
1.  Introduction
Since the industrial revolution, the global sea surface temperature (SST) is increasing steadily and rapidly because 
of anthropogenic fossil-fuel use (IPCC, 2021). However, a pronounced absence of warming, often referred to as 
the “warming hole (WH),” is observed in the subpolar North Atlantic during the twentieth century. The WH 
SST is characterized by a cooling trend with an average intensity of ∼0.4 K century −1 in 1920–2005 (Figure 1a). 
This cooling trend has been primarily linked to a weakening of deep convection in the subpolar North Atlantic 
(Gervais et al., 2018) and, in turn, the slowdown of the Atlantic Meridional Overturning Circulation (AMOC) 
(Caesar et al., 2018; Latif et al., 2022; Rahmstorf et al., 2015; Sévellec et al., 2017), notably in projected increas-
ing greenhouse gases scenarios (Chemke et al., 2020; Gervais et al., 2018; Keil et al., 2020; Liu et al., 2020; 
Menary & Wood, 2018; Ren & Liu, 2021).

However, an essential role for AMOC in the past North Atlantic WH remains difficult to establish. First, though 
a large number of climate models support the slowdown of AMOC causing the WH under global warming 
(Caesar et al., 2018; Chemke et al., 2020; Gervais et al., 2018; Keil et al., 2020; Liu et al., 2020; Menary & 
Wood, 2018; Ren & Liu, 2021), the relationship between the centennial North Atlantic cooling and the decline 
of the AMOC is not established in observations, due primarily to the lack of long-term AMOC measurements 
(Smeed et al., 2014). Even within the modeling framework, Drijfhout et al. (2012) suggest the appearance of the 
WH in simulations is earlier than the decline of the AMOC, proposing the potential role of other ocean dynamic 
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processes (e.g., subpolar gyre [Keil et al., 2020] and local deep mixing [Gervais et al., 2018]). Second, the SST 
is influenced by processes in both the atmosphere and the ocean. In particular, the North Atlantic SST is corre-
lated with climate fluctuations over a wide range of timescales, such as the North Atlantic Oscillation (Clement 
et al., 2015; Marshall et al., 2001; Simpson et al., 2018). The cooling in SST thus is not exclusively controlled by 
the AMOC. In addition to the AMOC, recent studies propose that processes, including shortwave cloud feedback, 
upper layer Ekman heat transports, and storminess over the North Atlantic, could contribute to the formation of 
WH (Hu & Fedorov, 2020; Keil et al., 2020; Li et al., 2021). In particular, Li et al. (2021) raise an alternative 
perspective to stress the role of atmospheric forcing in the WH. In an idealized energy balance model driven 
by observational data, they show the heat loss from the ocean due to increased local storminess overhead can 
explain ∼50% of the observed cooling trend, with the remaining ∼50% resulting from mixing layer entrainment. 
Nevertheless, the role of the atmosphere has not been systemically investigated in a coupled climate model yet, 
as most studies focus on ocean processes. It remains unclear (a) how the atmospheric circulation can produce a 
WH by altering surface heat fluxes and (b) whether the WH is driven by internal variability or externally forced, 
since greenhouse gases, anthropogenic aerosols, and volcanic forcings change significantly in the past century 
(Klavans et al., 2022).

In our current study, we analyze the impacts of atmospheric circulation and forcings on the WH using an 
ensemble of slab ocean model (SOM) simulations. The experimental design excludes interactive dynamical 
ocean circulation and deep mixing and permits us to isolate the ocean influence and to quantify the role of 
the atmosphere in the WH. The ensemble mean enables us to isolate the role of external forcings in the WH 
in our model. In our SOM simulation, a WH is simulated in the past century, albeit with a weaker intensity 
than observations. However, the SOM also has a stronger global warming than is observed, so the differ-
ence between the global mean and the WH is only slightly smaller than the observed difference (Table S1 in 
Supporting Information S1).

Combining reanalysis and our model simulations, we show this WH is a net response of a cooling trend associated 
with the strengthened air-sea temperature differences and surface wind strength, and a warming trend due to the 

Figure 1.  (a) Observed, (b) Community Earth System Model-Large Ensemble Project simulated sea surface temperature 
(SST) trend during the 1920–2005. The observed SST is derived from an average of the Extended Reconstructed Sea Surface 
Temperature version 5 and Hadley Centre Sea Ice and Sea Surface Temperature.
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radiative forcing by greenhouse gases and the passive damping effect in SST. The net effect is primarily driven 
by the enhanced local westerlies in response to the historical forcings. This paper is organized as follows. In 
Section 2, we describe the data, model, and methods used in this study. In Section 3, we present our model results 
and a comparison with observations as well as the fully coupled model, and we also investigate the possibility of 
a WH driven by internal variability. Section 4 is dedicated to illustrating the mechanism of the WH. Finally, we 
discuss and conclude our work in Section 5.

2.  Data and Methods
2.1.  Slab Ocean Model Simulation

A nine-member simulation is conducted using National Center for Atmospheric Research (NCAR) Commu-
nity Earth System Model 1.1 (CESM1.1, [Hurrell et al., 2013]) with an atmospheric resolution of 0.9° × 1.25° 
and an oceanic resolution of 1.125° ×  0.27∼0.54° (f09_gx1v6). All 9 members, perturbed at the beginning of 
each simulation, are forced by the historical forcings spanning from 1920 to 2005, as in the 41-member CESM 
Large Ensemble Project (CESM-LENs, [Kay et al., 2015]). Unless otherwise stated, our present study uses the 
ensemble average to investigate the WH, as the ensemble average represents the best estimate of forced historical 
climate. Readers are encouraged to refer to Murphy et al. (2021) and Text S1 in Supporting Information S1 for 
detailed model configurations.

2.2.  Quantification of the Causes of the Cooling Trend in the North Atlantic

The ocean thermodynamic equation (Equation 1) allows us to calculate the SST offline to quantify the SST trend 
associated with each individual component of the surface heat flux,

𝜌𝜌𝜌𝜌𝑝𝑝ℎmix

𝑑𝑑𝑑𝑑𝑠𝑠

𝑑𝑑𝑑𝑑
= (𝑄𝑄SW +𝑄𝑄LW +𝑄𝑄SH +𝑄𝑄LH) −𝑄𝑄f lx ≡ 𝑄𝑄sfc −𝑄𝑄f lx� (1)

where 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝑝𝑝 are the density (=1,026 kg m −3) and specific heat capacity (=3,996 J kg −1 K −1) of sea water; 𝐴𝐴 𝐴mix 
is the prescribed mixed layer depth; 𝐴𝐴 𝐴𝐴𝑠𝑠 is the temperature in mixed layer, equivalent to SST; 𝐴𝐴 𝐴𝐴sfc the net heat flux 
into the ocean, is composed of the turbulent heat fluxes, sensible heat (𝐴𝐴 𝐴𝐴SH ) and latent heat (𝐴𝐴 𝐴𝐴LH ), and the radia-
tive heat fluxes, longwave (𝐴𝐴 𝐴𝐴𝐿𝐿𝐿𝐿  ) and shortwave (𝐴𝐴 𝐴𝐴SW ). The 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 in Equation 1 is implemented on the ocean grid 
(∼1 gx1v6) in CESM, but the SST and heat fluxes are output on an atmosphere resolution (𝐴𝐴 0.9◦ × 1.25◦ , 𝐴𝐴 𝐴𝐴09 ). 
Remapping 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 from gx1v6 to f09 would cause a discernible bias in our offline calculation. To avoid this, a linear 
regression is conducted to derive the 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 on the atmospheric grid (Appendix A). Then, the contribution of an 
individual flux to the total SST trend 𝐴𝐴 𝐴𝐴 can be decomposed by:

𝛼𝛼 =
< 𝑇𝑇𝑠𝑠, 𝑡𝑡 𝑡

< 𝑡𝑡𝑡 𝑡𝑡 𝑡
=

< 𝑇𝑇 SH
𝑠𝑠 , 𝑡𝑡 𝑡 + < 𝑇𝑇 LH

𝑠𝑠 , 𝑡𝑡 𝑡 + < 𝑇𝑇 LW
𝑠𝑠 , 𝑡𝑡 𝑡 + < 𝑇𝑇 SW

𝑠𝑠 , 𝑡𝑡 𝑡

< 𝑡𝑡𝑡 𝑡𝑡 𝑡
�

where subcomponents (𝐴𝐴 𝐴𝐴 SH
𝑠𝑠  , 𝐴𝐴 𝐴𝐴 LH

𝑠𝑠  , 𝐴𝐴 𝐴𝐴 LW
𝑠𝑠  , 𝐴𝐴 𝐴𝐴 SW

𝑠𝑠  ) of 𝐴𝐴 𝐴𝐴𝑠𝑠 are calculated using the monthly mean flux outputs by inte-
grating Equation 1,

𝑇𝑇𝑠𝑠(𝑡𝑡) − 𝑇𝑇𝑠𝑠(0) =
1
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1
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in which 𝐴𝐴 𝐴𝐴′

sfc
 is the anomaly from 𝐴𝐴 𝑄𝑄sfc , and 𝐴𝐴 𝑄𝑄sfc is the average of net surface heat flux over a period 𝐴𝐴 (𝑡𝑡𝑠𝑠, 𝑡𝑡𝑒𝑒) 

where 𝐴𝐴 𝐴𝐴𝑠𝑠 (𝑡𝑡𝑠𝑠) = 𝑇𝑇𝑠𝑠 (𝑡𝑡𝑒𝑒) , which ensures that 𝐴𝐴 𝑄𝑄sfc ≡ 𝑄𝑄f lx over this period. Note that this period varies in space, and 

it is roughly between 1920 and 1940 in the subpolar North Atlantic. By choosing a value for 𝐴𝐴 𝑄𝑄sfc that makes 

𝐴𝐴 𝑄𝑄sfc −𝑄𝑄f lx = 0 we ensure that 𝐴𝐴 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 does only what is needed to give the climatological 𝐴𝐴 𝐴𝐴𝑠𝑠 and does not contribute 
to SST trends. The trends will then be attributable to 𝐴𝐴 𝐴𝐴′

sfc
=
(

𝑄𝑄′

SW
+𝑄𝑄′

LW
+𝑄𝑄′

SH
+𝑄𝑄′

LH

)

 , the deviations from the 
mean quantities.

The intrinsic negative feedbacks in radiative and turbulent heat flux on SST make it difficult to determine the 
ultimate driving mechanism of the long-term SST trend (Cane et al., 2017). We further decompose the turbulent 
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fluxes into components that can be linked directly to changes in surface wind 
strength 𝐴𝐴 𝐴𝐴  , SST 𝐴𝐴 𝐴𝐴𝑠𝑠 , surface relative humidity 𝐴𝐴 RH , and air-sea temperature 
differences 𝐴𝐴 𝐴𝐴𝑠𝑠−𝑎𝑎 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎 , where 𝐴𝐴 𝐴𝐴𝑎𝑎 is the surface air temperature. For the radi-
ative fluxes we also account for dependence on greenhouse gases ("CO2") and 
cloud amount (𝐴𝐴 Cld) .

We linearize each component 𝐴𝐴 𝐴𝐴 about the value 𝐴𝐴 𝑄𝑄 by taking the first terms in 
a Taylor series:

𝑄𝑄′ = 𝑄𝑄 −𝑄𝑄 ≈
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑠𝑠

𝑇𝑇 ′
𝑠𝑠 +

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑠𝑠−𝑎𝑎

𝑇𝑇 ′
𝑠𝑠−𝑎𝑎 + . . . +

𝜕𝜕𝜕𝜕

𝜕𝜕Cld
Cld′ +

𝜕𝜕𝜕𝜕

𝜕𝜕CO2

CO′

2�

The partial derivatives are evaluated as shown in Table 1. As shown there, 
we use the standard bulk formulas for 𝐴𝐴 𝐴𝐴LH and 𝐴𝐴 𝐴𝐴SH . Then, as shown in 
Table  1, 𝐴𝐴 𝐴𝐴′

LH
 and 𝐴𝐴 𝐴𝐴′

SH
 may be linearized into subcomponents associated 

with 𝐴𝐴 𝐴𝐴 ′
𝑠𝑠  , 𝐴𝐴 𝐴𝐴 ′ , 𝐴𝐴 𝐴𝐴 ′

𝑠𝑠−𝑎𝑎 , and 𝐴𝐴 RH′ using those bulk formulas (Du & Xie, 2008; Xie 
et  al.,  2010). For 𝐴𝐴 𝐴𝐴SW  and 𝐴𝐴 𝐴𝐴LW , however, there is not an explicit formula 
in terms of surface variables to describe the complicated radiative transfer 
calculation through the atmosphere. For these we estimate the partial deriv-
atives by regressing 𝐴𝐴 𝐴𝐴′

LW
 and 𝐴𝐴 𝐴𝐴′

SW
 on the 𝐴𝐴 𝐴𝐴 ′

𝑠𝑠  , 𝐴𝐴 𝐴𝐴 ′
𝑠𝑠−𝑎𝑎 , 𝐴𝐴 Cld′ , …, and 𝐴𝐴 CO′

2
 over the 

whole simulation period. Our calculation shows a set of 𝐴𝐴 𝐴𝐴 ′
𝑠𝑠  , 𝐴𝐴 𝐴𝐴 ′

𝑠𝑠−𝑎𝑎 , 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴′ , and 
𝐴𝐴 𝐴𝐴𝐴𝐴′

2
 could explain the 𝐴𝐴 𝐴𝐴′

LW
 (R 2 > 0.95) and, in turn, the SST and the 𝐴𝐴 𝐴𝐴′

SW
 

could be explained by the 𝐴𝐴 Cld′ over the North Atlantic (Table  1). In this 
decomposition of radiative fluxes, we do not explicitly include a term for 
anthropogenic aerosols because they are highly collinear with 𝐴𝐴 CO2 (particu-
larly before 1980; Deser et al., 2020). As such, coefficients associated with 

𝐴𝐴 CO2 may also capture some of the response to global and/or regional anthro-
pogenic aerosols. We also calculated the decomposition to 𝐴𝐴 𝐴𝐴′

LH
 and 𝐴𝐴 𝐴𝐴′

SH
 by 

regression and the results are very close to the decomposition based on the 
bulk formulas (not shown).

Table  1 summarizes the decomposition in the present study. The first row 
is the decomposition of SST trend associated with individual heat fluxes, 
and the first column shows the decomposition associated with the physical 
factors. In short, we identify five driving factors in the atmosphere including 

𝐴𝐴 𝐴𝐴  , 𝐴𝐴 𝐴𝐴𝑠𝑠−𝑎𝑎 , 𝐴𝐴 RH , 𝐴𝐴 Cld , and 𝐴𝐴 CO2 (as well as anthropogenic aerosols) and one damp-
ing effect due to 𝐴𝐴 𝐴𝐴𝑠𝑠 .

2.3.  Observational and Modeled Data

Observed SST cooling trend is calculated based on the compiled National 
Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed 
Sea Surface Temperature version 5 (ERSSTv5) (Huang et al., 2017) and Met 
Office Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) (Rayner 
et al., 2003). For consistency, SSTs from 1920 to 2005 are selected and interpo-
lated to 2° × 2° grid. In addition, atmospheric data including air temperature (2 
m), surface temperature, surface and high level (500 hPa) winds, and total cloud 
cover are taken from National Centers for Environmental Prediction reanal-
ysis (NCEP, 1949–2005) (Kalnay et al., 1996) and Coupled reanalysis of the 
twentieth Century (CERA-20C) from the European Centre for Medium-Range 
Weather Forecasts (ECMWF, 1920–2005) (Laloyaux et al., 2018), respectively. 
The CERA-20C is a 10-member ensemble of coupled climate reanalysis, and 
the ensemble average is used in present study. Corresponding CESM-LENs 
data (Kay et al., 2015) are also used to compare the SST trend in the North 
Atlantic.Fl
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3.  Observed and Simulated WH
The observed and CESM-LENs cooling trends are shown in Figure 1. The observed cooling at a rate of ∼0.4 K 
Century −1 is primarily located in the subpolar North Atlantic and extends northward to the Irminger and Labrador 
Seas (Figure 1a). The ensemble average SST in the fully coupled CESM-LENs is similar to the observed trend in 
the subpolar North Atlantic, with the notable exception of a cooling maximum that appears in the Labrador Sea 
(Figure 1b), which has been previously explained by Gervais et al. (2018) as a suppression of deep convection. A 
cooling trend is also present in the SOM simulation (Figure 2a). Resembling the fully coupled model, the cool-
ing SST in SOM extends from the Labrador Sea to the interior North Atlantic, but the maximum cooling in the 
subpolar North Atlantic is muted.

The time series of the WH index is portrayed in Figure S1a in Supporting Information S1. The index is defined 
as the difference of WH SST from the global ocean average. The WH indices in observations and the SOM 
are characterized by strong interannual-to-multidecadal variability, with a cooling trend between the 1930s and 
1990s and a warming afterward. Against the SOM, the WH index in CESM-LENs is manifested as a monotonic 
cooling before 1960, a slight warming and a cooling delineated by 1985. The multidecadal variability in the fully 
coupled CESM-LENs is strongly damped by ocean dynamics (Murphy et al., 2021). The WH SST is similar to 
the WH index (Figure S1b in Supporting Information S1). Overall, the WH cooling in SOM is around 50% of 
the CESM-LENs, but the former global warming is also 50% higher than the later (Table S1 in Supporting Infor-
mation S1), because of the fixed mixed layer depth and the absence of vertical mixing in CESM-SOM. As such, 
relative to the global average, the WH intensity is similar in CESM-SOM and CESM-LENs, and both are slightly 
smaller than the observed difference (Table S1 in Supporting Information S1). This also remains similar, if we 
define the WH cooling as the SST differences between the cooling region and the rest of subpolar North Atlantic 
(as in Hu & Fedorov, 2020).

Figure 2.  (a) Slab ocean model simulated North Atlantic sea surface temperature (SST) trend (shading and contour) during the 1920–2005 and its subcomponents 
due to changes in: (b) surface wind strength, (c) air-sea temperature difference, (d) low-level cloud covers, (e) relative humidity, (f) greenhouse gases, and (g) SST. (h) 
Contributions of each term in the warming hole region where SST has a cooling trend. The “Total” corresponds to the left y-axis and others are on the right y-axis. In 
(a), the zero-contour is outlined as bold black.
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The North Atlantic SST is argued to be driven by the internal atmospheric or oceanic dynamics, including the 
AMOC and NAO (Clement et al., 2015; Zhang et al., 2019). To quantify the possibility of an internally driven 
WH, we randomly choose 86-year long SST time series (same as the length of historical period: 1920–2005) 
from an 1000-year SOM pi-control simulation, and calculate the trend of the WH index as well as its correlation 
with the observations. This process is repeated for 1000 times. The joint distribution of the correlations and 
trends is shown in Figure S1c in Supporting Information S1, which shows the ensemble mean of the historical 
SOM simulation stands outside of the cluster. This implies a largely forced historical WH in both the trend and 
the multidecadal variability. Similar results hold, if we calculate the correlation between North Atlantic SST 
and observations (Figure S1d in Supporting Information S1). Nevertheless, given the observed SST has strong 
interannual-to-multidecadal variability (Figure S1b in Supporting Information S1), the internal variability may 
affect the SST in the WH region. In this study, we focus on the forced response.

4.  WH Driven by the Westerlies
To examine the mechanism of the cooling in the CESM-SOM, we first quantify the SST trend associated with 
individual surface heat flux (Table 1, first row). At face value, this cooling trend is led by 𝐴𝐴 𝐴𝐴SH , while 𝐴𝐴 𝐴𝐴LH and 𝐴𝐴 𝐴𝐴LW 
produce a significant warming that offsets the 𝐴𝐴 𝐴𝐴SW cooling (Figure S2a in Supporting Information S1). Spatially, 
the 𝐴𝐴 𝐴𝐴SW gives rise to a west-east dipole SST response in the North Atlantic, with a prominent cooling trend in 
the eastern basin and warming trend in the western basin. This dipole trend, however, is largely compensated 
by  the opposite trends due to 𝐴𝐴 𝐴𝐴LW and 𝐴𝐴 𝐴𝐴LH . The compensation between 𝐴𝐴 𝐴𝐴SW and 𝐴𝐴 𝐴𝐴LW is not surprising, but why is 
the  SST trend associated with 𝐴𝐴 𝐴𝐴SH not consistent with the 𝐴𝐴 𝐴𝐴LH trend, since their driving components (winds, SST) 
have a high degree of similarity? Or equivalently, what are the driving mechanisms of SST trend in the turbulent 
fluxes and ultimately the WH in the SOM?

The net SST trend in the WH is driven by the cooling associated with surface wind strength and air-sea temper-
ature differences across the North Atlantic basin (Figure 2h; Table 1, first column). The wind strength induced 
cooling peaks in the eastern basin, decays toward to the interior North Atlantic, and even reverses in the Gulf 
Stream (Figure  2b). In contrast, the air-sea temperature differences induced cooling is largest in the western 
basin, stretching to the mid subpolar North Atlantic (Figure 2c). The cooling trends are strongly compensated 
by the damping effect from the SST (Figure 2h), which on its own induces a warming tendency in most of the 
North Atlantic (Figure 2g). Greenhouse gases on their own produce a warming throughout the basin, as expected 
(Figure 2f). The SST trends associated with relative humidity and low-level cloud cover display a west-east dipole 
response, and are largely opposite (Figure 2d, 2e and 2h).

The cooling trend associated with surface wind strength and air-sea temperature difference stems from an increase 
in the surface westerlies during the last century. Figure 3a shows the simulated trend of surface wind strength, 
the pattern of which is consistent with the cooling in Figure 2b. The enhancement of boundary-layer wind speed 
is mainly manifested by the poleward shift in the westerly winds, a robust response in agreement with the reanal-
ysis (Figures 3a and 3b; Figure S3a in Supporting Information S1) and a number of previous studies (Chang & 
Yau, 2016; Feser et al., 2015; Woollings et al., 2012). Physically, an increase in wind speed would amplify 𝐴𝐴 𝐴𝐴SH 
and 𝐴𝐴 𝐴𝐴LH to extract energy out of the ocean, leading to a cooling effect (Figure S2c in Supporting Information S1).

The increase in surface westerlies also enhances the air-sea temperature differences. Figure 3c shows the air-sea 
temperature difference in SOM is well correlated with the temperature advection, which is mostly due to the 
surface westerlies across the WH regions (Figure S4a in Supporting Information S1). The intensified surface 
wind transports more cold air from the nearby North American continent and high latitudes to the North Atlantic, 
such that the boundary air over the ocean is cooler than the ocean water (Seager et al., 1995). Consequently, the 
air-sea temperature differences increase; the associated 𝐴𝐴 𝐴𝐴SH and 𝐴𝐴 𝐴𝐴LH increase, producing the cooling SST trend.

A role for surface westerlies in the air-sea temperature differences is also observed in NCEP and CERA-20C 
reanalyses (Figure 3d, and Figures S4b–S4d in Supporting Information S1). Both SOM and reanalysis data show 
highest correlations in the Labrador Sea that stretches to the interior subpolar North Atlantic. Due to the increase in 
the surface westerly winds (Figure 3b), a cooling trend associated with air-sea temperature differences in observa-
tions is also expected as in the SOM. Interestingly, the pattern of WH resembles the correlation map in reanalysis 
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and SOM, respectively (Figures 1a vs. 3d and Figure S4b in Supporting Information S1; Figures 2a vs. 3c and 
Figure S4a in Supporting Information S1), demonstrating the role of surface westerlies in creating the WH.

The dipole SST trend from cloud coverage also arises from a change in the high-altitude westerlies, which shows 
the jet core shifts poleward and elongates eastward over the last century (Figure S3a in Supporting Informa-
tion S1) (Gervais et al., 2019). As a result, the low-level cloud cover increases in the eastern basin and decreases 
in the west (Figure S3b in Supporting Information S1), which leads to an opposing SST response in 𝐴𝐴 𝐴𝐴SW and 

𝐴𝐴 𝐴𝐴LW (Figure S2f in Supporting Information S1). Overall, 𝐴𝐴 𝐴𝐴SW dominates the net response. Again, the relationship 
between cloudiness and the westerly jet stream is examined in the reanalysis, and NCEP and CERA-20C show 
similar results to the SOM simulation (Figure 3f and Figure S5 in Supporting Information S1). This relationship 
is consistent with previous studies (Bender et al., 2012; Li et al., 2021).

However, the dipole SST pattern generated from cloud is largely canceled by that from the relative humidity. In 
response to the shift of westerlies and cloudiness, the near-surface relative humidity also increases in the east 
basin and decreases in the west (Figure S3c in Supporting Information S1), thus triggering an opposite SST trend 
via 𝐴𝐴 𝐴𝐴LH (Figure 2e and Figure S2e in Supporting Information S1).

Figure 3.  (a) Slab ocean model (SOM) simulated North Atlantic surface wind speed (shading) and wind (vector) trend during the 1920–2005, (b) Timeseries of 
averaged subpolar North Atlantic surface westerly in SOM and reanalysis, (c) Correlation between air-sea temperature difference and surface temperature advection 
in SOM, (d) as in (c) but for CREA-20C reanalysis, (e) Correlation between cloud coverage and high-level westerly in SOM, (f) Timeseries of averaged subpolar 
North Atlantic high-level westerly (left-axis) and cloud coverage (right-axis) in SOM and reanalysis (see legend). In (b), the light blue envelope is ensemble spread in 
SOM. the subpolar North Atlantic is defined as 45°–60°N, 60°–0°W, which is marked as green box in (a). In (c–e), correlations at 95% (p < 0.05) confidence level in 
two-tailed Student's t-test are plotted. In (f), a 3-year running mean is applied to CREA-20C reanalysis for visualization. The westerly from reanalysis is on 500 hPa, 
while that in SOM is averaged between 400 and 700 hPa on native hybrid-pressure model level, which is close to 500 hPa. Climatology has been removed in all 
timeseries for comparison.
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Finally, the cooling driven by surface wind speed and air-sea temperature differences is heavily offset by the 
damping from SST associated with 𝐴𝐴 𝐴𝐴LH and the warming from greenhouse gases associated with 𝐴𝐴 𝐴𝐴LW (Figure 2; 
Figures S2b and S2g in Supporting Information S1). The SST damping effect is expected. As the surface wind 
strength and air-sea temperature differences cool the SST, the dependence of 𝐴𝐴 𝐴𝐴LH and upward 𝐴𝐴 𝐴𝐴LW on SST warms 
the SST up by reducing the outgoing 𝐴𝐴 𝐴𝐴LH and 𝐴𝐴 𝐴𝐴LW (i.e., a negative feedback). This damping is largely accom-
plished by 𝐴𝐴 𝐴𝐴LH (Figure S2b in Supporting Information S1), rather than by 𝐴𝐴 𝐴𝐴LW , because the upward 𝐴𝐴 𝐴𝐴LW (𝑇𝑇 ′

𝑠𝑠 ) is 
nearly perfectly compensated by the downward 𝐴𝐴 𝐴𝐴LW (𝑇𝑇 ′

𝑎𝑎 ) , leaving a small net cooling response in the 𝐴𝐴 𝐴𝐴LW (𝑇𝑇 ′
𝑠𝑠−𝑎𝑎) 

(Figure S2d4 in Supporting Information S1). Instead, the rise in 𝐴𝐴 𝐴𝐴𝐴𝐴2 causes a warming SST trend in 𝐴𝐴 𝐴𝐴𝐿𝐿𝐿𝐿  , weak-
ening the cooling from 𝐴𝐴 𝐴𝐴 ′ and 𝐴𝐴 𝐴𝐴 ′

𝑠𝑠−𝑎𝑎 (Figure S2g in Supporting Information S1). Spatial deviations from a uniform 
𝐴𝐴 𝐴𝐴𝐴𝐴2 warming - in particular the weak warming in the subpolar gyre—may result from the background ocean state 

(Marshall et al., 2014), local climate feedbacks (Soden et al., 2008), as well as uneven anthropogenic aerosol 
emissions (Deser et al., 2020) that coevolves with the 𝐴𝐴 CO2 before 1980 (Text S2 in Supporting Information S1). 
Note that though the 𝐴𝐴 CO2 causes a warming SST trend directly, it also shifts the westerlies (Chang & Yau, 2016; 
Feser et al., 2015; Li et al., 2021; Woollings et al., 2012) and causes a cooling trend indirectly.

5.  Conclusion and Discussion
5.1.  Concluding Remarks

We conclude that a forced North Atlantic WH is simulated in an ensemble of SOM simulations that lack an 
active ocean, which could explain about 50% of the cooling in observation in the past century, or almost 90% 
of the difference between the WH and the global mean trends. The detailed mechanism of the WH associated 
with the westerlies is summarized in Figure 4. The westerlies shift poleward as a response to historical forcings 
during the  past century and influences the radiative and turbulent heat fluxes. At the surface, the intensified wind 
strength amplifies air-sea temperature differences, and both drive an oceanic heat loss through latent and sensible 
heat fluxes. In the atmosphere, the correlated shift of clouds blocks the shortwave radiation but increases down-
ward longwave radiation to the North Atlantic, the net effect of which is, however, largely balanced by the relative 
humidity change near the surface. Though the cooling induced by winds and air-sea temperature differences is 
strongly offset by the SST feedback and by the warming due to greenhouse gases, the WH persists in the subpolar 

Figure 4.  Schematic plot for the mechanism of warming hole in the North Atlantic.
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North Atlantic. The development of the WH may also strengthen the midlatitude jet, a positive feedback (Gervais 
et al., 2019). Our results are consistent with a recent observational study (Li et al., 2021), where they argue that 
increased storminess drives surface fluxes that cool the SST. This work highlights the important role of westerlies 
as well as atmospheric thermal forcing in driving the North Atlantic WH.

5.2.  Comparing SOM With Observation and CESM-LENs

Though our SOM simulation and CESM-LENs both produce a WH in the North Atlantic, the cooling pattern has 
some differences with observations. In particular, the cooling maximum in the Labrador Sea in models is absent 
in observations. In our SOM simulations, this cooling peak originates from temperature advection by the surface 
westerlies. The air-sea temperature difference and surface westerlies show tightest coherence in the Labrador Sea, 
as the sea surface starts to be exposed to the open air at the edge of sea ice and thus the SST is mostly impacted 
by the cold air advected by the surface wind. This cooling maximum is amplified in the CESM-LENs, probably 
by the suppression of deep convection (Gervais et al., 2018).

The last notable difference is that the WH in SOM is northward displaced compared to the observation, which 
may be due to the absence of oceanic Ekman heat transport. Figure S6a in Supporting Information S1 plots the 
trend of Ekman heat transport in SOM, in which a swath of heat divergence (∼3 W m −2 Century −1) region is 
located at around 50°N in the subpolar North Atlantic. This cooling effect is attributable to advection of mean 
SST gradients by anomalous wind stress (Figure S6b in Supporting Information S1) (Hu & Fedorov, 2020). With 
an Ekman flow included in SOM, the WH would shift southward and have a cooling maximum in the subpolar 
North Atlantic. It is noted that the anomalous Ekman heat transport here is calculated offline. Developing an 
Ekman flow and deep mixing explicitly resolved SOM (Hsu et al., 2022) would further our understanding of 
the oceanic processes that contribute to the WH. In addition to the anomalous Ekman heat transport, the cooling 
ocean surface could weaken the local ocean stratification and increase the frequency of convection that would 
produce an additional cooling effect (Li et al., 2021).

Nonetheless, our model results, combined with reanalysis, suggest that atmospheric circulation changes can 
produce cooling not only through surface fluxes, but also by driving anomalous Ekman heat transports in the 
ocean, which together may explain widespread cooling of the North Atlantic in historical observations, without 
a role for the AMOC. Indeed, the multi-model simulated AMOC shows an overall increasing trend in the past 
century in the Coupled Model Intercomparison Project 6 (Hassen et  al.,  2021; Menary et  al.,  2020), further 
stressing the important role of the atmosphere in the WH. In future warming scenarios, our preliminary results 
(not shown) and other peer studies (Keil et al., 2020), however, suggest that the absolute cooling trend in SOM 
disappears from the North Atlantic but the WH persists in fully coupled models, suggesting the dominating role 
of oceanic processes in the future (Chemke et al., 2020; Gervais et al., 2018; Keil et al., 2020; Liu et al., 2020; 
Menary & Wood, 2018; Ren & Liu, 2021) due to the heat uptake in the North Atlantic (He et al., 2019; Ma 
et al., 2020).

5.3.  Fingerprint of the AMOC

The fingerprint of cooling in the subpolar Atlantic Ocean and warming in the Gulf Stream has been used as a 
proxy for the AMOC strength (Caesar et al., 2018; Rahmstorf et al., 2015). This fingerprint along with the warm-
ing in the South Atlantic also emerges in our SOM simulations purely driven by the atmospheric dynamics and is 
similar to the observation (Figure S7 in Supporting Information S1 vs. Figure 2 in Caesar et al., 2018). Given that 
SST is heavily influenced by atmospheric processes, this raises concerns about inferring the state of the AMOC 
based on SST. Subsurface temperature is a better alternate (He et al., 2020; Zhang, 2008).

Appendix A:  Derive the  on f09 Grid
To calculate the SST associated with individual heat flux, we have to first derive the 𝐴𝐴 𝐴𝐴f lx on atmospheric grid 
(f09). Integrating Equation 1 on both sides, it is easy to have

𝑇𝑇 (𝑡𝑡) − 𝑇𝑇 (0) −
1

𝜌𝜌𝜌𝜌𝑝𝑝ℎmix ∫

𝑡𝑡

0

𝑄𝑄sfc𝑑𝑑𝑑𝑑 =
1

𝜌𝜌𝜌𝜌𝑝𝑝ℎmix

𝑄𝑄f lx𝑡𝑡� (A1)
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𝐴𝐴 𝐴𝐴 (𝑡𝑡) and 𝐴𝐴 𝐴𝐴sfc are available on the left hand side. Since 𝐴𝐴 𝐴𝐴f lx is a constant at each grid, the right hand side of Equa-

tion A1 𝐴𝐴
1

𝜌𝜌𝜌𝜌𝑝𝑝ℎmix

𝑄𝑄f lx is just the regression coefficient giving the best least squares fit.

Data Availability Statement
ERSST v5 is publicly at: https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html. HadISST is publicly at: 
https://www.metoffice.gov.uk/hadobs/hadisst/. NCEP/NCAR Reanalysis 1 is available at: https://psl.noaa.gov/
data/%20gridded/data.ncep.reanalysis.html. The CERA-20C renanlysis is available at: https://www.ecmwf.int/
en/forecasts/dataset/coupled-reanalysis-20th-century. The CESM-LENs data is available at: https://www.cesm.
ucar.edu/projects/community-projects/LENS/. The SOM data and the data supporting the findings of this study 
are available at: https://doi.org/10.5281/zenodo.6835371.
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