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Abstract: The Atlantic Meridional Mode (AMM) is the dominant mode of interannual climate
variability in the tropical Atlantic, maintained primarily by the positive wind–evaporation–sea surface
temperature (SST) feedback in which the wind anomalies lead the SST anomalies by ~2 months. A
previous study revealed that climate models from Coupled Model Intercomparison Project Phase
5 (CMIP5) show poor performance in simulating the AMM-related wind–SST relationship, but the
possible causes remain unclear. This study assesses the representation of the AMM and associated
wind–SST relationship in the climate models from CMIP6. Results show that most of the CMIP6
models can reasonably reproduce the observed spatial pattern of the AMM, with significant SST and
wind anomalies in the northern tropical Atlantic and weak anomalies in the equatorial–southern
oceans. However, the simulated wind–SST relationship associated with the AMM varies among
the models. In particular, several models fail to capture the observed wind–SST relationship; that
is, the simulated wind anomalies peak in boreal spring as in the observations, but no obvious peak
occurs in the corresponding SST anomalies. Further analysis suggests the models that fail to capture
the observed wind–SST relationship tend to simulate a stronger mean trade wind and a thicker
mixed layer in the northern tropical Atlantic, leading to a weaker ocean–atmosphere coupling and,
thus, a weaker SST response to the wind forcing. Moreover, there exists a significant out-of-phase
relationship between the strength of ocean–atmosphere coupling and mean mixed layer depth among
the models, supporting the impact of mean state biases on the AMM variability in the models.

Keywords: Atlantic Meridional Mode; wind–SST relationship; ocean–atmosphere coupling; CMIP6

1. Introduction

The Atlantic Ocean shows several important climate phenomena at different time
scales [1], including the Atlantic Meridional Mode (AMM), the Atlantic Niño (also referred
to as the Atlantic zonal mode or Atlantic equatorial mode) and the Atlantic Multi-decadal
Oscillation [2]. Among them, the AMM is the dominant coupled mode between the sea
surface temperature (SST) and wind anomalies in the tropical Atlantic at an interannual
time scale, which features south-to-north C-shape-like surface wind anomalies across the
equator and north–south reversal of SST anomalies [3,4]. The AMM is a thermodynamic
mode that is driven primarily by the wind–evaporation–SST (WES) feedback, with the
wind anomalies leading the SST anomalies by approximately 1–2 months, whereas the
positive subtropical stratocumulus–SST feedback may also play a role in maintaining the
AMM [5–10]. The AMM is most pronounced in boreal spring and could persist into the
following summer [3]. The northern lobe of the AMM is consistent with the northern
tropical Atlantic (NTA) pattern [11].
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Previous studies have revealed that the AMM has a considerable impact on the Atlantic
hurricane activity [12] and precipitation variability in the surrounding countries [13–15].
Moreover, SST anomalies associated with the AMM, particularly those in the NTA re-
gion, can also modulate interannual climate variability in the region beyond the tropical
Atlantic through atmospheric teleconnection [16]. For example, boreal spring warming
of the NTA can trigger cold SST anomalies in the tropical Pacific in the following win-
ter [17,18]. Through atmospheric teleconnection, the AMM can also exert an impact on
the Indian summer monsoon [19,20] and the western North Pacific–East Asian climate
variability [11,21–27]. Therefore, it is crucial to assess the ability of climate models in
simulating spatiotemporal characteristics of the AMM and associated physical mechanism,
as the model is an essential tool for learning the mechanisms of past climate change and
predicting the future.

However, due to the complexity of the global climate system, accurate simulations
of the climatological mean and climate variability in the tropical Atlantic still pose a
problem for most of the current climate models [28–32]. Despite the coupled atmosphere–
ocean models having received much improvement over the last decades, they still exhibit
significant disparities from the observations [9]. Indeed, much attention has been paid
to the model’s ability to simulate the climate mean states, climate variability and climate
impacts in the Atlantic Ocean (e.g., [33–36]). Mean state biases in the tropical Atlantic
can affect model performance in simulating the local climate variability and even that
in the regions beyond through atmospheric teleconnection [37–39]. With a focus on the
multi-model ensemble mean, the spatial pattern of the AMM and the WES feedback in
maintaining the pattern in the climate models of the last generation have been evaluated in
a previous study [40]. They found that the climate models that participated in Coupled
Model Intercomparison Project Phase 5 (CMIP5) still have a lot of room for improvement
in simulating the spatially coherent interactions between the AMM-related SST and wind
anomalies in the tropical Atlantic [40]. However, the possible causes of model biases in
simulating the AMM-related wind–SST relationship still remain unclear.

Therefore, the present study attempts to assess the representation of the AMM in the
climate models of the current generation, and more importantly, the causes of associated
model biases in simulating the AMM will be explored. Section 2 introduces the data and
methods used as well as the climate models involved in this paper. Section 3 presents the
spatial pattern of the AMM and associated wind–SST relationship in the CMIP6 historical
simulations, followed by conclusions in Section 4.

2. Data and Methods

Historical simulations from 28 climate models that participated in Coupled Model
Intercomparison Project Phase 6 (CMIP6) are used in this study [41]. The variables we
used include monthly mean SST, surface wind stress, latent and sensible heat fluxes,
precipitation and mixed layer depth (MLD). For the models without MLD output, we
define MLD as the depth where the sea temperature is 0.5 ◦C lower than the surface
temperature (i.e., SST) [42]. The CMIP6 historical simulations branch from piControl and
are forced by observed climate forcing, including time-evolving atmospheric compositions,
solar variability, volcanic aerosols and land cover/land use for the period of 1850–2014 [41].
Table 1 shows the modeling centers and resolutions for the individual models used in the
present paper. All the model outputs were regridded to a 1◦×1◦ regular grid prior to our
analysis.



Atmosphere 2023, 14, 359 3 of 17

Table 1. Model information about the CMIP6 historical simulations used in this study.

Model Name Institute
Resolution (Lon × Lat)

Atmosphere Ocean

ACCESS-CM2

Commonwealth Scientific and
Industrial Research
Organisation and Australian
Research Council Centre of
Excellence for Climate System
Science, Australia

1.875◦ × 1.25◦ 1.0◦ × 0.6◦

ACCESS-ESM1.5
Commonwealth Scientific and
Industrial Research
Organisation, Australia

1.875◦ × 1.25◦ 1.0◦ × 0.6◦

CAMS-CSM1.0 Chinese Academy of
Meteorological Sciences, China 1.125◦ × 1.125◦ 1.0◦ × 0.9◦

CanESM5
Canadian Centre for Climate
Modeling and Analysis,
Canada

2.8125◦× 2.8125◦ 0.998◦ × 0.621◦

CESM2-WACCM National Center for
Atmospheric Research, USA 1.25◦ × 0.94◦ 1.125◦ × 0.47◦

CESM2 National Center for
Atmospheric Research, USA 1.25◦ × 0.94◦ 1.125◦ × 0.47◦

CNRM-CM6.1-HR Centre National de Recherches
Météorologiques, France 0.5◦ × 0. 5◦ 0.25◦ × 0. 17◦

CNRM-CM6.1 Centre National de Recherches
Météorologiques, France 1.4◦ × 1.4◦ 0.99◦ × 0. 61◦

CNRM-ESM2.1 Centre National de Recherches
Météorologiques, France 1.4◦ × 1.4◦ 0.99◦ × 0. 61◦

E3SM1.0 Department of Energy, USA 1.0◦ × 1.0◦ 1.0◦ × 1.0◦

EC-Earth3-Veg EC-Earth consortium, Europe 0.7◦ × 0. 7◦ 0.99◦ × 0. 62◦

EC-Earth3 EC-Earth consortium, Europe 0.7◦ × 0. 7◦ 0.99◦ × 0. 62◦

FGOALS-f3-L Chinese Academy of Sciences,
China 1.25◦ × 1.0◦ 1◦ × 0.83◦

FGOALS-g3 Chinese Academy of Sciences,
China 2.0◦ × 2.25◦ 1◦ × 0.83◦

FIO-ESM2.0

First Institute of Oceanography,
State Oceanic Administration,
and Qingdao National
Laboratory for Marine Science
and Technology, China

1.25◦ × 0.94◦ 1.125◦ × 0.47◦

GFDL-ESM4

National Oceanic and
Atmospheric Administration
Geophysical Fluid Dynamics
Laboratory, USA

1.25◦ × 1.0◦ 0.5◦ × 0.3125◦

HadGEM3-GC31-
LL Met Office Hadley Centre, UK 1.875◦ × 1.25◦ 0.83◦ × 0.55◦

HadGEM3-GC31-
MM Met Office Hadley Centre, UK 0.83◦ × 0.56◦ 0.25◦ × 0.15◦

IPSL-CM6A-LR Institut Pierre Simon Laplace,
France 2.5◦ × 1. 26◦ 0.99◦ × 0. 54◦

KACE1.0-G National Institute of
Meteorological Sciences, Korea 1.875◦ × 1.25◦ 1◦ × 0.9◦
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Table 1. Cont.

Model Name Institute
Resolution (Lon × Lat)

Atmosphere Ocean

MIROC6
JAMSTEC, AORI, NIES and
RIKEN Center for
Computational Science, Japan

1.4◦ × 1.4◦ 1◦ × 0.7◦

MPI-ESM1-2-HR Max Planck Institute for
Meteorology, Germany 0.94◦ × 0.94◦ 0.45◦ × 0.45◦

MRI-ESM2.0 Meteorological Research
Institute, Japan 1.125◦ × 1.125◦ 1.0◦ × 0.49◦

NESM3
Nanjing University of
Information Science and
Technology, China

1.875◦ × 1.875◦ 0.94◦ × 0.497◦

NorCPM1 NorESM Climate modeling
Consortium, Norway 2.5◦ × 1.875◦ 1.125◦ × 0.47◦

NorESM2-LM Norwegian Climate Centre,
Norway 2.5◦ × 1.875◦ 1.0◦ × 0.47◦

SAM0-UNICON Seoul National University,
Korea 1.25◦ × 0.94◦ 1.125◦ × 0.47◦

UKESM1.0-LL Met Office Hadley Centre, UK 1.875◦ × 1.25◦ 1.0◦ × 0.545◦

For comparison, we use SST data from the Met Office Hadley Centre Sea Ice and Sea
Surface Temperature (HadISST) dataset on a 1◦ × 1◦ grid from 1870 to the present [43].
We obtained monthly 1◦ × 1◦ surface wind stress and MLD from the European Centre for
Medium Range Weather Forecasts (ECMWF) Ocean Reanalysis System 5 (ORAS5; [44,45])
for the period 1959–2022. Zonal and meridional components of 10 m wind, precipitation
and latent and sensible heat fluxes were obtained from the ERA5 reanalysis dataset on a
1◦ × 1◦ grid [46]. We limit our analysis to 1960–2014 as the observations and the CMIP6
historical simulations are both available during this period.

In this study, the AMM is obtained by applying a singular value decomposition (SVD)
analysis to the monthly SST and wind anomalies in the tropical Atlantic. Prior to the SVD
analysis, all fields are linearly detrended and smoothed with a 3-month running average
at each grid point. The NTA and ATL3 indices are constructed as the regional-averaged
SST anomalies over 5–25◦ N and 60◦ W–0◦ E and 3◦ S–3◦ N and 20◦ W–0◦, respectively.
In addition, we remove the linear signal of ENSO by regressing out the Nino3.4 index
(5◦ N–5◦ S, 170◦ W–120◦ W) in winter (December–January–February) for the NTA index.
The seasons refer to those in the Northern Hemisphere. The two-tailed Student’s t test
is used to assess the statistical significance of regression coefficient as well as correlation
coefficient.

3. Results
3.1. Spatial Pattern of the AMM

The spatial pattern of the AMM is generally obtained by applying an SVD analysis
between monthly SST and surface wind stress or 10 m wind anomalies in the tropical
Atlantic [4,40]. It is shown that the spatial pattern of the AMM obtained from the surface
wind stress anomalies is basically consistent with that obtained from the 10 m wind
anomalies (Figure 1a vs. Figure 1b), except that the corresponding SST anomalies in the
southern tropical Atlantic are a bit more pronounced when using the 10 m wind. Due to
the unavailability of 10 m wind output for some models, surface wind stress is used to
obtain the AMM for both observations and model simulations in this study. Indeed, the SST
anomalies in the northern tropical Atlantic are highly independent of those in the south at
interannual time scale (e.g., [11,47–49]).
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shown at the bottom left. Only the vectors with significance at the 95% confidence leel are shown. 
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ranked the models in descending order in terms of similarity between the simulations and 
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Figure 1. Spatial patterns of the AMM represented as the first leading SVD mode between the SST
(shading, unit: ◦C) and (a) surface wind stress (vectors, unit: 10−3 N/m2) and (b) 10-m wind (vectors,
unit: 10 m/s) anomalies in observations during 1960–2014. The pattern is represented as the SST
and wind anomalies regressed onto the expansion coefficients of the SVD mode. Stippling indicates
significance at the 95% confidence level. The percentage of explained variance from the SVD mode is
shown at the bottom left. Only the vectors with significance at the 95% confidence leel are shown.

The observational result shows that the positive phase of the AMM is accompanied
by significant above-normal SST and southwest wind stress anomalies in the northern
tropical Atlantic (Figure 1a). This indicates that the background northeast trade winds are
decelerated over the northern tropical Atlantic, leading to weaker, wind-driven evaporation
and thus less heat fluxes released from the ocean into the overlying atmosphere. In this case,
the ocean loses less heat and therefore the SST becomes warmer. Opposite situations can be
obtained for the negative phase of the AMM. This result is in agreement with that from
previous studies that the positive WES feedback acts as the primary mechanism responsible
for the evolution of the AMM [22,23].

In the observations, the AMM is represented as the first leading SVD mode between
the monthly SST and wind stress anomalies in the tropical Atlantic, but this may not
be true for the individual model simulations. To identify the AMM in the individual
model simulations, the spatial patterns of the first three leading SVD modes between the
monthly simulated SST and wind stress anomalies were compared with the observed AMM
pattern, and the one with the highest spatial correlation with the observed pattern was
selected as the simulated AMM for each model. Figure 2 displays the spatial pattern of
the AMM for the individual models. In the observations, the AMM-related SST anomalies
tend to be opposite between the northern and southern tropical Atlantic, though the
anomalies are relatively weak in the south (Figure 2A). For comparison purposes, we
ranked the models in descending order in terms of similarity between the simulations
and observations, which can be estimated by using the difference between the NTA and
ATL3 SST indices as a metric. We have also examined the similarity according to the
spatial correlation coefficient between the simulations and observations, but results show
that the difference between NTA and ATL3 serves the purpose better. It is indicated
that the simulated AMM is represented as the first leading SVD mode in all the CMIP6
models, except in CNRM-CM6-1-HR (Figure 2S), NorCPM1 (Figure 2W), CESM2-WACCM
(Figure 2Y) and ACCESS-ESM1-5 (Figure 2d). Particularly for NorCPM1, the first three
leading SVD modes are all obviously different from the observed AMM mode, suggesting
that this model has a limited ability to capture the observed AMM mode. In contrast,
most of the CMIP6 models can capture the observed maximum of AMM-related southwest
wind stress and warm SST anomalies in the northern tropical Atlantic. However, more
pronounced differences are observed between the observations and simulations in the
equatorial and southern tropical Atlantic. Some models show opposite SST anomalies
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between the northern tropical Atlantic and the equatorial and/or southern oceans. These
models include HadGEM3-GC31-MM, MPI-ESM1-2-HR, ACCESS-CM2, HadGEM3-GC31-
LL, UKESM1-0-LL, SAM0-UNICON, MRI-ESM2-0, KACE-1-0-G, CanESM5, IPSL-CM6A-
LR, FIO-ESM2-0 and EC-Earth3 (Figure 2B–M). In contrast, the remaining models tend to
show warm SST anomalies across almost the entire tropical Atlantic, except that ES3M-1-0
simulates negligible SST anomalies in the southern tropical Atlantic (Figure 2N). Overall,
about one-half of the models can capture the spatial pattern of the AMM similar to the
observed one, with significant SST and wind stress anomalies in the tropical North Atlantic
and opposite and weak anomalies in the equatorial–southern oceans. The remaining one-
half tends to simulate an AMM with warm SST anomalies across almost the entire tropical
Atlantic, although most of them have an SST maximum in the northern ocean. Moreover,
the AMM-related SST anomalies in the equatorial and (or) southern tropical Atlantic are
more obvious in the majority of the CMIP6 models than in the observations. These models
tend to exhibit stronger southeasterly and (or) cross-equatorial wind stress, which leads to
colder SST in the equatorial and (or) tropical southern Atlantic by modulating the surface
heat flux transport. Previous studies have suggested that the wind stress can be affected
by surface currents along the equatorial region [50,51] and the west African monsoon
variability [9]. In the model with warm SST anomalies in the southern tropical Atlantic,
however, there are almost no significant wind stress anomalies. The causes of such a model
bias in simulating the spatial pattern of the AMM deserve further investigation but lie
beyond the scope of this study.

3.2. AMM-Related Wind–SST Relationship in the CMIP6 Models

Figure 3 shows the month-by-month variance in the expansion coefficients of the wind
stress and SST anomalies associated with the AMM in the observations and individual
models. It is indicated that the variance in wind stress anomalies peaks in February,
while that of the SST anomalies peaks in the following April, which is consistent with the
WES feedback that variation in the AMM-related wind stress leads that in the SST [6,9].
However, the simulated wind–SST relationship varies among the models. Some models,
such as HadGEM3-GC31-MM, MPI-ESM1-2-HR, ACCESS-CM2, HadGEM3-GC31-LL, MRI-
ESM2-0, KACE-1-0-G, NESM3, MIROC6, CNRM-ESM2-1, CNRM-CM6-1-HR, CNRM-
CM6-1, FGOALS-f3-L and CAMS-CSM1-0, have a peak in the wind and SST variances
in spring, with a lead of the wind over the SST, implying that the simulated wind–SST
relationship is basically consistent with the observed one. In contrast, in some other
models, including UKESM1-0-LL, SAM0-UNICON, IPSL-CM6A-LR, FIO-ESM-2-0, EC-
Earth3-Veg, NorESM2-LM, CESM2, CESM2-WACCM, FGOALS-g3 and GFDL-ESM4, the
month-to-month variation in the AMM-related SST anomalies is relatively flat and without
any obvious peak, suggesting that these models fail to capture the observed wind–SST
relationship associated with the AMM.

The results emerging from Figures 2 and 3 suggest that, although most of the CMIP6
models can reasonably capture the spatial pattern of the AMM similar to the observed
one, some models fail to reproduce the associated wind–SST relationship. To explore the
possible causes, two groups of models are selected for comparison based on a criterion
to measure the wind–SST relationship. We calculated the difference in the SST variances
(see Figure 3) between the month of the peak and the month preceding the peak by two
months, and the ones with the largest difference represent a more similar observed wind–
SST relationship and vice versa. The first six models with the largest differences in the SST
variances are selected as the ones (referred to as group A) that can capture the observed
spatial pattern of the AMM and the associated wind–SST relationship. In contrast, the
models with a small difference in the SST variances are chosen as the ones (referred to as
group B) that can capture the observed spatial pattern of the AMM but not the wind–SST
relationship. There are five models in group A, namely HadGEM3-GC31-MM, MRI-ESM2-
0, CNRM-CM6-1-HR, KACE-1-0-G, ACCESS-CM2 and MIROC6, and those in group B
include FIO-ESM-2-0, UKESM1-0-LL, IPSL-CM6A-LR, EC-Earth3-Veg and NorESM2-LM.



Atmosphere 2023, 14, 359 7 of 17

As shown in Figure 1e,f, the spatial patterns of the AMM for the multi-model ensemble
(MME) average of group A and B both resemble the observed one well. Note here that
linear regression coefficients are calculated for the individual models prior to the MME
average. Moreover, the wind–SST relationship for group A (Figure 3e) is also consistent
with the observed one, but for group B (Figure 3F), the month-to-month variation in the
SST is relatively flat and obviously different to that for group A.
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To further examine the evolution of the AMM-related thermodynamic processes,
Figure 4 shows the time–latitude cross-sections of 60◦ W–0◦ E zonal-averaged surface
wind stress, surface heat flux (i.e., sum of the latent and sensible heat fluxes) and SST
anomalies from January to June regressed onto the spring NTA index for the observations
and the MME averages of group A and group B, respectively. Here, the NTA index is
used in the regression analysis since the AMM primarily highlights SST variations in
the northern tropical Atlantic. The result indicates that the evolutions of surface wind
stress, heat flux and SST anomalies for group A are essentially consistent with those for
the observations (Figure 4b vs. Figure 4a, and Figure 4f vs. Figure 4e); that is, southeast
wind stress and negative heat flux anomalies are observed over the tropical North Atlantic
from the previous winter to early spring, accompanied by warm SST anomalies with a
maximum in spring. For group B, however, the surface wind stress and heat flux anomalies
are significantly weaker than those for group A from the previous winter to early spring
(Figure 4d), which therefore implies a weaker forcing of the ocean by the wind stress in
the models of group B when compared to that for group A. Due to the weaker wind stress
anomalies, there is less evaporation and thus less heat flux from the sea surface into the
overlying atmosphere, leading to a weaker SST response in the models of group B when
compared to that for group A (Figure 4g,h). This result is consistent with the notion that the
AMM-related SST anomalies in the northern tropical Atlantic are dominated by variations
in the trade wind and associated heat fluxes. In other words, the models in group B tend to
underestimate the WES feedback that is responsible for the evolution of the AMM.

To confirm the results regarding the AMM-related wind–SST relationship, lead–lag re-
lationships of the spring NTA index with the NTA-regional-averaged zonal and meridional
components of wind stress are further investigated (Figure 5). The observational result
indicates that the spring NTA index has a significant in-phase relationship with both the
zonal and meridional wind components when wind stress is leading, with a maximum
correlation at a 1–2-month lead. The observed in-phase relationship drops significantly and
even can be negligible for the zonal wind stress when SST is leading. The lead–lag wind–
SST relationship for group A resembles that for the observations, although the simulated
relationship is slightly weaker than the observed one for both the zonal and meridional
wind components. For group B, however, the lead–lag wind–SST relationships are weaker
for almost all the leads/lags when compared to those in group A and the observations. This
confirms that the models in group B obviously underestimate the wind–SST relationship
(i.e., the WES feedback) in the northern tropical Atlantic, which therefore results in weaker
month-to-month variations in the SST anomalies associated with the AMM.

A question arises as to why the models in group B underestimate the AMM-related
wind–SST relationship in the northern tropical Atlantic. To answer this question, mean
states of the tropical Atlantic for group A and B are compared since the SST response to the
wind stress forcing is modulated by the background state (e.g., [36,51,52]). Figure 6 displays
the climatological means of SST and mixed layer depth in spring and surface wind stress
and precipitation in the previous winter (January–February–March). Compared to those
in group A, the models in group B show stronger mean trade winds and colder SSTs over
the northern tropical Atlantic. The mean precipitation in group A is heavier in the deep
tropical Atlantic than that in group B, which is consistent with the convergence of the mean
wind there. In other words, the tropical Atlantic Intertropical Convergence Zone (ITCZ) is
stronger in group A than in group B. It will be indicated later in Figures 7 and 8 that almost
all the models in group A show a stronger ocean–atmosphere coupling compared to those
in group B. Therefore, our result is consistent with previous studies that found the stronger
climatological ITCZ benefits a stronger ocean–atmosphere coupling in the tropics [53,54].
Meanwhile, the mean mixed layer depth in the northern tropical Atlantic simulated by the
models in group B is deeper than that for group A, which is consistent with the stronger
trade winds simulated by the former. The stronger trade winds and thus the stronger
stir on the ocean could result in a thicker mixed layer. The mixed layer is an important
interface for material exchange between the atmosphere and the ocean. According to the
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SST tendency equation, the variation in SST is inversely proportional to that in the mixed
layer depth [55,56]. In other words, when the heat flux is constant, a shallower mixed layer
depth corresponds to a larger fluctuation in the SST and vice versa. Therefore, the stronger
mean trade winds and thus deeper mean mixed layer contribute to the underestimation of
the wind–SST relationship in the northern tropical Atlantic for group B when compared to
group A.

Atmosphere 2023, 14, 359 10 of 18 
 

 

 
Figure 4. Time–latitude cross-sections of 60°W–0°E zonal-mean wind stress (arrows, unit: 10−2N/m2), 
surface heat flux (shading, unit: J/m2; positive values represent heat released from the ocean to the 
atmosphere) and SST anomalies (shading, unit: °C) from January to June regressed against the spring 
NTA index for the (a,e) observations, the (b,f) MME of group A, the (c,g) MME of group B, and (d,h) 
difference between group A and B (former minus latter). Dots in d and h indicate significance at the 
95% confidence level. Only the vectors with significance at the 95% confidence level are shown. To 
share the same color bar, wind stress and heat fluxes in (d) are magnified by a factor of 2, and SST 
in (h) is magnified by a factor of 6. 

To confirm the results regarding the AMM-related wind–SST relationship, lead–lag 
relationships of the spring NTA index with the NTA-regional-averaged zonal and merid-
ional components of wind stress are further investigated (Figure 5). The observational re-
sult indicates that the spring NTA index has a significant in-phase relationship with both 
the zonal and meridional wind components when wind stress is leading, with a maximum 
correlation at a 1–2-month lead. The observed in-phase relationship drops significantly 
and even can be negligible for the zonal wind stress when SST is leading. The lead–lag 
wind–SST relationship for group A resembles that for the observations, although the sim-
ulated relationship is slightly weaker than the observed one for both the zonal and merid-
ional wind components. For group B, however, the lead–lag wind–SST relationships are 
weaker for almost all the leads/lags when compared to those in group A and the observa-
tions. This confirms that the models in group B obviously underestimate the wind–SST 
relationship (i.e., the WES feedback) in the northern tropical Atlantic, which therefore re-
sults in weaker month-to-month variations in the SST anomalies associated with the 
AMM. 

  

Figure 4. Time–latitude cross-sections of 60◦W–0◦E zonal-mean wind stress (arrows, unit:
10−2 N/m2), surface heat flux (shading, unit: J/m2; positive values represent heat released from
the ocean to the atmosphere) and SST anomalies (shading, unit: ◦C) from January to June regressed
against the spring NTA index for the (a,e) observations, the (b,f) MME of group A, the (c,g) MME of
group B, and (d,h) difference between group A and B (former minus latter). Dots in d and h indicate
significance at the 95% confidence level. Only the vectors with significance at the 95% confidence
level are shown. To share the same color bar, wind stress and heat fluxes in (d) are magnified by a
factor of 2, and SST in (h) is magnified by a factor of 6.
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Atmosphere 2023, 14, 359 11 of 17Atmosphere 2023, 14, 359 12 of 18 
 

 

 
Figure 6. Climatological mean of the SST (shading, unit: °C) in spring and wind stress (vectors, unit: 
10−2 N/m2) and precipitation (contours, unit: mm, zero and negative contours omitted) in the previ-
ous winter for the (a) observations and the MME average of (b) group A and (c) group B and (d) 
differences between groups A and B (former minus latter) during 1960–2014. (e–h) As in (a–d), but 
for the mixed layer depth (shading, unit: m) in spring. Dots in c and f indicate significance at the 95% 
confidence level. 

To verify the impact of the mean state biases on the AMM variability in the models, 
the intermodal relationship between the mean mixed layer depth and the strength of 
ocean–atmosphere coupling is examined. Following previous studies (e.g., [57,58]), the 
strength of ocean–atmosphere coupling is estimated as the regression coefficient between 
the wind stress and SST anomalies for the observations and individual model simulations. 
Figure 7 presents the binned scatter plots of the meridional component of wind stress 
anomalies in winter and SST anomalies in spring regional-averaged over the northern 
tropical Atlantic (see the box in Figure 6f), in which the slope of the linear regression is 
defined as the strength of ocean–atmosphere coupling in this study. The larger value of 
the slope is on behalf of the stronger ocean–atmosphere coupling. It is shown that the SST 
anomalies in spring have a linear relationship with the meridional component of wind 
stress anomalies in the previous winter for the observation and all the model simulations 
(Figure 7), consistent with the wind–SST relationship associated with the AMM. In addi-
tion, the relationship between the zonal component of wind stress anomalies in winter 

Figure 6. Climatological mean of the SST (shading, unit: ◦C) in spring and wind stress (vectors,
unit: 10−2 N/m2) and precipitation (contours, unit: mm, zero and negative contours omitted) in the
previous winter for the (a) observations and the MME average of (b) group A and (c) group B and
(d) differences between groups A and B (former minus latter) during 1960–2014. (e–h) As in (a–d),
but for the mixed layer depth (shading, unit: m) in spring. Dots in c and f indicate significance at the
95% confidence level.

To verify the impact of the mean state biases on the AMM variability in the models,
the intermodal relationship between the mean mixed layer depth and the strength of
ocean–atmosphere coupling is examined. Following previous studies (e.g., [57,58]), the
strength of ocean–atmosphere coupling is estimated as the regression coefficient between
the wind stress and SST anomalies for the observations and individual model simulations.
Figure 7 presents the binned scatter plots of the meridional component of wind stress
anomalies in winter and SST anomalies in spring regional-averaged over the northern
tropical Atlantic (see the box in Figure 6f), in which the slope of the linear regression is
defined as the strength of ocean–atmosphere coupling in this study. The larger value of
the slope is on behalf of the stronger ocean–atmosphere coupling. It is shown that the SST
anomalies in spring have a linear relationship with the meridional component of wind
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stress anomalies in the previous winter for the observation and all the model simulations
(Figure 7), consistent with the wind–SST relationship associated with the AMM. In addition,
the relationship between the zonal component of wind stress anomalies in winter and SST
anomalies in spring was also analyzed, and similar conclusions were obtained.
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Figure 7. Binned scatter plots for the meridional component of wind stress (unit: N/m2) in winter
and SST (unit: ◦C) anomalies in spring regional-averaged over the NTA region (black box in Figure 6f)
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Figure 8 displays the scatter plots of the regional-averaged mean mixed layer depth
versus the strength of ocean–atmosphere coupling obtained from the zonal and meridional
wind stress components, respectively. Note here that SAM0-UNICON appears to be a
model outlier and excluded from Figure 8. It is indicated that the strength of ocean–
atmosphere coupling has a significant out-of-phase effect with the mean mixed layer depth,
with a correlation coefficient reaching −0.51 (p < 0.05) and −0.49 (p < 0.05) for the zonal
and meridional components of wind stress, respectively. In general, the ocean–atmosphere
coupling in the models of group B is weaker than that in those of group A, consistent
with the aforementioned results. This result confirms that the deeper mean mixed layer
contributes to the underestimation of the wind–SST relationship in the northern tropical
Atlantic in the models. Model biases in the mean mixed layer depth may be related to those
in the mean northeasterly trade wind, due to stronger winds inducing more vertical mixing
and entrainment [28,54,59,60], but further investigation is needed in future works.

4. Conclusions

The Atlantic Meridional Mode (AMM), peaking in boreal spring and maintained
primarily by the positive WES feedback, is the dominant coupled mode between the SST
and wind anomalies in the tropical Atlantic at an interannual time scale [6,16]. Although
opposite and relatively weak SST anomalies tend to occur in the equatorial and southern
oceans, the AMM mainly highlights SST and wind fluctuations in the northern tropical
Atlantic in the observations. Many studies have been devoted to exploring the formation
mechanisms and climate impacts of the AMM [12–27], but fewer works are related to
the model’s ability to simulate the AMM. In this study, representation of the AMM and
the associated wind–SST relationship are evaluated by using historical simulations from
28 CMIP6 climate models.

An SVD analysis is applied to the monthly SST and wind stress anomalies in the
tropical Atlantic to identify the AMM mode for the observations and individual model
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simulations. It was found that most of the CMIP6 models simulate the AMM as the first
leading SVD mode, and only NorCPM1 fails to reproduce any SVD mode similar to the
observed pattern of the AMM. Overall, approximately one-half of the models can capture
the spatial pattern of the AMM similar to the observed one, with significant SST and
wind stress anomalies in the tropical north Atlantic and opposite and weak anomalies
in the equatorial–southern tropical Atlantic. The remaining one-half tend to simulate
an AMM with warm SST anomalies across almost the entire tropical Atlantic although
most of them have an SST maximum in the northern ocean. In all, most of the CMIP6
models can reasonably capture the spatial pattern of the AMM similar to the observed
one. Moreover, the relationships of AMM-associated SST anomalies between the northern
and equatorial/southern tropical Atlantic tend to be overestimated in the majority of the
CMIP6 models.

Consistent with the WES feedback mechanism, AMM-related variation in the wind
stress anomalies leads that in the SST anomalies by ~2 months in the observations. However,
the simulated wind–SST relationship associated with the AMM varies among the CMIP6
models. In particular, several models fail to reproduce the observed wind–SST relationship.
In these models, the AMM-related wind stress anomalies peak in boreal spring, but the
corresponding SST anomalies show nearly flat month-to-month variation without any
obvious peak. To explore the possible causes for such a model bias, two sets of models
(groups A and B) were selected; that is, the models in group A can capture the observed
wind–SST relationship associated with the AMM, but those in group B cannot. Compared
to those in group A, a stronger mean northeast trade wind and deeper mean mixed layer
are found in the northern tropical Atlantic for the multi-model ensemble average of group B.
Since the SST variation is inversely related to the mean mixed layer depth, the deeper mean
mixed layer in group B weakens the atmosphere–ocean coupling in the tropical Atlantic.
Further analysis reveals that there exists a significant out-of-phase relationship between the
strength of ocean–atmosphere coupling and mean mixed layer depth among the models,
supporting the influence of the mean state biases on the AMM variability in the models. In
all, the stronger mean trade wind and, thus, the deeper mean mixed layer contribute to the
underestimation of the AMM-associated wind–SST relationship in the CMIP6 models. The
mixed layer biases may be related to those in the mean northeasterly trade winds, due to
stronger winds inducing more vertical mixing and entrainment [28,59,60]. Indeed, mean
trade wind and mixed layer biases are parts of the mean state biases in the tropical Atlantic,
which have been widely explored in previous studies (e.g., [36,61–65]) and lie beyond the
scope of this study.

The present study mainly focused on the model’s ability to simulate the AMM-related
wind–SST relationship in the tropical Atlantic. Note that some models show obvious
biases in simulating the spatial pattern of the AMM, the causes of which are investigated
in our ongoing research. In addition to the tropical Atlantic mean state biases, other
factors may also have an impact on model performance in simulating the AMM and
associated wind–SST relationship. For example, previous studies have revealed that the
North Atlantic Oscillation (NAO) has a strong influence on the formation of the NTA and
thus the AMM [66–68], and model performance in simulating NAO–AMM connection and
associated influence on the AMM still require further examination in future works.
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