et al. 2018). In this study, the ordinary linear least 
squares (LLS) regression is used to estimate the coefficients 
of the independent variables. LLS regression works by 
minimizing the sum of squares of residuals between obser-
vations and the predicted values obtained from the linear 
equation. MLR model can be written as [Eq. 1]:

Y = β 0 + β 1X1 + β 2X2 + · · · + β nXn + ε � (1)

where Y  is the dependent variable, Xi  are independent vari-
ables, β i  are parameters, ε  is the error. The regression equa-
tion is estimated such that the total sum of squares (SST) 
can be partitioned into components due to regression (SSR) 
and residuals (SSE). The explanatory power of regression is 
summarized by the coefficient of determination R2, which is 
ranges from 0 to 1 and calculated from the sum of squares 
terms [Eq. 2]:

R2 =
SSR

SST
= 1− SSE

SST

SST =
∑ n

i=1

(
Yi −

−
Y i

)2

SSR =
∑ n

i=1

(
Ŷi −

−
Y i

)2

SSE =
∑ n

i=1

(
Yi − Ŷi

)2

� (2)

In this study, we also use common statistical methods such 
as regression analysis, correlation analysis, and partial cor-
relation analysis. Using the least square method(Agami 
Reddy 2011), we calculate the linear trends of time series. 
Using the Theil-Sen trend estimation method(Sen 1968), 
we calculate the trends of data. Since the data used in this 
paper are all monthly data, the significance test of the cor-
relation coefficient used is the t-test with effective degrees 
of freedom.
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SST and global SM. As shown in Fig. 3a the DJF NTA SST 
exhibits significant negative correlation with ASM in the 
preceding season. To further investigate this relationship, 
we calculate the NTA SST index and compared it with the 
ASM index and Amazon PDSI (APDSI) index (Fig.  3b). 
Bootstrap method is employed to detect whether the winter 
NTA SST exhibits significant differences following anoma-
lously dry autumn soil moisture conditions over Amazon. 
The results indicate that when a negative anomaly occurs 
in autumn Amazon soil moisture, a warm anomaly typically 
emerges in the following winter NTA SST (Fig. 3c). The cor-
relation coefficient between the NTA SST and ASM reaches 
−0.54 (p < 0.05), with ASM leading by one season. This 
relationship remains prominent (r = −0.47, p < 0.05) even 
after removing long-term trends. Similarly, the correlation 
coefficient between the NTA SST and APDSI reaches −0.52 

drought conditions(Mika et al. 2005). The soils prevalent 
in the Amazon region has high water content, especially 
over the eastern Amazon region (5°S–5°N, 65°W–45°W) 
(black box in Fig. 2a) with strong L-A coupling(Gerken et 
al. 2019). Analysis of ASM trends reveals that the Amazon 
region experiences a more pronounced rate of droughts dur-
ing autumn (SON) compared to other seasons (Fig. 2b and 
Fig. S2). Furthermore, the PDSI in the Amazon also demon-
strates a significant decline trend during autumn, surpassing 
the rates observed in other seasons (Fig. S3).

The result mentioned above highlights that the Amazon 
experiences the most severe drought during autumn while 
the adjacent NTA experiences rapid warming during the fol-
lowing winter. This prompts the question of whether there 
is connection between these two phenomena. Consequently, 
we compute the lead-lag correlations between DJF NTA 

Fig. 2  Trend of ASM. (a) is the 
annual mean SM (mm) for the 
period 1983–2019. (b) is the 
ASM time series for MAM, 
JJA, SON, DJF for the period 
1983–2019. The dashed red lines 
represent the trend. The ASM is 
defined as the weighted average 
of SM in the regions of (black 
box in the figure, 5°S–5°N, 
65°W–45°W), respectively. ** 
represents slope is significant at 
p < 0.05

 

Fig. 1  Trend of NTA SST. (a) is the trend in observed DJF SST for 
the period 1983–2019. The blue boxes represent the defined NTA (0°–
15°N, 80°W–10°W, regions of interest to the study), North Tropical 
Indian (NTI, 0°–15°N, 50°E–100°E), North Western Tropical Pacific 
(NWTP, 0°–15°N, 120°E–180°E), North Central Tropical Pacific 
(NCTP, 0°–15°N, 170°W–130°W), and North Eastern Tropical Pacific 
(NETP, 0°–15°N, 120°W–80°W) areas respectively. (b) are the trend 

values in observed SST (units: °C) in Tropical (0°–15°N, 0°–360°), 
NTA, NTI, NWTP, NETP, and NCTP for DJF in during 1983–2019. ** 
represent the slope is significant at p < 0.05. (c) is the global mean SST 
(°C) anomaly time series and DJF NTA SST (°C) anomaly time series 
for the period 1983–2019. The NTA SST is defined as the weighted 
average of SST in the regions of (0°–15°N, 80°W–10°W). The dotted 
shading indicates the trend is significant at the 95% confidence level
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pre-2000 correlation (r = −0.53, p < 0.05), remains statisti-
cally significant. These findings underscore the robustness 
of the observed relationship between ASM and NTA SST, 
independent of the specific time period analyzed. Based on 
the analysis above, we may infer that the warming of DJF 
NTA SST is closely linked to the reduction of ASM in the 
preceding season. The SON Amazon drought may amplify 
the warming of DJF NTA SST.

Previous research indicates that the warming of NTA 
SST is also associated with ENSO and NAO on interan-
nual time scales (Czaja et al. 2002). Thus, it is crucial to 
examine whether the NTA-Amazon connection is inde-
pendent of ENSO and NAO. By employing sliding corre-
lations, as depicted in Fig. S4, the results reveal that both 
concurrent and lagged relationships between ENSO, NAO, 
and DJF NTA SST are relatively weak compared to SON 
ASM. Furthermore, there is no discernible trend observed in 
ENSO and NAO. Specifically, there is a robust relationship 
between ENSO and spring NTA SST via complex air-sea 
coupling ENSO(Amaya and Foltz 2014; Huang 2004), but 

(p < 0.05), and the relationship also remains prominent (r = 
−0.48, p < 0.05) after removing long-term trends. The inter-
annual variations of NTA SST and ASM (APDSI) exhibit 
inversed changes from 1983 to 2019, with high SST values 
corresponding to low SM and PDSI values in most years. 
Moreover, NTA SST and ASM exhibit significant opposite 
trends, with NTA SST showing increasing trend and ASM 
showing declining trend. Employing the Pearson correlation 
coefficient formula, we calculate the separate contributions 
of ASM and NTA interannual and trend components to the 
observed negative correlation. The interannual component 
accounts for 56% of the relationship between SON ASM 
and DJF NTA, while the trend component contributes the 
remaining 44%. During the analysis period, the magni-
tude of the anomalous decrease in SON ASM post-2000 is 
larger than pre-2000. We further calculated correlation coef-
ficients (after removing long-term trends) between SON 
ASM and DJF NTA SST for the two periods: pre-2000 and 
post-2000. The post-2000 correlation (r = 0.38) between 
SON ASM and DJF NTA SST, although weaker than the 

Fig. 3  Lead-lag relationship between the ASM and NTA. The 
detrended correlation map of the SON Amazon (black box in the fig-
ure, 5°S–5°N, 65°W–45°W) SM index with (a) DJF SST (blue and 
red color in the figure). The detrended correlation map of the DJF 
NTA (0°–15°N, 80°W–10°W) SST index with (a) SON SM (brown 
and green color in the figure). (b) is the corresponding time series of 
DJF NTA SST index, SON ASM index and SON APDSI index for the 
period 1983–2019. They are defined as the weighted average of SST in 
the regions of (0°–15°N, 80°W–10°W), the weighted average of SM 
and PDSI in the regions of (5°S–5°N, 65°W–45°W), respectively. The 

dotted shading indicates the correlation is significant at the 95% con-
fidence level. (c) is the histogram of 10,000 realizations of the boot-
strap method for the winter NTA SST anomaly indices of the preceding 
autumn ASM anomaly. Vertical red and blue lines indicate the mean 
values of 10,000 inter-realizations for the winter NTA SST index after 
autumn ASM dry and wet anomaly, respectively. Gray shaded regions 
indicate the respective doubled standard deviations (SDs; the 95% 
confidence interval based on the normal distribution) of the 10,000. If 
the gray shaded regions do not overlap each other, then the statistical 
significance is above the 95% confidence level
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process by which the SM influences the atmosphere(Eltahir 
1998; Findell and Eltahir 1997). Fig. S7c and d demonstrate 
positive correlations between SM and precipitation, as well 
as evaporation. The decreased ASM leads to simultaneous 
reductions in evaporation and moisture convergence in the 
lower atmosphere, resulting in diminished water vapor in 
the atmosphere and subsequently reduced the precipita-
tion. The soils cannot be replenished adequately by rainfall, 
perpetuating the decline in SM, and establishing a positive 
feedback loop that sustains the ASM anomaly. The posi-
tive L-A feedback mechanism played a significant role in 
the persistence of the ASM anomaly, which subsequently 
influences winter precipitation and atmospheric circulation 
patterns.

We calculate the lagged regression of the SON ASM 
with atmospheric circulation in DJF. The regression map, 
depicted in Fig. 4a, shows that the decrease in SON ASM 
leads to reduced precipitation not only over land but also 
over the Tropical Atlantic Ocean at the same latitude, weak-
ening the winter Intertropical Convergence Zone (ITCZ) 
over the Tropical Atlantic. The decrease in SON ASM also 
triggers anomalous subsidence and weakening of the win-
ter Hadley circulation across the Tropical Atlantic Ocean 
(Fig.  4b). This demonstrates that decreased ASM through 
the local L-A feedback induces alterations in the overall 
Tropical Atlantic atmospheric circulation. Similar findings 
and conclusions have been reported in previous studies. The 
variability of SM significantly contributes to the climate 
changes in tropical regions through L-A feedback(May et 
al. 2015). As SM decreases, surface evaporation weakens, 
resulting in a reduction of atmospheric relative humidity and 
instability, which in turn suppresses convection and upward 
motion(Dong et al. 2022; Liu et al. 2022). The weakened 
Hadley circulation further causes anomalous southwesterly 
winds (Fig. 4c), which weaken the background northeast-
erly trade winds over the Northern Hemisphere tropics. The 
weakened wind stress inhibits latent heat release, contrib-
uting to SST warming in the NTA region (Fig.  4d). This 
process aligns with the WES feedback mechanism. The 
SON NTA SST has a weak relationship with the winter 
Tropical Atlantic atmospheric circulation (Fig. S8). There-
fore, the influence of SON NTA SST on the winter tropi-
cal Atlantic atmospheric circulation is not considered. As 
mentioned above, Hadley circulation anomalies induced 
by Amazon drought are critical for causing SST warming 
by suppressing latent heat release from the ocean via WES 
feedback. Previous studies have demonstrated that the key 
regions of land-atmosphere interaction, including the Ama-
zon, exhibit strong land -atmosphere coupling especially in 
autumn(Yuan et al. 2023). The ITCZ over the NTA resides 
above the Amazon during winter. Therefore, a reduction 
in autumn Amazon soil moisture can significantly induce 

the simultaneous relationship with the winter NTA SST is 
remarkably weak, suggesting that ENSO has minimal direct 
influence on winter NTA SST warming. Consequently, 
ENSO and NAO cannot account for the warming of DJF 
NTA SST, nor do they contribute to the warming trend of 
DJF NTA SST. As shown in Fig. S5, after removing the win-
ter and autumn ENSO signal respectively, the correlation 
between NTA SST and ASM is still prominent (r = −0.45 
and r = −0.41), thereby indicating that the NTA-Amazon 
connection is statistically independent of ENSO. Further-
more, after removing the winter NAO signal, the correla-
tion between NTA SST and ASM remains prominent (r = 
−0.53), suggesting that the NTA-Amazon connection is also 
statistically independent of the NAO. It is worth noting that 
the DJF NTA SST may be influenced by SST in the preced-
ing season due to SST persistence. The relationship between 
SON ASM and NTA SST is significant leading by one sea-
son, while the relationship with SON NTA SST is weak (r = 
−0.28, Fig. S6), suggesting that the changes in SON ASM 
are not influenced by the NTA during the same period. After 
removing the SON NTA SST signal, a significant correla-
tion between NTA SST and ASM remains (r = −0.55). Pre-
vious studies also proposed that the positive phase of Indian 
Ocean Dipole (IOD) leads to westerly anomalies over the 
Tropical Atlantic, weakening the easterly trade winds and 
inducing a warm SST anomaly(Zhang and Han 2021). Nev-
ertheless, even after removing the IOD signal, a significant 
correlation between NTA SST and ASM still exists (r = 
−0.49). As mentioned above, the relationship between NTA 
SST and ASM is shown to be independent of ENSO, NAO, 
IOD and SON SST, indicating a robust connection during 
the analyzed period. Further investigation is necessary to 
understand the underlying mechanisms.

3.2  The physical process associated with the 
influence of ASM on NTA SST

The feedback between SM and the atmosphere may play 
an important role in the connection between SON ASM 
and DJF NTA SST. SM usually has a memory of several 
months and is capable of retaining a wet or dry anomaly 
over an extended period, which is a key component of L-A 
interactions(Seneviratne et al. 2006). Fig. S7a and b shows 
the time series and correlation analysis reveal a significant 
correlation and consistent changes in ASM during SON and 
DJF (r = 0.71, p < 0.05). The ASM in DJF also showed a 
decreasing trend in winter. This implies that ASM anoma-
lies in SON can persist into DJF. SM changes atmospheric 
circulation by affecting the land surface energy and water 
balance(Seo and Ha 2022). The Soil Moisture-Precipita-
tion (SM-P) positive feedback mechanism allows the SM 
to persist over a certain period, and it is also an important 

1 3

9383



W. Lou et al.

coefficients between the SON ASM index and DJF NTA 
SST index in the CMIP6 models (Fig. S10b). Among the 
simulation results, the ACCESS-CM2 model exhibits the 
highest similarity to observations, displaying both the high-
est correlation coefficients and the best spatial pattern cor-
respondence between the two variables. In addition to the 
ACCESS-CM2, the FGOALS-g3 model also demonstrates 
proficiency in simulating ASM-NTA SST connection.

To comprehend the mechanism behind the SM-induced 
SST warming, the corresponding Hadley circulation and heat 
fluxes in the simulations of the CMIP6 models are analyzed. 
Based on the results of the model evaluation, we specifi-
cally focused on ACCESS-CM2 to examine the ASM-NTA 
SST connection. We examine the simulated lagged corre-
lation between the SON ASM index and the DJF SST in 
ACCESS-CM2. As shown in Fig. S11a, the lagged response 
of the NTA SST to the SON ASM forcing remained sig-
nificant. Furthermore, the model results indicates that simu-
lated SON ASM can persist into DJF (Fig. S11b). As shown 
in Fig.  5a, consistent with the observation, the decreased 
SON ASM reduces the winter precipitation and weakens 
winter ITCZ across the Tropical Atlantic Ocean through the 
local L-A feedback. The CMIP6 models also replicate the 
observed anomalies in the winter Hadley circulation and 
sea surface heat flux (Fig. 5b and d). The decreased ASM 
weakens evaporation and thus reduces water vapor trans-
port to the atmosphere, leading to a weakening of the hydro-
static instability in the troposphere, causing anomalous 

anomalous subsidence of Hadley circulation airflow, sub-
sequently leading to NTA SST warming through the WES 
feedback. In addition, we further carry out analysis by 
regressing sensible heat flux and net shortwave radiation 
onto the SON ASM index (Fig. S9). Decreased ASM causes 
less cloud cover over the Tropical Atlantic, allowing more 
solar shortwave radiation to directly reach the surface of the 
NTA ocean, thus leading to increased heat absorption and 
higher SST. The impact of sensible heat flux, however, is 
not significant.

3.3  Modeling evidence for the physical process of 
ASM-NTA SST connection

Global climate models are important tools for comprehend-
ing climate change, its causes, and future projections. The 
latest phase of the Coupled Model Intercomparison Project 
(CMIP), CMIP6, serves as a vital database for evaluating 
model performance in simulating historical and present cli-
mate change, as well as projecting future changes(Eyring 
et al. 2016). Previous researches demonstrate the CMIP6 
models’ ability to effectively replicate the cyclic varia-
tion characteristics of SM and the associated physical 
processes(Qiao et al. 2022). In this study, we further verify 
the lagged relationship and the physical mechanism con-
necting ASM and NTA SST using CMIP6 models. Fig. S10a 
presents the Taylor diagram illustrating the ASM-related 
NTA SST in CMIP6. We also calculate the correlation 

Fig. 4  The physical process of connecting ASM with NTA SST. To 
visualize the impact of the ASM reduction, all results are multiplied 
by minus one. Regression of the DJF (a) precipitation (units: mm/
day, shading), (b) meridional–vertical circulation anomalies aver-
aged between 80°W–20°W (vectors) and vertical velocity anomalies 
(units: Pa/s, shading), (c) surface pressure (units: hPa, shading) and 

850 hPa wind (units: m/s, vectors), and (d) Latent Heat Flux (units: 
W/m2, shading) with the SON ASM index for the period 1983–2019. 
Contours represent DJF-mean climatology. The Latent Heat Flux is 
defined to be positive upward. The dotted shading indicates the regres-
sion is significant at the 95% confidence level
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Tropical Atlantic Ocean during winter, following the reduc-
tion of SM in the Amazon region. The winter movement of 
the Hadley circulation simulated by the model is weakened, 
which is manifested by a strong updraft over the north of 
the equator, while the south of the equator is dominated by 
subsidence (Fig. 6b). The weakened Hadley circulation fur-
ther causes anomalous suppression of southwesterly winds, 
thereby inhibiting latent heat release and resulting in SST 
warming during DJF (Fig.  6d). These results are gener-
ally consistent with observation and CMIP6 simulations. 
Similar conclusions have also been reported by previous 
studies through experimental investigations. Tropical Ama-
zon rainforest deforestation leads to a decrease in regional 
evapotranspiration and precipitation, resulting in reduced 
moisture convergence and diminished upward motion, 
thereby weakening the Hadley circulation(Gedney and Val-
des 2000; McGuffie et al. 1995; Zhang et al. 1996). Conse-
quently, it is suggested that the Amazon drought weakens 
the Hadley circulation over the Tropical Atlantic and ampli-
fies the NTA SST warming.

3.4  A linear model for NTA SST warming

According to above analysis, it can be concluded that there 
is a strong connection between NTA SST and ASM, which 
is robust in both observations and model simulations. The 
lagged warming response of NTA SST to decreased SON 
ASM is noteworthy, and its underlying physical mechanism 
is illustrated in Fig.  7. The persistence of the SON ASM 
anomaly into the following season is facilitated by the posi-
tive L-A feedback, resulting in weakened ITCZ and Hadley 
circulation over the Tropical Atlantic Ocean in DJF. Conse-
quently, the weakened circulation induces a southwesterly 
wind anomaly, which hampers evaporation and suppresses 

subsidence and weakening the winter Hadley circulation 
over the Tropical Atlantic Ocean. As a result, the weakened 
Hadley circulation leads to anomalous southwesterly winds 
in the NTA, which are opposite in direction to the north-
easterly trade wind in the background flows (Fig. 5c). Con-
sequently, sea surface evaporation is prohibited, resulting 
in a significant decrease in surface latent heat flux, thereby 
contributing to the warming of NTA SST. Our comparisons 
of observations and modeled data reveal consistently strong 
responses in precipitation and the Hadley circulation to 
Amazon droughts. However, a southward bias is evident, 
potentially linked to systematic errors in model simulations. 
This bias manifests as a southward shift in the simulated 
climatological position of the ITCZ, which is mirrored by 
a southward displacement of the climatological Hadley cir-
culation. Despite exhibiting a southward bias in its mean 
state, the model captures the observed relationship between 
ASM and Hadley circulation strength (Fig. S12). In both 
simulation and observations, the decreased ASM leads to 
the weakening of the ITCZ and Hadley circulation over the 
tropical Atlantic. Overall, the physical mechanism repro-
duced in the ACCESS-CM2 aligns well with observations, 
providing credibility to the ASM-NTA SST connection. It is 
trustworthy that the physical mechanism of the ASM-NTA 
SST connection can be summarized as the Amazon drought 
weakening the Hadley circulation and further via WES 
effect amplifying the warming of the NTA SST.

To further validate the impact of the Amazon drought on 
NTA SST, we conduct sensitivity experiments by simulat-
ing the reduction of SM in Amazon using ICTPGCM model 
(SM_Neg, see methods) to observe changes in atmospheric 
circulation and SST. As shown in Fig. 6a and c, there is a 
significant warming of NTA SST, a significant decrease 
in precipitation and a weakening of the ITCZ across the 

Fig. 5  is same as Fig. 4, but for 
the simulation results of CMIP6 
model (ACCESS-CM2)

 

1 3

9385



W. Lou et al.

(r = 0.72, p < 0.05), demonstrating the strong reconstruc-
tion ability of the established multiple regression model. 
The reconstructed series effectively captures the peak val-
ues of NTA SST warming and corresponds well with the 
observation during the analysis period (Fig. 8). The trend 
of the reconstructed series is 0.016 °C/yr, capturing 80% of 
the observed NTA trend (0.021 °C/yr), with global warming 
contributing 2/3, and ASM contributing 1/3 of the trend. In 
the warming of DJF NTA SST, the external forcing factors 
GW have played a significant role, while among internal cli-
mate variability factors, the L-A coupling factor ASM makes 
a more prominent contribution than the atmospheric and 
oceanic factors. Furthermore, the trend of the reconstructed 
series is higher than the observed global average SST trend 
(0.011  °C/yr), suggesting that the Amazon drought does 

latent heat release, ultimately resulting in the warming of 
NTA SST. The WES feedback mechanism plays a role in 
causing the NTA SST warming. The increase in SST can be 
largely attributed to Global Warming (GW), as the ocean, 
being a significant heat reservoir, absorbs a considerable 
amount of heat, thereby causing a rise in SST(von Schuck-
mann et al. 2023). Thus, we reconstruct the yearly NTA 
SST series based on ASM and Global SST for the period 
1983–2019 [Eq. 5]:

NTADJF = a ∗ GWDJF + b ∗ ASMSON + c � (5)

where a, b, and c are coefficients. The correlation coefficient 
between the regression result and observed series is high 

Fig. 8  Multiple Linear Regression (MLR) models constructed based on 
ASM. The observed (blue) and reconstructed (red) SST series (units: 
°C) of the NTA using the MLR method (see Methods for details) for 
the period 1983–2019

 

Fig. 7  Schematic of mechanisms. Schematic summarizing the impact 
of ASM on NTA SST as described in this study. The blue arrows are 
surface wind anomalies. The orange and brown gradient arrows and the 
sun symbol represent the feedback processes between SM and atmo-
spheric. The red and blue circle is the SM reduced induces weakened 
Hadley circulation. See the main text for details of the mechanism

 

Fig. 6  Simulated results from the sensitivity experiments using ICT-
PGCM model for the winter season response to the reduction of the 
Amazon soil moisture. (a) SST (units: °C, shading), (b) meridional–
vertical circulation anomalies averaged between 80°W–20°W (vec-
tors) and vertical velocity anomalies (units: Pa/s, shading), (c) precipi-
tation (units: mm/day, shading) and (d) Latent Heat Flux (units: W/

m2, shading). Contours represent the DJF-mean climatology of CTRL 
experiment. The Latent Heat Flux is defined to be positive upward. 
The dotted shading indicates the regions where the results from the 
sensitivity simulations are significantly different from the control at 
the 95% confidence level
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nutrient-rich subsurface waters to the surface along the east-
ern boundary of the tropical North Atlantic (Tomczak and 
Godfrey 1994). Therefore, future studies will involve more 
comprehensive experiments to isolate the specific roles of 
mixed-layer thermodynamics and internal ocean dynam-
ics. Additionally, the CMIP6 simulated relationships of 
ASM with NTA SST and relevant atmospheric circulation 
are model dependent, and in some CMIP6 models are rela-
tively weaker. This highlights the substantial uncertainty in 
the ability of models to simulate the interactions between 
soil moisture and large-scale atmospheric circulation. This 
also underscores the need for a systematic evaluation and 
improvement of how models represent the coupled land-
atmosphere feedback processes involving Amazon land sur-
face conditions and atmospheric circulation.

This study reveals a statistically significant year-to-year 
connection between SON Amazon soil moisture anomalies 
and the subsequent DJF NTA SST, independent of their 
long-term trends. Utilizing CMIP6 simulations and sensitiv-
ity experiments, we demonstrate that Amazon SM variabil-
ity can influence the North Atlantic SST by modulating the 
Hadley circulation and the Intertropical Convergence Zone 
(ITCZ). These findings suggest that the Amazon-NTA SST 
relationship may extend beyond interannual timescales and 
contribute to interdecadal variations. Specifically, Amazon 
droughts may amplify the observed warming trend in the 
tropical North Atlantic. Future research should explore the 
potential role of large-scale multi-decadal internal climate 
variability, as identified in previous studies(Gomes et al. 
2021; Kayano and Capistrano 2014; Tao et al. 2021; Towner 
et al. 2020), through additional targeted experiments. Previ-
ous studies have suggested that the Atlantic SST also has an 
impact on the Amazon climate(Ciemer et al. 2020; Marengo 
et al. 2011). The interaction and feedback between the two 
can be further explored in future work. Furthermore, there 
are discrepancies between the CMIP6 model and observa-
tional results, such as the location of reduced precipitation 
centers. These biases may be related to some parameters in 
the models or uncertainty in the models’ ability to simulate 
atmospheric circulation. Therefore, ocean dynamic pro-
cesses and the reasons for model differences should be con-
sidered in future works.
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indeed amplify NTA SST warming. We also develop a simi-
lar model that replaced GWDJF  in (5) with the annual mean 
greenhouse gas index (AGGI downloaded from https://gml.
noaa.gov/aggi/aggi.html), and the contribution of ASM to 
the reconstructed NTA warming trend aligns well with the 
estimates obtained from the model using global mean SST 
and ASM.

4  Conclusion and discussion

The Amazon rainforest experiences severe drought during 
autumn, while the adjacent NTA SST exhibits the rapid 
rate of warming during the following winter. The relation-
ship between the two is unclear. This study found a strong 
reversed relationship between the interannual variations of 
DJF NTA SST and SON ASM. The decreased SON ASM, 
which is persisted via positive L-A feedback, results in 
weakened ITCZ and weakened winter Hadley circulation 
over the Tropical Atlantic. The weakened Hadley circula-
tion further caused a south-westerly wind anomaly over 
the NTA, thus weakening the trade winds, suppressing the 
latent heat release, and warming the NTA SST via the WES 
effect. Simulated CMIP6 fully coupled models and SM-
forced mixed layer ocean model suggest that the Amazon 
drought weakens the Hadley circulation over the Tropical 
Atlantic and warms the NTA SST. Considering the lagged 
response of NTA SST to previous ASM signals, a multiple 
regression method is used to construct and validate a lin-
ear fitting model. The reconstructed series are in good cor-
respondence with the observed series (r = 0.72), exhibiting 
considerable reconstruction skill for the NTA SST. The 
regression results also show the important contribution of 
Amazon drought to the rapid warming trend of NTA SST. 
This study not only indicates that the ASM affects warm-
ing of NTA SST through weakening the Hadley circulation 
and the WES mechanism, but it also shows that Amazon 
drought has an important impact on NTA, with Amazon 
drought amplifying the warming of NTA SST. Therefore, it 
is highly necessary to protect the Amazon rainforest.

While this study focuses on the impact of autumn Ama-
zon drought on basin-wide NTA SST variability, high-
lighting the importance of thermodynamic processes, it 
acknowledges the potential for additional sub-basin scale 
processes contributing to SST warming. Notably, the ele-
vated warming rate observed in the coastal African region 
suggests potential influence from internal oceanic dynamics 
and other processes beyond the scope of this study. Previ-
ous research has documented strong upwelling processes 
along the African coast (Benazzouz et al. 2014; McGregor 
et al. 2007). These upwelling events, driven by equatorial 
currents and trade winds, involve the transport of cooler, 
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