
1.  Introduction
The Atlantic Multidecadal Variability (AMV) is characterized by warming and cooling of North Atlantic sea 
surface temperature (SSTs) in a coherent, horseshoe pattern (Delworth & Mann, 2000; Enfield et al., 2001; Kush-
nir, 1994; Schlesinger & Ramankutty, 1994). AMV is dynamically linked to changes in the North Atlantic Sub-
tropical High (Hu et al., 2011; Kushnir et al., 2010) and is purported to drive extensive global climate anomalies 
(Knight et al., 2006; Zhang & Delworth, 2006). States of the AMV are associated with hydroclimate variability 
over North America (Hu et al., 2011; Kushnir et al., 2010; Sutton & Hodson, 2007), the Euro-Mediterranean re-
gion (Kushnir & Stein, 2010; Zampieri et al., 2017), and northeast Brazil (Hastenrath & Greischar, 1993; Knight 
et al., 2006), as well as alternating wet/dry conditions over India (Naidu et al., 2020; Zhang & Delworth, 2006) 
and the Sahel (Folland et al., 1986; Knight et al., 2006; Kushnir & Stein, 2010; Zhang & Delworth, 2006).

Despite its extensive impacts, many dynamical features of AMV remain poorly understood (Bellomo et al., 2018; 
Booth et al., 2012; Brown et al., 2016; Buckley et al., 2015, 2014; Clement et al., 2015; Murphy et al., 2017; 
Otterå et al., 2010; Terray, 2012; Ting et al., 2009; Zhang et al., 2013; 2019). One such issue is the discrepancy 
between where the largest AMV SST changes occur (Ting et al., 2009) and where the remote impacts of AMV 
are forced (Ruprich-Robert et al., 2017). The largest AMV SST changes, as well as distinctly decadal and longer 
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SST variability, occur in the Atlantic subpolar gyre where there is a strong role for the circulation of the ocean and 
its large thermal capacity (Knight et al., 2005, 2006; Sutton et al., 2018; Terray, 2012; Ting et al., 2009). Yet, it 
is the tropical lobe of the AMV SST pattern that is primarily responsible for forcing the remote impacts of AMV 
(Chiang et al., 2008; Kushnir et al., 2010; Ruprich-Robert et al., 2017; Zhang et al., 2019).

That the Atlantic subpolar gyre is the region of greatest AMV SST change is consistent with an understand-
ing of AMV as the consequence of multidecadal variations in the Atlantic Meridional Overturning Circulation 
(AMOC). It has been postulated that strong overturning enhances North Atlantic heat transport to the subpolar 
Atlantic gyre, which results in warm phases of the AMV and vice versa (Buckley & Marshall, 2016; Delworth 
& Mann,  2000; Knight et  al.,  2005; Oelsmann et  al.,  2020; Zhang et  al.,  2019). Although not directly con-
firmed by observations (Lozier, 2010), indirect proxies of oceanic circulation suggest AMOC leads AMV (Sutton 
et al., 2018; Zhang et al., 2019). This theory, however, is still debated. Clement et al. (2015) in particular showed 
that climate models coupled to a motionless mixed-layer representation of the ocean, with prescribed heat flux 
correction that emulates “climatological” ocean heat transport, can simulate the AMV spatial pattern of varia-
bility in the North Atlantic (including concentrated SST loading on the subpolar Atlantic), suggesting that the 
phenomenon could be the response of the ocean mixed layer to local surface heat flux exchanges with the atmos-
phere. A role for external radiative forcing from changes in greenhouse gas and aerosol concentrations (Bellomo 
et al., 2018; Booth et al., 2012; Murphy et al., 2017; Otterå et al., 2010) has also been proposed.

Regardless of the source of AMV, anomalies in atmospheric circulation are expected to play a vital role in com-
municating its SST anomalies from the Atlantic subpolar gyre to the tropical North Atlantic (Martin et al., 2014; 
Yuan et al., 2016). Such atmospheric processes comprise a crucial component of how the remote impacts of the 
AMV are propagated, but they remain poorly characterized. Here we aim to improve our mechanistic understand-
ing of such a subpolar-to-tropics “atmospheric bridge” using atmospheric model ensembles coupled to a slab 
ocean. We impose warming and cooling over the subpolar Atlantic that forces SST anomalies resembling those of 
warm and cold phases of the AMV. The slab ocean experiments are supplemented with counterpart experiments 
that employ a 3-dimensional, fully dynamical ocean with similarly imposed subpolar AMV anomalies. Notably, 
atmospheric responses in these idealized model experiments display an unexpected asymmetry: The atmosphere 
effectively bridges only cold SST anomalies from the Atlantic subpolar gyre to the tropical North Atlantic.

2.  Methods
2.1.  Parsing Internal and Forced Components of the AMV

Current understanding of observed AMV views the phenomenon as consisting of an internal component inherent 
to the coupled climate system and an external component driven by historical radiative forcings. We follow Ting 
et al. (2009) in applying a signal-to-noise maximizing empirical orthogonal functions (EOF) analysis to observed 
global SSTs. This separates internally generated positive and negative phases of the AMV from the radiatively 
forced 20th century SST change (see Ting et al., 2009 for details). We use the subpolar North Atlantic section of 
the pattern attributed to positive and negative phases of internal variability for our subsequent model experiments.

2.2.  Slab Ocean Model Experiments

We employe three 60-member ensembles of the Community Atmospheric Model version 5.0 (CAM5; Hurrell 
et al., 2013). The atmospheric model is coupled to an interactive slab ocean over the Atlantic from 30°S to 90°N, 
with SST prescribed to vary according to the observed 1970–2000 climatological annual cycle everywhere else 
in the world ocean. The Atlantic slab temperature is surface heat flux-corrected (Q-flux) to maintain, on average, 
the observed monthly SST climatology during 1970–2000. Over the subpolar North Atlantic (north of 45°N), 
the Q-flux-corrected SSTs in each respective ensemble are relaxed to three different states. In the first ensemble, 
the subpolar North Atlantic is maintained at its observed climatology over 1970–2000 (denoted CLM-ML for 
climatological-mixed layer). In the second ensemble, the subpolar North Atlantic is maintained at the observed 
SST climatology plus five times the positive AMV pattern north of 45°N (POS-ML for positive-mixed layer); in 
the third ensemble, the subpolar area is maintained at the observed SST climatology minus five times the neg-
ative AMV pattern north of 45°N (herein NEG-ML for negative-mixed layer). Assuming linearity, amplifying 
the subpolar AMV patterns beyond the positive or negative AMV patterns generates a more robust response (see 
Lee et al., 2018). All observed SSTs are from the Hadley Centre Sea Ice and Sea Surface Temperature dataset 
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version 1 (HadISSTv1). For sea ice, the Community Ice CodE version 4 (CICE4; Hunke & Lipscomb, 2008) is 
coupled to CAM5. The CICE4 model calculates surface fluxes, albedo, snow depth, and surface temperature over 
the ice area, while sea ice concentration is prescribed to 1970–2000 climatological values and sea ice thickness 
is maintained at 2 meters for the Arctic and 1 meter for the Antarctic. All experiments are run 60 times, each for 
13 months starting on August 31st. The initial atmospheric conditions for each ensemble member are randomly 
picked from a continuous control simulation forced with observed climatological SSTs. Outputs from the slab-
ocean model experiments have ∼2.8 grid resolution.

2.3.  Fully-Coupled Model Experiments

We also analyze the output of two 30-member ensembles of the fully coupled Community Earth System Model 
version 1.0 (CESM1; Hurrell et al., 2013) run to study the global climate response to the AMV (see Castruccio 
et  al.,  2019; Ruprich-Robert et  al.,  2017). These ensembles are analogous in design to POS-ML and NEG-
ML, but the atmospheric model is coupled to a 3-dimensional, dynamical ocean (denoted SPG_AMV+ and 
SPG_AMV−, respectively). Model SSTs are allowed to evolve freely except in the subpolar North Atlantic (37° 
to 73°N), where SST anomalies corresponding to plus (SPG_AMV+) or minus (SPG_AMV−) one standard 
deviation of the observed AMV index are imposed in accordance with Ting et al. (2009). Two 8° latitude buffer 
zones are imposed at the northern and southern boundaries of the subpolar North Atlantic, where the restoring 
coefficient is decreased by 0.125 per degree of latitude; full restoring is thus only applied between 45° and 65°N. 
Outputs from the fully-coupled model experiments have 0.94° latitude by 1.25° longitude grid resolution.

To approximate control runs (CLM*; see below for details), we employ two additional 30-member ensembles of 
the fully coupled CESM1 model that allow model SSTs to evolve freely except over the entire North Atlantic (0°N 
to 73°N), where SST anomalies corresponding to plus or minus one standard deviation of the observed AMV 
index are imposed in accordance with Ting et al. (2009; herein Full_AMV+ and Full_AMV−, respectively). Here 
too 8° latitude buffer zones are imposed at the northern and southern boundaries of the North Atlantic, where the 
restoring coefficient is decreased by 0.125 per degree of latitude; full restoring is thus only applied between 8°N 
and 65°N. All fully coupled experiments are run continuously for 10 years, starting in January. See Ruprich-Rob-
ert et al. (2017) and Castruccio et al. (2019) for additional details on the experimental setups of SPG_AMV+, 
SPG_AMV−, Full_AMV+, and Full_AMV−.

2.4.  Model Analysis

Members of a given model ensemble have a forced component (climatological component for control runs) over 
the subpolar Atlantic that is common across the ensemble, but the members vary in their realizations of internal 
variability. For the slab-ocean model runs, internal variability comes from the atmosphere and its surface heat 
exchange with the Atlantic Ocean mixed-layer, as SSTs over the rest of the ocean are prescribed. For fully coupled 
experiments, internal variability comes from the atmosphere and its interaction with the global ocean. Averaging 
across a large ensemble reduces internal variability, such that the ensemble mean can be interpreted as the forced 
response (climatological response for control runs) to a given experiment. Subtracting the ensemble mean of 
CLM-ML from the ensemble means of NEG-ML and POS-ML, respectively, thus isolates the influence of the 
subpolar AMV forcing in the atmospheric model experiments.

For the CESM1 fully coupled model experiments, we approximate the climatological component of surface tem-
perature (and the only surface temperature) in the CESM1 fully coupled experiments (herein CLM*) by taking 
the average of Full_AMV+ and Full_AMV−. We then subtract CLM* from ensemble means of SPG_AMV− 
and SPG_AMV+ to isolate the influences of subpolar forcing on the temperatures. We do not use the average of 
SPG_AMV+ and SPG_AMV− to approximate CLM* because of suspected asymmetric responses in the tropical 
Atlantic driven by warm and cool subpolar North Atlantic forcings in SPG_AMV+ and SPG_AMV−; such 
asymmetric responses are limited in Full_AMV+ and Full_AMV− because observed AMV SST anomalies are 
imposed on both the tropical North Atlantic and subpolar North Atlantic. Adding together Full AMV+ and Full 
AMV− thus roughly reduces the AMV amplitude over the North Atlantic region to zero. Our approximation of 
CLM* only applies to surface temperature because no observed AMV anomalies are imposed for other climate 
variables. We furthermore note that our CLM* approximation method may not be applicable outside the North 
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Atlantic sector, as imposed AMV anomalies may change the model mean state elsewhere through non-linearities 
in teleconnections.

3.  Results
3.1.  Atlantic-Wide SST Response

We first isolate the surface temperature response in the Atlantic sector when cold and warm anomalies are im-
posed in the subpolar region without ocean dynamics (Figure 1). In NEG-ML (Figures 1a–1d), cold anomalies 
extend immediately southward along the eastern North Atlantic subtropical basin. These anomalies strengthen 
throughout December-February and extend into the tropical Atlantic, such that a horseshoe pattern of surface 
temperature anomalies resembling the canonical cold AMV phase fully develops by the end of February. This 
cold AMV phase persists until ∼ May, after which the pattern decays. In POS-ML (Figures 1e–1h), the imposed 
warm SST anomalies do not similarly spread into the tropics, notwithstanding modest warming along the eastern 
North Atlantic subtropical basin that occurs around May. A full canonical pattern of AMV warming spanning the 
North Atlantic never develops in POS-ML (see Figure S1 in the Supporting Information S1 for the last month of 
this experiment). The Basin-wide surface temperature response to the warm anomalies in the subpolar Atlantic 
thus are asymmetric, both in timing and pattern, to that of the cold anomalies. We note that such asymmetric 
atmospheric responses to heat anomalies have previously been shown to occur outside of a narrow range of 
anomalies and/or when the sign of the anomalies is reversed (Kushnir et al., 2002; Lunkeit & von Detten, 1997; 
Robinson et al., 2003).

To demonstrate the robustness of the above-mentioned results, we perform Empirical Orthogonal Functions 
(EOF) analyses on tropical Atlantic surface temperature responses to forcings across the 60-member ensemble 
space (Figure 2); the EOF is performed on the average of the 13-months of the experiment and without removing 

Figure 1.  (a–d) Surface temperature for NEG-ML ensemble mean minus CLM-ML ensemble mean. (e and f) Same as (a–d) but for POS-ML ensemble mean minus 
CLM-ML ensemble mean. SON shows September-October-November means. DJF shows December-January-February means. MAM shows March-April-May means. 
JJA shows June-July-August means. The mixed-layer experiments have over the subpolar Atlantic (i) an imposed Q-flux term designed to maintain the AMV patterns 
and (ii) an interactive Q-flux component arising from the atmosphere and its interaction with the mixed-layer.
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the ensemble mean, in order to preserve the spatial structure common across the 60 members. Notably, the lead-
ing pattern of NEG-ML minus CLM-ML ensemble mean (Figure 2a; accounting for 30% of variance) strongly re-
sembles the composites over the tropical Atlantic found in Figures 1a–1d, with pattern amplitudes that are steady 
and mostly of the same sign across the respective 60-member ensemble (Figure 2b; average normalized amplitude 
is 0.76 across the ensemble). The leading pattern of POS-ML minus CLM-ML ensemble mean (Figure 2c; 27% of 
variance), in contrast, strongly resembles that of CLM-ML minus CLM-ML ensemble mean (Figure 2e; i.e., cli-
mate “noise” due to atmospheric variability) over the Atlantic sector. The pattern amplitudes for POS-ML minus 
CLM-ML ensemble mean furthermore fluctuate and change signs (Figure 2d; average normalized amplitude is 
−0.12 across the ensemble), similar to what is seen in CLM-ML minus CLM-ML ensemble mean (Figure 2f; av-
erage normalized amplitude is 0.00 across the ensemble). Collectively, our EOF results suggest that the ensemble 

Figure 2.  (left) The structure function (identified without removing the mean prior to EOF analysis) multiplied by the square root of its eigenvalue and (right) its 
normalized amplitude in each ensemble member corresponding to the leading principal component of the 13-month average tropical Atlantic surface temperature 
response in (a and b) NEG-ML members minus CLM-ML ensemble mean, (c and d) POS members minus CLM ensemble mean, and (e and f) CLM members minus 
CLM ensemble mean. The variance explained by each respective structure function is indicated below the corresponding panel.
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mean surface temperature response emerging in the NEG-ML, but not POS-ML, are robust and present across 
nearly all 60 members.

3.2.  Mechanisms

We next investigate the atmospheric mechanisms by which SST anomalies propagate to the tropical Atlantic. 
Figure 3 shows the September–February averaged latent heat flux anomaly field, with positive values implying 
excess evaporation (i.e., that heat is transferred from the ocean to the atmosphere), superimposed onto the March 
SST field, as well as 1,000 mbar averaged wind vectors and wind speeds for September to October. For NEG-ML, 
the six-month cumulative effect of latent heat flux is negative (i.e., the anomalous heat flux is downward, from 

Figure 3.  (top) March surface temperature field (colors) superimposed by September to February (i.e., first six months of the experiment) average latent heat flux 
(contours; W/m2) for (a) NEG-ML ensemble mean minus CLM-ML ensemble mean and (b) POS-ML ensemble mean minus CLM-ML ensemble mean. Solid contours 
are positive values; dotted contours are negative values; zero contours are not shown. (bottom) September–October averages (i.e., first two months of the experiment) of 
1,000 mbar monthly mean winds (vectors showing mean zonal and meridional winds; U and V) and wind speeds (colors; calculated on winds squared; UU and VV) for 
(c) NEG-ML ensemble mean minus CLM-ML ensemble mean and (d) POS-ML ensemble mean minus CLM-ML ensemble mean.
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the atmosphere to the ocean) over the subpolar Atlantic. This heat exchange acts to dampen the imposed SST 
cooling in the subpolar Atlantic (Figure 3a). In contrast, positive latent heat fluxes forces cooling along the east-
ern subtropical North Atlantic basin, consistent with the evolution of temperature anomalies in Figures 1a–1d. 
These upward latent heat flux anomalies appear to be forced in part by an anomalous circulation response to the 
cold subpolar SSTs that is set up immediately in the first month of the runs (Figure S2 in the Supporting Infor-
mation S1). This dynamical response drives northerly, cold anomalous surface winds from the subpolar region 
along the eastern subtropical Atlantic (Figure 3c); from the subtropics, the SST cooling spreads into the tropics 
by wind-driven evaporation (wind-evaporation-SST feedback according to Xie & Philander, 1994). Sensible heat 
fluxes play a small role, indicating that the atmospheric bridge depends predominantly on wind-driven latent 
fluxes (Figure S3 in the Supporting Information  S1). Note that the high-pressure circulation anomaly in the 
eastern subpolar gyre (Figure 3c) transports warm subtropical air northward to help balance the imposed surface 
cooling there. This combined dynamical (in the extratropics) and thermodynamical (in the tropics) response 
change appear to be set up by the initial response to the imposed SST anomaly.

As expected in the warming experiment, there is strong upward latent heat flux over the Atlantic subpolar gyre 
due to the excess heat imposed at the surface of the subpolar Atlantic gyre (Figure 3b). Surprisingly, the at-
mospheric response in POS-ML show broad similarity to that over the NEG-ML over the subpolar latitudes 
(i.e., anticyclonic anomalies at 1,000 mbar centered around 50°N/30°W; Figure 3d; Figure S2 in the Supporting 
Information S1). However, the primary interaction of the Atlantic subpolar gyre appears to be confined within 
the subpolar and Arctic regions with little extension to the tropical Atlantic and with intensified, strong westerly 
winds over the imposed positive SST anomaly. This dynamical circulation response prevents the spread of heat to 
the tropics, blocking the change in surface temperatures there. Consistently, the wind response over the tropical 
Atlantic is more subdued relative to that in the cooling experiment, although there is some wind-driven evapo-
rative cooling along the eastern subtropical North Atlantic basin. Notably, neither latent heat fluxes nor winds 
explain the modest tropical North Atlantic warming towards the end of the POS-ML experiment (Figure S1 in 
the Supporting Information S1), indicating that this warming results from dynamics separate from those relevant 
to NEG-ML (there is a possible role for cloud cover affecting surface solar heating in POS-ML; Figure S4 in 
the Supporting Information S1). Collectively, in our slab-ocean experiments, the atmosphere is effective only 
in bridging cold SST anomalies to the tropical North Atlantic predominantly via wind-driven latent heat fluxes.

3.3.  Asymmetry in Fully Coupled Model Experiments

The asymmetric response to imposed subpolar Atlantic heat anomalies persists in the CESM1 fully coupled 
experiments (i.e., with the addition of a dynamical ocean; Figure 4 and Figure S5 in the Supporting Informa-
tion S1). Temperature anomaly patterns isolated using CLM* closely resemble those observed in the slab ocean 
experiments: the cooling imposed over the Atlantic subpolar gyre in the SPG_AMV− experiment spreads along 
the eastern subtropical North Atlantic basin to form a horseshoe pattern of cold anomalies (Figure 4a); the im-
posed warming in the SPG_AMV+ experiment is confined to the subpolar Atlantic gyre with little to no heating 
in the tropical Atlantic, similar to what is seen in POS-ML (Figure 4b). EOF analyses parallel to the ones above 
yield similar results and confirm the asymmetry to be robust across the 30-member ensemble (Figure 4. For in-
stance, the leading pattern of NEG minus CLM* (Figure 4c; accounting for 29% of variance) strongly resembles 
that of NEG-ML minus CLM-ML ensemble mean (accounting for 30% of variance) with pattern amplitudes that 
are also mostly of the same sign across the ensemble (Figure 4e). The leading pattern of POS minus CLM* (Fig-
ure 4d; accounting for 26% of variance) also strongly resembles that of POS-ML minus CLM-ML ensemble mean 
(accounting for 27% of variance) with pattern amplitudes that fluctuate and change signs (Figure 4f). The fully 
coupled climate system, much like the atmosphere, thus appears to be effective in propagating only imposed cool 
anomalies from the subpolar Atlantic gyre to the tropical Atlantic. That is, the CESM1 fully coupled experiments 
confirm that the asymmetric atmospheric-mixed layer response is not limited to the idealized setting of the slab-
ocean experiments. Rather, the asymmetric response is simulated even when the dynamics of the fully coupled 
ocean model (and any biases therein) are incorporated.
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4.  Conclusion
Using idealized experiments, we have characterized a robust asymmetry in the atmospheric response to plausible 
ocean and/or atmosphere-induced subpolar Atlantic SST change. In our cold subpolar SST experiment, a combi-
nation of (i) a dynamical circulation response in the extratropical atmosphere followed by (ii) a thermodynamic 
wind-evaporation-SST response in the tropics generates wind-driven evaporative cooling that communicates the 
cooling from the Atlantic subpolar gyre to the tropical North Atlantic. The resulting ocean surface heat loss re-
produces the canonical cold AMV SST horseshoe pattern. Notably, no such atmospheric bridge is found in our 
warm experiment. Instead, the primary atmospheric interaction of the Atlantic subpolar gyre is confined to the 

Figure 4.  (top) Average surface temperature difference for (a) SPG_AMV− ensemble mean minus CLM* ensemble mean and (b) SPG_AMV+ ensemble mean 
minus CLM* ensemble mean for the 10 years of the CESM1 experiments. (middle) The structure function (identified without removing the mean prior to empirical 
orthogonal functions analysis) multiplied by the square root of its eigenvalue and (bottom) its normalized amplitude in each ensemble member corresponding to the 
leading principal component of the 13-month average tropical Atlantic surface temperature response in (c–e) SPG_AMV− members minus CLM* and (d–f) SPG_
AMV+ members minus CLM*. The variance explained by each respective structure function is indicated below the corresponding panel.
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subpolar and Arctic regions, with muted wind response or spreading of heat to the tropics. The addition of a fully 
dynamical ocean does not eradicate the asymmetric atmospheric response: rather, similar asymmetric surface 
temperature responses to parallel cooling and warming of the Atlantic subpolar gyre are observed.

Though consistent across both the slab-ocean and fully coupled model experiments, our results nevertheless 
depend on a single model lineage from the National Center for Atmospheric Research (NCAR); the possibility 
for model dependency and/or model biases are therefore a caveat to our results. Furthermore, although we have 
demonstrated a coherent mechanism for how the asymmetry occurs, we do not herein provide a clear physical 
explanation for why. We hypothesize that the asymmetry may arise because it is thermodynamically more effi-
cient for subpolar Atlantic cold anomalies to draw heat from the warm tropics but for subpolar Atlantic warm 
anomalies to release heat into the cold polar region. This is consistent with the observation that the primary 
interaction of winds over the Atlantic subpolar gyre is with the tropical Atlantic in the cold experiments but with 
the subpolar and Arctic regions in the warm experiments (with warm air flowing towards the Arctic). The caveat 
of model dependence and a causal explanation notwithstanding, our results highlight a key dynamical feature of 
AMV for which warm and cold phases are not opposite phases of the same cycle, with important implications 
for how the expected future release of continental ice sheet melt into the subpolar Atlantic gyre may influence 
the global climate.

Data Availability Statement
The CAM5 slab-ocean model experiments are available at (http://kage.ldeo.columbia.edu:81/OTHER/.kushnir/.
AMV_ML/). The CESM1 fully coupled model experiments are available at (https://doi.org/10.26024/rn3t-ep30).
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