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Mechanisms Shaping Wind Convergence under Extreme Synoptic Situations over the Gulf
Stream Region

VICTOR ROUSSEAU,* EMILIA SANCHEZ-GOMEZ,* RYM MSADEK,* AND MARIE-PIERRE MOINE®
2 CECI, Université de Toulouse, CNRS, CERFACS, Toulouse, France

(Manuscript received 16 September 2020, in final form 15 July 2021)

ABSTRACT: Air-seainteraction processes over the Gulf Stream have received particular attention over the last decade. It
has been shown that sea surface temperature (SST) gradients over the Gulf Stream can alter the near-surface wind di-
vergence through changes in the marine atmospheric boundary layer (MABL). Two mechanisms have been proposed to
explain the response: the vertical mixing mechanism (VMM) and the pressure adjustment mechanism (PAM). However,
their respective contribution is still under debate. It has been argued that the synoptic perturbations over the Gulf Stream
can provide more insight into the MABL response to SST fronts. We analyze the VMM and PAM under different atmo-
spheric conditions obtained from a classification method that is based on the deciles of the statistical distribution of winter
turbulent heat fluxes over the Gulf Stream. The lowest deciles are associated with weak air—sea interactions and anticyclonic
atmospheric circulation over the Gulf Stream, whereas the highest deciles are related to strong air-sea interactions and a
cyclonic circulation. Our analysis includes the low- and high-resolution versions of the ARPEGEv6 atmospheric model
forced by observed SST, and the recently released ERAS global reanalysis. We find that the occurrence of anticyclonic and
cyclonic perturbations associated with different anomalous wind regimes can locally modulate the activation of the VMM
and the PAM. In particular, the PAM is predominant in anticyclonic conditions, whereas both mechanisms are equally
present in most of the cyclonic conditions. Our results highlight the role of the atmospheric circulation and associated
anomalous winds in the location, strength, and occurrence of both mechanisms.

KEYWORDS: Atmosphere—ocean interaction; Extreme events; Marine boundary layer; Synoptic-scale processes; Small-
scale processes; Surface fluxes

1. Introduction free troposphere locally through vertical motion and convective
precipitation. Two main mechanisms occurring in the marine
atmospheric boundary layer (MABL) have been proposed to
explain the influence of SST fronts and mesoscale oceanic eddies
on the near-surface wind divergence and convergence (Chelton
et al. 2004; Minobe et al. 2008; Small et al. 2008; O’Neill et al.
2010; Putrasahan et al. 2013; Chelton and Xie 2010; Ma et al.
2016; Roberts et al. 2016). One mechanism is the so-called ver-
tical mixing mechanism (VMM), which has been described both,
in observational and modeling studies (Chelton and Xie 2010;
Putrasahan et al. 2013; Takatama et al. 2015; Hayes et al. 1989;
Chelton et al. 2001; O’Neill et al. 2003; Roberts et al. 2016; Piazza
et al. 2016; Xie et al. 2002). The VMM consists of an intensifi-
cation of near-surface winds over a warm ocean. Indeed, the
warm part of the SST front destabilizes the overlying atmo-
sphere, which can strengthen the momentum transfer and the
vertical mixing in the MABL. The momentum from aloft is then
transported downward, thus accelerating the near-surface winds
(Sweet et al. 1981; Wallace et al. 1989; Hayes et al. 1989). These
spatial variations in wind stress magnitude result in wind stress
divergence when the wind blows perpendicular to the SST front,
and to a wind stress curl when the wind blows parallel to the
front (Spall 2007, O’Neill et al. 2017; Chelton et al. 2004).
The VMM influence on the MABL can hence be estimated
by the linear relationship between the downwind component of
the SST gradient (DW_SST) and the near-surface wind diver-
gence, or by the relationship between the crosswind component
of the SST gradient and the near-surface wind curl.

Another mechanism that can explain the influence of oce-
Corresponding author: Victor Rousseau, vmr.rousseau@gmail.com  anic SST fronts on the atmosphere is the so-called pressure

The Gulf Stream (GS), one of the major western boundary
currents, flows poleward along the western flank of the North
Atlantic Ocean basin, bringing warm and salty waters from the
tropics to higher latitudes. At midlatitudes, the Gulf Stream
encounters the cold Labrador Current coming from the west-
ern branch of the subpolar gyre, which generates sharp sea
surface temperature (SST) gradients or fronts. The ocean in
the GS region is characterized by the presence of meanders
that can separate from the main current to create smaller
structures called mesoscale eddies. Recently, a lot of attention
has been given to SST fronts and the associated oceanic me-
soscale structures in shaping air—sea interactions in the region.
The development and use of higher-resolution observations
and climate models have revealed that midlatitude SST fronts
can influence the overlying atmospheric circulation, a feature
whose study was limited in coarse-resolution observations and
in standard-resolution climate models. Minobe et al. (2008)
and Kuwano-Yoshida et al. (2010) showed that mesoscale SST
structures are collocated with a convective precipitation band
due to low-level wind convergence and enhanced evaporation
over the warm part of the SST front. Hence, they suggested
that near-surface wind convergence anomalies can affect the
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adjustment mechanism (PAM), which was originally intro-
duced by Lindzen and Nigam (1987). It can be explained by the
different heating of the atmosphere on each side of the SST
front, which creates low pressure over warm waters and high
pressure over cold waters. This pressure gradient induces a
secondary atmospheric circulation with winds blowing from cold
to warm SSTs, creating near-surface convergence or divergence
above the warm part or cold part, respectively, of the SST front.
The PAM can be characterized by the linear regression between
the Laplacian of sea level pressure [LAP(SLP)] and the near-
surface wind divergence over the GS (Minobe et al. 2008).
Several observational and modeling studies have shown that
over the GS, a positive LAP(SLP) is located over the wind
convergence zone, and conversely a negative LAP(SLP) is col-
located with positive divergence wind anomalies, which suggests
that the PAM may play an important role in the MABL re-
sponse to the SST front (Takatama et al. 2015; Bryan et al. 2010;
Putrasahan et al. 2013).

Up to now, the relative contribution of the PAM and VMM
in shaping the MABL response to the GS SST front is still
unclear (Takatama et al. 2015; O’Neill et al. 2017; Masunaga
et al. 2020a,b). It has been suggested that the importance of the
PAM and VMM depends on the background wind conditions
(Spall 2007; Small et al. 2008; Chelton and Xie 2010), the
geographical location of the SST front (Chelton and Xie 2010),
and the season of the year (Minobe et al. 2010; Putrasahan et al.
2013). Moreover, most of the studies that characterized the
role of the PAM and VMM focused on time-mean fields (i.e.,
on fields averaged over a given time period). Until now, the
PAM has been put forward to explain the majority of the time
mean of wind convergence in opposition to the VMM (Minobe
et al. 2008; Takatama et al. 2015). However, the presence of
strong LAP(SLP) values over the GS is not only due to me-
soscale SST modulations. Brachet et al. (2012) further argued
that, besides the thermal SST forcing, migratory synoptic-scale
cyclones can exert an important signature on the LAP(SLP).
Therefore, at synoptic scale, the LAP(SLP) signal could be
decomposed into the pure PAM process, the SLP response to
mesoscale SST, and a dynamical component linked to synoptic
activity.

Moreover, recently, O’Neill et al. (2017) suggested that
synoptic-scale processes, like extratropical cyclones, can play a
dominant role in controlling the time-mean near-surface wind
divergence and convergence over the GS. They further argued
that time-mean averages could mask some important features
that could be key in understanding the MABL response to SST
fronts. Indeed, synoptic-scale atmospheric disturbances are as-
sociated with an anomalously large turbulent heat flux release
from the ocean and an intense baroclinicity in the lower layers of
the atmosphere. Hence, the response of the MABL to SST
fronts might also be influenced by air-sea turbulent fluxes and
surface wind variations at synoptic scales (Parfitt 2014). Further,
it has been shown that extratropical cyclones can contribute
significantly to the near-surface convergence (Vanniére et al.
2017). In addition to that, several studies have shown that the
time-mean pattern of surface convergence near the Gulf Stream
could result mainly from the local strengthening of atmospheric
fronts (Parfitt et al. 2016; Parfitt and Seo 2018), which also
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highlights the importance of the synoptic-scale processes on
the GS convergence zone.

Based on atmospheric reanalysis, recent studies have shown
that exploring MABL processes at daily time scale, by isolating
extreme events or by selecting specific case studies, can provide
more insights about the mechanisms responsible of shaping
air-sea interactions in the GS region rather than studying a
classical time-mean analysis (O’Neill et al. 2017, Masunaga
et al. 2020a,b). The main goal of this study is to investigate the
role of the PAM and VMM in shaping the surface wind di-
vergence over the GS. Most of the studies cited above have
used only atmospheric reanalysis or one realization of an at-
mospheric stand-alone simulation. As internal climate vari-
ability is important over midlatitude regions, the use of a large
sample size could be beneficial to robustly identify the influ-
ence of SST fronts on the overlying atmosphere within the
context of extreme air—sea interactions. Here, in addition to
the analysis of state-of-the-art atmospheric reanalysis, two
ensembles of 10 members of atmosphere-only model simu-
lations forced by observed SST and performed at two dif-
ferent horizontal resolutions, 140 and 50 km, are used. These
experiments were done within the framework of the H2020
PRIMAVERA project through the HighResMIP initiative
(Haarsma et al. 2016). Our analysis is based on a classification
of different synoptic situations defined from the turbulent
heat flux distribution over the GS, following Parfitt and Czaja
(2016). We distinguish atmospheric patterns corresponding
to weak and strong turbulent heat flux release from the ocean
to the atmosphere during winter.

In section 2 we present the reanalysis and model experi-
ments used in this study. The classification method of different
synoptic situations, based on the distribution of turbulent heat
flux, is described in section 3. Section 4 describes the PAM and
VMM mechanisms and their role in the simulated near-surface
wind convergence/divergence for the different synoptic pat-
terns. A summary and discussion are given in section 5.

2. Data and methods
a. Numerical experiments and reference datasets

This study uses both a high-resolution (HR) and a low-
resolution (LR) version of the ARPEGE-Climat model
(Roehrig et al. 2020), which is the atmospheric component of
the CNRM-CM6-1 coupled model, developed by the Centre
National de Recherches Météorologiques/Centre Européen de
Recherche et de Formation Avancée en Calcul Scientifique
(CNRM/CERFACS) group (Voldoire et al. 2019). The HR
model operates with a T359 truncation, which corresponds to
~50-km horizontal resolution at midlatitudes. The LR grid
has a T127 truncation, which is equivalent to 140-km horizontal
resolution at midlatitudes. Both models share the same vertical
discretization with 91 vertical levels. We analyze the atmospheric-
only simulations performed within the HighResMIP of phase 6 of
the Coupled Model Intercomparison Project (CMIP6)
(Eyring et al. 2016; Haarsma et al. 2016). Because the
HighResMIP initiative seeks to investigate the role of model
resolution on the representation of European climate, the LR
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FIG. 1. Differences between SST mean patterns for (a) HR — LR and (b) HR — ERAS. The shading corresponds
to the SST differences (°C), and the contours correspond to the SST values for HR (every 2°C); differences between
SST gradient mean patterns for (c) HR — LR and (d) HR — ERAS. The shading corresponds to the SST gradient
differences [°C (100 km) '], and the contours correspond to SST gradient values for HR [every 1°C (100 km)~].

and HR configurations use the same model parameters and
differ only by their horizontal resolution, except for a few
parameterizations that are scale-dependent and could not be
kept exactly the same. In the atmosphere-only experiments,
the SST and sea ice concentration are imposed at the
boundaries and extracted from the '/4° HadISST reanalysis
dataset (Kennedy et al. 2017). This dataset has been devel-
oped within the PRIMAVERA project (Haarsma et al. 2016)
and has been also used in Rowell (2019), Thomas et al. (2019),
and Roberts et al. (2020). To be used as boundary condition
for the ARPEGE model, the HadISST SST dataset is interpo-
lated on the HR and LR grids respectively. Each simulation is
then run over the period 1950-2014, producing so-called
AMIP experiments. For each model configuration, 10 mem-
bers have been produced, by slightly perturbing the atmo-
spheric initial conditions. It is noteworthy that this study
provides a large time sample to study air—sea interactions in
the MABL.

Both ensembles of simulations are compared with the re-
cently developed high-resolution reanalysis ERA5 (Hersbach
et al. 2020; Hersbach 2018) as well as with the lower-resolution
ERA-Interim (ERAI herein) reanalysis (Simmons et al. 2007,
Berrisford et al. 2009). ERAS operates on a TL639 grid that
corresponds to a horizontal resolution of approximately 30 km
with 137 sigma-pressure hybrid vertical levels. ERAI was
created on a T255 grid, which results in a nominal resolution of
80km, with 60 pressure levels. Both reanalyses are available
from 1979 to 2018. We focus on the winter season, defined as
the December— February mean (DJF), of daily fields, since the
turbulent heat flux release from the ocean to the atmosphere
over the GS region is strongest during these months.

First, the mean SSTs and the gradient of SST is examined for
HR, LR, and ERAS. Figure 1 represents differences in SST
and SST gradient for HR-LR and HR-ERAS. Note that HR is
interpolated onto the LR grid and ERAS onto the HR grid to
perform the comparison. As expected, HR and LR SSTs are
identical (Fig. 1a). In terms of SST gradient, HR reveals a more

intense gradient than LR over the SST front location, which
is consistent with smaller grid spacing in the HR model
(Fig. 1c). The SST gradient is 20% more intense in HR than
in LR. Figure 1b shows that HR-SSTs are generally colder
than ERAS SSTs in most part of the GS domain, with dif-
ferences that can reach more than 0.5°C near the cold part
of the SST front. In terms of SST gradient, HadISST re-
analysis presents a more intense gradient (10%) than
ERAS SST (Fig. 1d).

b. Method for wintertime classification of synoptic
situations

We use a clustering method to identify synoptic situations
according to different magnitudes of turbulent heat flux release
from the ocean to the atmosphere. This method was first in-
troduced by Parfitt and Czaja (2016). Figure 2 shows the win-
tertime mean turbulent heat flux released to the atmosphere
(THF) for both model configurations and in the reanalyses.
The THF is defined by the latent plus sensible heat flux, with
positive values upward. The THF magnitude and structure are
very similar in the HR and LR configurations, with values
reaching up to 550 W m 2. The simulated values are larger than
in ERAS and ERAI, with a model mean bias of +15% in HR
and +12% in LR with respect to ERAS. This overestimation of
the THF over the ocean is a known bias of the ARPEGE at-
mospheric model both in forced and coupled mode (Roehrig
etal. 2020). Note that although the model climatology shown in
Fig. 2 results from the average of 10 members, considering each
member separately gives a comparable result.

The clustering approach is based on the distribution of daily
values of THF computed over a selected box (31.5°-39°N,
58.5°-75°W; see Fig. 2), which captures the maximum of the
wintertime turbulent heat flux exchange over the GS. Other
boxes have been used to check the robustness of the method
and the results described below are unchanged.

Following Parfitt and Czaja (2016), an air-sea interaction
index (ASII) is defined as
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FIG. 2. Time mean (DJF) for the turbulent heat flux (W m™2) for (a) LR, (b) ERA-L, (c) HR, and (d) ERAS.

ASII(t) = J THF(x,y,t) dx dy, 1)

domain
where x is longitude, y is latitude, and ¢ is time. The ASII values
can be reordered from low to high values to build a probability
distribution function (PDF). The latter is used to determine the
deciles of the distribution. Low deciles are associated with
weak THF release or weak air-sea interaction, whereas higher
deciles are associated with strong air-sea exchanges. We define
10 clusters, which correspond to the 10 deciles of the PDF.
Composites are then defined by averaging, for various vari-
ables of interest (e.g., sea level pressure anomalies, surface
wind divergence), the days belonging to the same decile. The
corresponding patterns are used to characterize the atmo-
spheric situation for weak and strong air—sea interactions. To
characterize near-surface wind and divergence composites, we
use the 10-m wind field since the latter is directly related to the
turbulent heat fluxes. Previous studies that characterize the
MABL response to SST fronts use indifferently the 10-m winds
and wind stress. The conclusions about the importance of the
MABL mechanisms are in general unaffected.

We can further estimate the contribution of each decile to
the time mean. For instance, the contribution of the last decile
to the mean for a given field X is given by

1 100%
< 2 X(ASI), )
N asti=o0%

where N is the total number of wintertime days.

Note that the ASII and the composite maps are calculated
separately for each dataset and no interpolation is performed
at this stage. Differences between the models and ERAS re-
analysis are computed after interpolating the fields onto the

LR grid. To maximize the ensemble size, the THF distribution,
the ASII, and the decile computations are performed by con-
sidering the full distribution of the 10 members for LR and HR
separately. For the composite analysis, composite maps are
obtained for each member, and maps of the ensemble mean are
computed from them. We assess the statistical significance of
the differences using a bootstrapping method. All of the sta-
tistics shown in the following were computed using a large
number (1000) of bootstrap data samples. In addition, because
SST satellite observations are usually unavailable during the
period from the 1950s to the 1970s, the sensitivity of the results
to the time period considered for SSTs was investigated by
repeating the clustering analysis over the more recent 2000-14
period. The THF values and decile patterns were almost
unaffected.

3. Role of extreme THF conditions in shaping surface
wind divergence over the GS

a. Simulated and observed distribution of the THF over
the GS

We first analyze the distribution of several indices that
characterize air—sea interactions by comparing the simulated
distributions in the LR and HR models with those in ERAS
and ERAI (Fig. 3a). All of the distributions are computed
using daily-mean data. The thick line represents the PDF cal-
culated from the full distribution of the 10 members for each
simulation. The shading indicates the spread obtained for the
individual members for HR and LR. This provides an estimate
of internal climate variability and gives an idea of the impor-
tance of considering several members to study differences
between models and reanalyses. HR and LR overestimate the
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FIG. 3. Probability density function of the daily values for the (a) ASII (air-sea interaction index), (b) sensible heat flux, (c) latent heat
flux, (d) 10-m wind speed, (e) near-surface temperature stability, (f) near-surface humidity stability, (g) 10-m zonal wind component, and
(h) 10-m meridional wind component. Values are shown for HR (blue), LR (red), ERA-I (purple), and ERAS (green). The daily data used
to build the PDFs are obtained from the spatial average over the box outlined in Fig. 1.

THF values relative to ERAS5 and ERAI for bins above
500 Wm ™2 The PDFs also suggest that the variability in the
models, measured as the standard deviation, is larger than in
ERAS. We have computed the standard deviation for THF,
and it results to be 218, 213, and 173Wm 2 respectively
for HR, LR, and ERAS. This represents a bias of +26%
and +23% respectively for HR and LR in comparison with
ERAS. For extreme values of THF, HR and LR are around
20% larger than ERAS. However, for THF values closer to or
smaller than the mean (below 500 Wm ™ 2), ERA5 displays
values that are 15% larger than the simulated ones.

HR and LR differences indicate that THF is about 5%
greater in HR only for the highest deciles. This difference is
however not statistically significant since it lies within the
intermember spread, which suggests a limited role of increased
model resolution in this model.

To further understand what controls the distribution of THF
in the models and in reanalysis, the THF is decomposed into its
latent (LHF) and sensible (SHF) heat flux contributions
(Figs. 3b,c). The PDFs of the simulated latent and sensible heat
fluxes indicate that the largest values of both contributions are
overestimated relative to the reanalysis, whereas the weaker
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fluxes are underestimated in both models. The impact of model
resolution, though small, is more important for the LHF for
values close to the mean.

Our results suggest that increasing the horizontal resolution
of the atmospheric model from 140 to 50 km yields only small
changes in the simulated THF for the ARPEGE model.

To further examine the LHF and SHF differences found in
Fig. 3 we use the bulk formulation:

LHF = LHF[V,, ,q,(SST) —¢,] and 3)

SHF = SHF(V,, ,SST — T,), (4)

10m>

which indicates that the latent heat flux is a function of
the 10-m wind speed Vo, and the near-surface humid-
ity stability ¢,(SST) — q,. The sensible heat flux depends
on the 10-m wind speed and the near-surface tempera-
ture stability SST — T,, where T, is the air temperature
at 2m.

Figure 3d shows that the extreme surface winds in the
models are stronger than in the reanalyses whereas the indi-
ces defining the near-surface temperature and humidity sta-
bility show weaker than observed values for the rightmost
part of the distribution, in particular in comparison with
ERAS (Figs. 3e,f). We can further conclude that the overes-
timation of the 10-m wind speed in the models is due to the
extreme positive values of the zonal component (Figs. 3g,h).
This is consistent with a well-known zonal bias of the
ARPEGE model (Roehrig et al. 2020). In summary, HR and
LR overestimate the extreme high values of the wind speed
over the GS. The effect of stronger simulated winds prevails
over the specific humidity and temperature differences and
leads to too large simulated turbulent heat fluxes for the
largest values. This is relevant for our study, since climato-
logical near-surface winds can influence the PAM and VMM
mechanisms at play in this region (Spall 2007; Small et al.
2008; Chelton and Xie 2010). With regard to the role of model
resolution, although HR heat flux values are slightly larger
than LR for the highest deciles, no significant differences
emerge from this analysis, since both HR and LR values are
inside the ensemble spread.

b. Characterization of synoptic atmospheric patterns over
the GS

In this section we analyze the composite maps obtained from
the decile classification described in the previous section. We
first focus on the description of the atmospheric circulation in
terms of sea level pressure (SLP) and 10-m winds (vectors) in
ERAS for the 10 deciles (Fig. 4). The composite maps of SLP
and 10-m winds are computed using daily anomalies with re-
spect to the mean daily climatology. Only ERAS is shown here
as both models show results very similar to the reanalysis for
these composite maps. Hereinafter we remove from the anal-
ysis the ERAI reanalysis since the goal of this study is to focus
on the ARPEGE model and its performance with respect to
the very recent ERAS dataset. The first decile pattern (d1;
Fig. 4), which corresponds to the lowest values of THF or the
weakest air-sea exchange, shows positive SLP anomalies in-
dicating anticyclonic conditions over the GS region. The
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anomalous flow near the surface related to this configuration is
characterized by southwesterly winds flowing into the GS south
of 40°N, bringing moist and warm air over the ocean, and
northwesterly winds between 40° and 50°N and 50°-40°W over
the Grand Banks area associated with cold air advection. The
Grand Banks area is the northernmost part of the GS, and it
can be seen as the confluence zone between the warm and salty
GS current and the relatively cold and fresh water from the
Labrador Current. When the ASII gets larger from d2 to d6,
the anticyclonic conditions persist, although they get weaker
as we go toward higher deciles. From d7 to d10, the SLP
anomalies become negative over the GS. The 10th decile
(d10; Fig. 4), which corresponds to the largest THF release,
displays an intense cyclonic circulation over the GS, with
anomalous northwesterly winds bringing cold and dry air into
the GS, and warmer and moister southwesterly winds over the
Grand Banks area. The importance of northwesterly winds
associated with synoptic-scale disturbances for strong THF
release events over the GS region is in accordance with the
results found by Ogawa and Spengler (2019). In summary, the
classification of the synoptic atmospheric patterns over
the GS depending on the strength of air—sea interactions over
the GS reveals two opposite anomalous atmospheric patterns,
with anticyclonic conditions 60% of the time, and cyclonic
conditions 40% of the days. As described in Parfitt and Czaja
(2016), these atmospheric large-scale patterns are associated
with a baroclinic waveguide propagating eastward across the
GS (Chang et al. 2002). Their temporal evolution is around
7 days, which corresponds to the synoptic scales in the
atmosphere.

It is important to note that both model configurations rep-
resent very well the decile patterns when compared with
ERAS, although slight differences can be observed in terms of
SLP amplitude. Note that these patterns are also very similar to
the ones obtained by Parfitt and Czaja (2016) for ERAIL

In the following, we focus our analysis on the d1 and 10
composites for relevant variables only for ERAS reanalysis.
Since these two situations are extreme and opposite, this allows
us to better identify the impact of synoptic conditions on the
MABL processes. Composite maps are weighted [see Eq. (2)]
to estimate the contribution of each decile to the time mean.
Figure 5 shows the composite patterns in terms of near-surface
wind divergence, precipitation, and vertical pressure velocity
at 500 hPa in the wintertime mean and for d1 and d10.

Figures 5a—c show the near-surface wind divergence pat-
terns, positive (negative) values indicate a wind divergence
(convergence) at the surface. The mean pattern is character-
ized by a divergence of near-surface winds over the northern
side of the SST front and a convergence along the warm side of
the SST front (Fig. 5a). Over the warm side of the SST front,
associated with the mean convergence zone, a band of en-
hanced precipitation is found in ERAS (Fig. 5d). This en-
hanced precipitation is associated with intense vertical motions
as shown by the mean vertical pressure velocity at 500 hPa
(Fig. 5g). Indeed, in the upper atmospheric levels, the mean
vertical pressure velocity at 500 hPa indicates mainly an ascent
(negative values) along the warm side of the SST front, which is
consistent with the wind convergence map shown in Fig. Sa.
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SLP anomalies (hPa), and vectors correspond to 10-m wind anomalies (ms ™ !; reference vector = 0.5ms™1).

The atmospheric situation associated with d1, which corre-
sponds to anticyclonic anomalies over the GS, exhibits a strong
convergence zone over the warm flank of the SST gradient west
of 65°W and a strong divergence zone located over the Grand
Banks area (Fig. 5b). A comparison between Figs. 5a and 5b
indicate that under strong anticyclonic conditions over the GS
region, the wind divergence or convergence is respectively
enhanced or reduced in d1 relative to the time mean. Close to
the coast, under weak cyclonic conditions, an area of conver-
gence is associated with a band of enhanced precipitation
(Fig. 5e). This precipitation feature contributes to approxi-
mately 20% of the time mean over that area and is consistent
with a strong vertical motion upward at 500 hPa over this zone
as shown by the vertical pressure velocity (Fig. Sh).

The near-surface wind divergence pattern for d10 displays
an east—west convergence—divergence dipole between 30° and

45°N (Fig. 5c). It is characterized by enhanced divergence near
the coast and enhanced convergence offshore east of 60°W.
The precipitation pattern for d10 (Fig. 5f) shows strong values
as compared with the time mean over the convergence zone,
which accounts for approximately 20% of the total mean pre-
cipitation over that area. The pattern of vertical pressure ve-
locity at 500 hPa is very different from the one obtained for d1.
Notably, d10 is characterized by enhanced ascent over the
convergence zone and enhanced downward motion near the
coast (Fig. 5i).

To conclude, we have identified two opposite and extreme
synoptic patterns over the GS related to the weakest and
strongest air—sea interactions in terms of turbulent heat fluxes.
We have shown that near-surface wind convergence and up-
ward motion can occur at different locations in the GS region
depending on these synoptic conditions. Next, we investigate

Unauthenticated | Downloaded 11/23/21 09:14 AM UTC



9488 JOURNAL OF CLIMATE VOLUME 34

50N ——L T1 4 50N L N & 50N

. .
i )
dev | o]
I 40N 7 \ < A r
\ Y
/
N S /// P A

' [ aon 1€ .1 (c) ERA5 : DIV-d10 |t
80W 60W 40W 80W 60W 40W 80W B60W 40W

40N - [ 40N

30N o

\ (a) ERA5 : DIV-mean \ o

-16 -1.2 -08 -04 0 04 08 12 1.6

50N

40N

(d) ERAS5 : pr-mean

30N

(f) ERA5 : pr-d10
ow

80w 60W 40W 80w 60W 40w 80w 60W 4

0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

50N

[ 40N

(i) ERA5 : wap500-d10

- 30N - 30N

|(h) ERAS : wap500-d1]

Y T T
80w 60W 40W 80w 60W £ 80w 60W 40W

-0.12  -0.06 0 0.06 0.12 -0.012 -0.006 0 0.006 0.012 -0.012 -0.006 0 0.006 0.012

FI1G. 5. Pattern for ERAS of near-surface wind divergence (a) in the time mean, (b) for d1, and (c) for d10. The shading represents the
divergence (X107%s™"), and the contours indicate the SLP anomalies (every 0.2 hPa). (d)-(f) As in (a)—(c), but the shading is for pre-
cipitation (mm day ') and contours are for near-surface wind divergence (X10~%s™!). (2)-(i) As in (a)—(c), but shading is for vertical
velocity pressure at 500 hPa (Pas™') and contours are for near-surface wind divergence (X10 ¢s™).

how the two ARPEGE configurations represent these features In d1 the convergence zone near the coast is enhanced in
with respect to ERAS. HR, together with more precipitation and stronger vertical
ascent (Figs. 7c,e,g). The convergence near the coast associated
to d1 is overestimated in models relative to ERAS, and this is

Figure 6 shows the HR-LR and HR-ERAS differences for  consistent with increased precipitation and vertical ascent very
the time-mean patterns. The divergence pattern is overall very  close to the coast (Figs. 7d,f,h). For d10, convergence is
similar in LR and HR. The negative signal near the coast in- stronger in HR over the northern part of the extended con-
dicates that the coastal divergence is located farther from the  vergence area (Fig. 8c). This leads to more precipitation and
coast in LR. HR also shows weaker convergence eastward over  enhanced vertical ascent in HR (Figs. 8e,g). The fact that near-
the ocean (Fig. 6a). The precipitation band is slightly shifted  surface convergence is overestimated in models can be related
north in HR (Fig. 6¢) and the vertical motion is reduced in HR  to stronger simulated winds in ARPEGE (Fig. 3). However,
when compared with LR (Fig. 6e). Divergence patterns in this feature is not coherent with increased precipitation in
models are very similar in comparison with ERAS, but both ERAS for d10. Further analysis reveals that only the convec-
models overestimate surface wind divergence (Fig. 6b), whereas  tive precipitation is underestimated in both models, which re-
precipitation and vertical ascent are underestimated with re- veals that convection parameterizations in ARPEGE can be
spect to ERAS (Figs. 6d.f). at play.

For the d1 and d10 composites, HR exhibits larger positive
or negative SLP anomalies near the coast in d1 or d10, re-
spectively, than LR (Figs. 7a and 8a). This is consistent with the We quantify the contribution of each decile to the time-
pressure centers that are shifted toward the North American mean divergence and convergence patterns for ERAS and the
coast in HR, which might be partly due by a different repre- models by applying the method introduced by Parfitt and Czaja
sentation of land-sea contrast and associated pressure gradi- (2016). The method consists of reconstructing the time-mean
ents in HR. Further, the amplitude of the SLP anomalies over  pattern by performing a linear regression analysis between the
the GS is larger by about 20% in HR when compared with  time mean and the decile patterns, as illustrated in Fig. 9 for
ERAS for both d1 and d10 (Figs. 7a and 8a). ERAS. In Parfitt and Czaja (2016) this method was used to

c¢. Model evaluation

d. Decile contributions to the time-mean divergence
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ERAS. The shading represents the differences (X10 ®s

~1), and the contours indicate the near-surface wind di-

vergence of HR (every 2 X 107%s™1). (c),(d) As in (a) and (b), but shading is for precipitation (mm day ') and
contours are for precipitation of HR (every 0.5mmday ). (e),(f) As in (a) and (b), but shading is for vertical
velocity pressure (Pas™ ') and contours are for vertical velocity pressure of HR (every 0.01 Pas™}).

compute the decile contributions for variables such as vertical
pressure velocity, which can take positive and negative
values. Here we apply a similar analysis to the near-surface
wind divergence/convergence. Since the divergence values
can cancel out when computing the time mean, we separate
the positive (Fig. 9a) and negative (Fig. 9b) divergence values
before performing the linear regression. To have more robust
decile patterns, we consider separately the three lowest (d1-
d3) and the three highest (d8-d10) deciles, keeping in mind
that each of these groups is associated with similar atmo-
spheric circulation regimes (Fig. 4). The percentage of ex-
plained variance of the time mean is measured by the square
of the correlation coefficient R* obtained from the regression
(Fig. 10). For the LR and HR models, the regression is
computed using the ensemble mean patterns.

For positive values of the wind divergence, the three highest
deciles show the most important contribution to the time mean
(Fig. 10a), with more than 80% of the total contribution ex-
plained in the models and ERAS. The lowest deciles contribute
in a lesser extent to the time-mean divergence with around
30% for ERAS and around 20% for HR and LR. As in Parfitt
and Czaja (2016), we can then combine the three lowest and
three highest deciles in order to perform a reconstruction of the
time mean. This reconstruction is called “‘combined” in Fig. 10.
Combined reconstruction explains more than 90% of the time
mean for positive values of the wind divergence (see also the
scatterplot in Fig. 9a). This result confirms that the wind di-
vergence pattern over the GS can be mostly explained by the

occurrence of two opposite synoptic patterns. The cyclonic
events (d8-d10), which are associated with the strongest THF
release to the atmosphere, provide the largest contribution to
the time-mean wind divergence (for the positive values).

For the negative values of wind divergence (the conver-
gence), the time mean is also mostly explained by the highest
deciles, which contribute to about 70%-80% of the mean
(Figs. 10b and 9b). The lowest deciles show again a lower
contribution, with values between 60% for ERAS and 40% for
HR and LR. This suggests that the role of the lowest deciles is
slightly underestimated in the models for positive and negative
divergence. Again, the combined reconstruction for the wind
convergence explains more than 90% of the mean, which
corroborates the important role of synoptic disturbances in
shaping the time-mean convergence in the GS.

The linear regression analysis was repeated by considering
interpolated fields rather than fields over their original grids.
HR and ERAS were interpolated on the LR grid in order to
determine whether the results above can be affected by the
larger number of grids points in the domain in ERAS and HR
relative to LR. The linear regression analysis shows slightly
different values of R? from interpolated fields (not shown) but
the conclusions about the decile contributions are unchanged.

This analysis suggests that the near-surface wind divergence
over the GS can be reconstructed from a combination of an-
ticyclonic and cyclonic synoptic patterns propagating eastward
over the GS. Furthermore, although the frequency of occur-
rence of cyclonic disturbances (40%) is lower than that of
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anticyclonic ones (60%), the large contribution of the cyclonic
perturbations to the time-mean divergence/convergence sug-
gests they exert an important role in modulating the MABL
processes. In the next section we investigate the VMM and
PAM mechanisms associated with the divergence/convergence
patterns obtained for the time mean and the deciles. We will
particularly focus on a comparison between models and re-
analysis for the two most extreme deciles.

4. Importance of the VMM and PAM mechanisms for the
time mean and the deciles

a. Role of the VMM

Before focusing on the role of the VMM in extreme decile
configurations, we analyze all the decile patterns for the DW_
SST (Fig. 11) for ERAS reanalysis. According to the time-
mean pattern of the DW_SST, the VMM on average occurs
over the two main divergence zones of the GS: the first one

located along the North American coast, and the second one
over the Grand Banks area. In winter, the climatological large-
scale atmospheric circulation is mainly characterized by a
northwesterly flow of continental air that crosses the SST front
from its cold to warm side. This results in a positive DW_SST
that is associated with an acceleration of the surface winds over
warm waters through vertical mixing. This leads to near-
surface divergence of the winds close to the coast and over
the Grand Banks area (Chelton and Xie 2010). These spatial
features are in agreement with previous studies (Takatama
et al. 2015; O’Neill et al. 2017). The time-mean DW_SST is
positive almost everywhere except in few localized areas over
the southern and northern part of the GS current. The com-
posite maps for lower deciles (d1-d3; Fig. 11) show a large and
positive DW_SST over the divergence zone near the Grand
Banks. This can be explained by the anticyclonic circulation
associated with lower deciles (Fig. 4), which yields anomalous
northwesterly wind flow eastward from a colder ocean in the
north toward warmer waters (Fig. 4), leading to near-surface
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divergence in this area through enhanced vertical mixing. A
weak negative DW_SST is also found over the convergence
zone of the GS. This could be explained by the southeasterly
winds that cross the SST gradient from warm to cold waters,
yielding to near-surface convergence by a weakening of the
vertical mixing. This negative area of DW_SST is canceled
out by other deciles’ contributions when computing the time
mean. The intermediate decile patterns (d4-d7; Fig. 11) are
very similar to the time-mean pattern in Fig. 11. For higher
deciles (d8-d10; Fig. 11), cyclonic anomalies (Fig. 4) lead to
an enhancement of the surface westerly winds at the surface
over the warmer waters, creating a wind divergence. For the
highest deciles (d10; Fig. 11), weak negative values for the
DW_SST are even found over a small convergence area near
the Grand Banks. This can be explained by the anomalous
easterly winds blowing from the warm sector of the SST front,
which weaken over colder waters, leading to a convergence of
the wind.

We analyze how models represent the time mean and ex-
treme decile patterns for the DW_SST described above
(Fig. 12). The time mean of the DW_SST is correctly repre-
sented by both models (Figs. 12a—c), although the negative
values of DW_SST are not present in LR. This indicates that

LR does not represent smaller-scale features associated with
the VMM such as the negative DW_SST. For the d1, models
represent very well the large-scale features of the DW_SST
pattern, suggesting that the VMM is present (Figs. 12d-f).
Nevertheless, the amplitude of the DW_SST is underestimated
in LR, and we also notice an absence of the narrow zone of
positive DW_SST at Cape Hatteras in LR, indicating that
finer-scale processes are not correctly simulated over this re-
gion at this coarse resolution. Indeed, spatial resolution in LR
does not allow representation of this narrow feature at a 140-
km grid. The d10 pattern of DW_SST is also well simulated by
models, although once again LR underestimates the amplitude
of the pattern (Figs. 12g—i). This is in accordance with the re-
sults found in terms of SST gradient, where LR has shown to
have reduced amplitude of SST gradient in comparison with
HR and ERAS5 (Fig. 1c).

Based on our cluster analysis we have examined the role of
VMM for extreme conditions of air—sea interactions over the
GS. For weak values of the THF, the VMM mostly occurs
over the divergence zone over the Grand Banks area. For
large THF, the signature of the VMM is greatest along the
North American coast, where the wind surface divergence
develops. The results are very similar in the models and in
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ERAS, although some smaller-scale structures are not pres-
ent in LR because of its coarser resolution.

To better quantify which deciles contribute most to the time
mean, we show in Fig. 10 the percentage of variance explained
by the three lowest and three highest deciles of DW_SST for
the time mean using the same regression analysis as described
in section 3d. We again separate positive and negative values of
the DW_SST. The regression analysis shows that, for both
positive and negative values of the DW_SST, most of the time
mean is explained by the three highest deciles (Figs. 10a,b),
with more than 90% of the mean. The three lowest deciles

I IR I N N N I (R N B
(a)

combined — ~
deciles 8-10 — -
deciles 1-3 — -

DIV DW-SST LAP(SLP)

T 1 1T T T 1T T T T 1

ERA5HR LR ERA5HR LR ERA5HR LR

have a smaller contribution, between 20% for LR and 50% for
HR and ERAS. Combining the highest and lowest deciles leads
to a reconstruction that explains more than 90% of the time
mean. This indicates that the climatological VMM features are
mainly explained by extreme conditions in THF.

b. Role of the PAM

Figure 13 shows the decile patterns of LAP(SLP) and con-
tours of near-surface wind divergence for ERAS. The time-
mean pattern indicates that positive or negative values for
LAP(SLP) are associated with wind convergence or divergence

N N I AN N N Y TR I N |
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FIG. 10. Percentage of time mean explained (%) obtained from the squared correlation coefficient between the
time mean and decile patterns for divergence, DW_SST, and LAP(SLP): for (a) positive values and (b) negative
values. As explained in the text, the correlation is computed separately for the lowest deciles, the highest deciles,
and their combination.
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near the surface, respectively, consistent with Minobe et al.
(2008). At low deciles (d1-d3; Fig. 13), strong negative values of
LAP(SLP) are found over the Grand Banks area, whereas
positive LAP(SLP) is present over the warm flank of the SST
front. When an anticyclone is crossing the GS, the anomalous
atmospheric circulation (d1-d3; Fig. 4) is associated with wind
divergence over the anticyclone center. This leads to a gener-
alized reduction of the GS convergence zone around 60 W
with respect to the time mean. The convergence zone is then
located near the coast for lower deciles [LAP(SLP) > 0].
Moreover, anticyclonic conditions yield to divergence in-
crease over the Grand Banks area [LAP(SLP) < 0] with re-
spect to the time mean. The patterns associated with d4-d7 in
Fig. 13, which correspond to neutral conditions, are very close
to the time-mean pattern. Higher deciles (d8-d10; Fig. 13)
show intense positive LAP(SLP) values over the extended
convergence zone. Cyclonic circulation (d8-d10; Fig. 13) is
associated with strong wind convergence over the GS, leading
to an intensification of the convergence near the cyclone
center (40°N, 60°W) where LAP(SLP) > 0. On the other
hand, the divergence area over the Grand Banks is drastically
reduced for higher deciles with respect to the time mean. The
highest decile (d10) presents a strong signal of positive
LAP(SLP), with the largest contribution to the GS main
convergence zone (20%). O’Neill et al. (2017) argued that
extreme wind divergence events associated with atmospheric

disturbances leave their considerable imprints on the mean
fields. According to this argument, a few passing cyclones would
leave significant signatures on the LAP(SLP) for d10. To check
this hypothesis, we have isolated the days of extreme LAP(SLP)
values within d10. We have defined extreme LAP(SLP) events
as those days exceeding one standard deviation of the full d10
distribution. The results (not shown) indicate that these days,
which account for 13% of the d10 data, represent 40% of the
total d10 signal. This confirms an important role of strong
cyclonic events in LAP(SLP) for higher deciles. Furthermore,
the composite approach used in this study is an average over
many events, which differ in the location and intensity of the
pressure centers. Therefore, the good spatial correspondence
between LAP(SLP) and wind divergence found for the d10
composite pattern would not necessarily be valid for each day
of d10. To investigate this issue, we have computed the spatial
correlation between LAP(SLP) and wind divergence for each
of the 163 days belonging to d10 in ERAS, using an 8° latitude
and longitude box centered over the SLP minimum. We find
that 63% of the days present a spatial correlation larger than
the one obtained for the d10 composite pattern in Fig. 13 (not
shown). This indicates that the good correspondence between
LAP(SLP) and surface wind divergence cannot be explained
by only few isolated events.

Our analyses show that atmospheric disturbances can modu-
late the PAM through changes in the anomalous atmospheric
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circulation over the GS. Basically, anticyclones are associated
with strong negative LAP(SLP) over the Grand Banks and
negative LAP(SLP) very close to the coast. On the other hand,
the cyclones imprint leads to a wide area of positive LAP(SLP)
offshore. These two opposite situations do not cancel out in the
time mean.

We examine how models reproduce the time mean and ex-
treme decile patterns of LAP(SLP) (Fig. 14). A spatial noise is
noticeable in the HR patterns. This is due to the Gibbs phe-
nomenon, which is very common in spectral models like
ARPEGE (Yessad 2015). The Gibbs effect is amplified when
computing high-order derivatives like for the LAP(SLP), and
also in high-resolution models. For the time mean (Figs. 14a—
c), the large-scale pattern of LAP(SLP) is quite similar in the
models and ERAS, although the values of LAP(SLP) in
LR are lower than in the HR model. For the extreme
deciles (Figs. 14d-i), the same correspondence between
the LAP(SLP) and wind divergence is found in both
models and in ERAS, but the magnitude of the anomalies is
smaller in LR. This is in accordance with the results found for
the SST gradient, where LR was shown to have weaker SST
gradient in comparison with HR and ERAS (Fig. 1c). An
interesting feature is the spatial shift observed for d10 be-
tween the maxima of LAP(SLP) and near-surface conver-
gence, this feature will be discussed in more detail in the next
section.

The regression analysis in Fig. 10 indicates that for both
positive and negative values of LAP(SLP), the largest

contribution is provided by the three highest deciles, with
more than 80% of the time mean in HR and ERAS. The
values are slightly lower in LR. The combined reconstruc-
tion using the three lowest and three highest deciles cap-
tures almost all the time-mean field, which highlights the
importance of extreme air—sea interactions conditions for
the PAM.

c. Contribution of the VMM and PAM for each decile

We quantify the relative contribution of the VMM and PAM
to the wind divergence/convergence for each decile of the
ASII. As in previous studies, the importance of these mecha-
nisms is measured by the degree of spatial correspondence
between the DW_SST (for the VMM) or the LAP(SLP) (for
the PAM) and the near-surface wind divergence/convergence.
We compute the spatial correlation between the DW_SST and
the near-surface wind divergence in one case, and between the
LAP(SLP) and the near-surface wind divergence in the other
case, for each decile and for the time mean separately. We
consider the spatial domain 30°-48°N, 40°-80°W, as in Minobe
et al. (2008). The percentage of explained variance defined by
the square of the correlation coefficient is shown Fig. 15. For
the time mean, the VMM explains about 30% of the total wind
divergence in ERAS (Fig. 15a). This contribution is over-
estimated by the models, in particular HR. The largest per-
centage of variance can be explained by the three highest
deciles (d8-d10). This suggests an important role of the VMM
during cyclonic atmospheric conditions over the GS.
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In contrast, the PAM seems to play a more important role
for the lowest deciles, with more than 50% of the variance
explained for d1-d3 in the models (Fig. 15b). This percentage is
lower for ERAS, which shows decreasing variances as the
deciles increase and variances up to 30% lower than the model,
in particular for the highest deciles.

Figure 15 indicates that the LR and HR models tend to
overestimate the role of the VMM and PAM on the near-
surface wind divergence over the GS. Note that the percentage
of explained variance illustrated in Fig. 15 is computed from
the original grids but the conclusions remain unchanged when
using interpolated fields.

Our findings indicate that VMM predominates over the SST
front when cyclonic perturbations cross the GS region, with a
more limited role for the PAM under these cyclonic conditions.
This is consistent with previous studies that pointed to weaker
winds environments to be more favorable for the PAM to
develop (Spall 2007; Shimada and Minobe 2011). Lower-order
deciles are associated with weaker near-surface winds regimes
as the prevailing anomalous winds are southeasterly (opposite
to the westerly mean flow), and the variance explained by
the PAM is indeed larger in the models and ERAS for the
lowest deciles. However, the results of Fig. 15 should be con-
sidered with caution. Indeed, the maximum of near-surface
wind convergence in Figs. 14g—i is shifted eastward with respect
to the maximum of LAP(SLP) in the models and in ERAS.
This shift appears also for the time mean (Figs. 14a—c), butto a
lesser extent. This spatial shift can partly explain the lower
correlation found between LAP(SLP) and the wind divergence
for higher deciles (Fig. 15b).

Previous studies reported that at monthly time scale, the
maximum of spatially high-pass filter SLP, characterized by
LAP(SLP), is collocated with the maximum of wind convergence
(Tokinaga et al. 2009; Minobe et al. 2008, 2010). In these studies,
the spatial correspondence between the LAP(SLP) and the
divergence/convergence was explained by the simplified MABL
model from Lindzen and Nigam (1987). This MABL model was

developed for steady flows, which assumes that the tendency
of the near-surface wind divergence/convergence field is
zero. In this case, the terms of advection and deformation in
the divergence equation can be neglected, and the remain-
ing contributing terms are the LAP(SLP) and the vertical
turbulent stress. It can be shown that under the steady flow
approximation, the wind divergence/convergence is pro-
portional to LAP(SLP) (Minobe et al. 2008), which point to
the latter to be the main contributor to the wind divergence.
However, if the steady flow assumption cannot be applied, the
other terms in the divergence equation can play a non-negligible
role. By construction, d1 and d10 are not at the equilibrium,
unlike the time mean. This means that the tendency of the wind
divergence/convergence equals zero for the time mean but not
for the deciles (not shown). This indicates that, even if the VMM
and PAM are the main contributors of air-sea interactions
in the GS, other physical processes should be taken into
consideration to understand the mechanism driving the
near-surface wind divergence in the presence of synoptic
perturbations, since the latter cannot be considered as
steady regimes. The GS region is particularly complex for
the understanding and quantification of the role of VMM,
PAM, and other mechanisms, such as advection and defor-
mation, in shaping the near-surface wind divergence, since
synoptic disturbances are almost always present over this
zone (section 3b; Fig. 4). Clustering analysis performed at
daily time scale, such the one proposed in the present study,
used to isolate a particular atmospheric configuration, have
revealed to be an efficient and promising approach to better
understand the air-sea interactions over SST fronts and the
importance of the different mechanisms at play in the
MABL (O’Neill et al. 2017; Masunaga et al. 2020a,b).

5. Summary and conclusions

In this study, we investigated the mechanisms at play in the
MABL response to the SST front in the Gulf Stream. The
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VMM and PAM mechanisms have been suggested to be mainly
responsible for generating divergence and convergence of the
near-surface wind over this region. However, there has been
some debate about their relative importance in shaping the
convergence, and other mechanisms were recently put forward
to play an important role.

In terms of turbulent heat fluxes, both ARPEGE configu-
rations overestimate the winter mean of the latent and sensible
heat fluxes over the GS with respect to ERAS. We show that
this can be explained by an overestimation of the extreme
values of turbulent heat fluxes, both latent and sensible, which
is coherent with stronger simulated winds over the region.
However, increasing the resolution in the ARPEGE model
seems to have little effect on the amplitude of the turbulent
heat fluxes for this region. This overestimation of the THF over
the ocean is a bias reported in the ARPEGE atmospheric
model (Roehrig et al. 2020). This bias is reduced when
ARPEGE is running in coupled mode.

Using a clustering approach in which we decomposed the
PDF of the turbulent heat fluxes over the GS into deciles using
daily values, we investigated the role of the VMM and PAM
for extreme conditions of THF. Our analysis was based on the
ARPEGE v6 atmospheric model forced by observed SSTs over
the 1950-2014 period. To investigate the impact of atmospheric
horizontal resolution typically used in state-of-the-art coupled
climate models, on the representation of air-sea interactions in
the GS, we analyzed two configurations of the model that only
vary in terms of their horizontal resolution (140km for the LR
model; 50km for the HR model). For each model we used an
ensemble of 10 members. The results were compared with the
recently available high-resolution ERAS reanalysis.

Through a composite analysis, the patterns of SLP and near-
surface winds corresponding to low and large THF exchange
have been obtained. These patterns represent the atmospheric
disturbances crossing the GS region from west to east, em-
bedded in the baroclinic waveguide, with an alternation of
anticyclonic (low THF) and cyclonic (high THF) circulations.
This decile method was first implemented by (Parfitt and Czaja
2016) to highlight the importance of synoptic disturbances
in shaping air-sea interactions over the GS. We showed that
the atmospheric features in terms of SLP, precipitation, and
vertical ascent associated with the decile patterns are well
simulated by the LR and HR models when compared with
ERAS, and the effect of the model resolution was found to
be relatively small. Our results are consistent with other
studies performed within the H2020-PRIMAVERA proj-
ect, which use the HighResMIP experiments. Bellucci et al.
(2021) and Tsartsali et al. (2021, manuscript submitted to
Climate Dyn.) have studied the impact of model resolution
on the representation of air-sea interactions over the Gulf
Stream from experiments performed with coupled models. They
conclude that the improvement of the VMM, PAM, and tur-
bulent exchange processes is clear for climate models with an
eddy-permitting ocean. However, this improvement is moderate
with respect to LR models, and for example for the PAM the
impact of the resolution is less clear. They also find that coupled
models operating at similar resolutions in the atmosphere and in
the ocean show the major improvements.
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We find that synoptic deciles patterns modulate the time-
mean divergence of the near-surface wind by influencing lo-
cally the zones of divergence or convergence over the GS. In
particular, anticyclonic circulations associated with weak air—
sea interactions yield divergence over the Grand Banks area
and convergence near the coast along the Cape Hatteras. On
the other hand, cyclonic circulations associated with strong air—
sea interactions are characterized by strong divergence near to
the North American coast and strong convergence eastward.
Using a regression analysis, we further showed that the highest
deciles provide the largest contribution to the time mean for
the divergence of the near-surface wind. We showed that the
time-mean near-surface divergence could be reconstructed
using only the three lowest and three highest deciles, which
represent 60% of the total number of days, which highlights
the importance of synoptic perturbations in the time-mean
divergence field.

Our decile classification also revealed to be an efficient ap-
proach for further understanding the importance of the VMM
and PAM mechanisms inside the GS region. Under the anti-
cyclonic conditions occurring over the GS and associated with
weak THF (weakening of westerly flow, d1-d3), both mecha-
nisms act over the Grand Banks area, generating a surface
divergence of the surface wind over that region. For cyclonic
conditions over the GS and associated with strong THF
(strengthening of westerly flow; d8-d10), the VMM mostly
occurs near the coast over the maximum of the SST gradient.
This can be explained by the strong and cold winds blowing
from the continent, which are enhanced when crossing the
cold-to-warm SST gradient, inducing wind divergence. The
PAM is mostly associated with the wide convergence zone
located east of 60°W during cyclonic conditions as revealed
by our analysis. Nevertheless these results must be interpreted
with caution, because the separation between the PAM and
atmospheric disturbances at synoptic time scales remains
challenging (O’Neill et al. 2017; Parfitt and Seo 2018; Masunaga
et al. 2020a,b).

We showed using a regression analysis that the largest con-
tribution of the VMM and PAM mechanisms to the time mean
occurs during the cyclonic perturbations associated with large
THF. Further, the degree of spatial correspondence between
the divergence/convergence field and the DW_SST on one
hand and the LAP(SLP) on the other hand revealed that the
VMM contributes more to the divergence/convergence during
cyclonic conditions above the main convergence zone. The role
of the PAM is less clear for cyclonic conditions, since a
spatial shift is found between the maximum of LAP(SLP)
and the convergence, indicating that the linear links be-
tween these two variables are not evident in this case.
Here we argue that these results should be treated with
caution. Indeed, by definition, the decile patterns are not
steady flows. In this case, the simplified MABL model
from Lindzen and Nigam (1987) could present some
limitations.

ARPEGE models simulated very well all of the features and
processes discussed above. Nevertheless, the VMM and PAM
are underestimated in LR, which suggests a role of the model
resolution on these mechanisms. Moreover, ARPEGE tends
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to enhance the role of the VMM and PAM in shaping the
divergence/convergence field.

The benefits of increased model resolution on the repre-
sentation of mean precipitation over the GS were shown in
Minobe et al. (2008). They showed that sharper SST gradients
can lead to narrower and more intense precipitation over the
GS, and a better consistency with satellite observations. Our
analysis indicates that this feature is mainly visible near the
coast for the lowest decile of ASII and offshore over the con-
vergence zone for the highest deciles of ASII.

Our results highlight the role the atmospheric circulation
and associated anomalous winds in the location, strength, and
occurrence of VMM and PAM. They also reveal the suit-
ability of performing clustering approaches to isolate differ-
ent atmospheric circulation regimes to better understand
the MABL mechanisms and their role in modulating the at-
mospheric response to SST front and associated mesoscale
variability.
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