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Greenland tip jet and deep convection in the Irminger Sea:
disentangling the roles of heat loss and wind stress
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Abstract. The strength of the Atlantic Meridional Overturning Circulation (AMOC) depends on deep-water formation in the
Subpolar Gyre, particularly in the Irminger Sea, where convection is strongly modulated by short-lived but intense Greenland
tip jet wind events. These mesoscale westerlies induce substantial surface heat loss and impose wind stress on the ocean, jointly
influencing convective intensity. Using the high-resolution Parallel Ocean Program (POP) within the Community Earth System
Model (CESM), we disentangle the thermal and mechanical effects of tip jet on mixed layer deepening through three ensemble
experiments: full-forcing (heat loss + wind stress anomalies), heat-only, and wind-only, each compared to a climatological
control run. All forced cases show a significant December—April deepening of the mixed layer relative to the control. The heat-
only and full-forcing experiments produce similar mixed layer depth (MLD) increases (+1200 m; reaching ~1800 m),
confirming that surface heat loss is the primary driver of deep convection. The wind-only case shows a smaller but still
significant increase (+400 m; MLD ~1000 m), associated with enhanced early-winter mixing and wind-driven salinity
increases in the upper ocean. This wind stress forcing erodes the fresh surface layer, reduces buoyancy, and promotes shear-
driven mixing in December so that climatological winter heat loss can deepen the mixed layer more efficiently. Because wind
stress is not projected to weaken under future warming, its mechanical influence may help delay or modulate the decline of

convection in the Irminger Sea as surface heat loss decreases.
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1 Introduction

Redistribution of heat across the Earth is partly accomplished by the ocean circulation. As a major component of the global
conveyor belt, the Atlantic Meridional Overturning Circulation (AMOC) plays a key role in maintaining the mild climate of
northern Europe (Jackson et al., 2015). In recent years, growing concern has emerged over the potential approach of an AMOC
tipping point. Projections suggest that an irreversible weakening of the AMOC (e.g. van Westen et al., 2025) can occur in the
near future. This weakening depends on a range of processes, among which the intensity of deep convection in the Subpolar
Gyre is particularly critical (Desbruyéres et al., 2019; Petit et al., 2020). The Irminger Sea, as part of the Subpolar Gyre,
represents one of the main sites of deep convection that contributes to the strength of the AMOC (Nansen, 1906). In this region,
episodes of intense surface heat loss drive enhanced winter convection (Pickart et al., 2003b; Vége et al., 2008).

One of the dominant atmospheric phenomena controlling heat loss in the Irminger Sea is the Greenland tip jet. The southern
tip of Greenland is characterized by intense mesoscale wind events that form when synoptic-scale cyclones interact with
Greenland’s steep orography (Doyle and Shapiro, 1999; Moore, 2003; Pickart et al., 2003a). Blocked by Greenland’s steep
orography, the airflow is steered around the continental margin and accelerates near Cape Farewell, at Greenland’s
southernmost point. The two most frequent forms are the westerly, or direct, tip jet and the easterly, or reverse, tip jet (Outten
et al., 2009; Renfrew et al., 2009b; Sproson et al., 2008; Vage et al., 2009a). Based on ERA-Interim reanalysis for 1990-2010,
easterly tip jets occur during about 11% of the November—March period, while westerly tip jets occur during about 18% of
this period (DuVivier et al., 2016). Although easterly tip jets are important for the western Irminger Sea and eastern Labrador
Sea, including convection in the southeastern Labrador Sea (Sproson et al., 2008), the westerly tip jet produces the strongest
negative buoyancy flux anomalies over the central Irminger Sea (DuVivier et al., 2016). Therefore, we focus here on the
westerly tip jet, which drives convection intensity over the central Irminger Sea through large, localized heat loss and strong
wind stress forcing(Moore and Renfrew, 2005). Although individual events last only a few days, their cumulative wintertime
forcing can have a lasting influence on subpolar ocean convection and, ultimately, AMOC variability (de Jong and de Steur,
2016; Li et al., 2021; Lozier et al., 2019; Pickart et al., 2003b).

Tip jet influences ocean properties both thermodynamically and mechanically—through intense surface heat loss (Martin and
Moore, 2007; Vage et al., 2008) and through momentum flux (Duyck et al., 2022). The heat loss component is known to
directly trigger deep convection in the Irminger Sea (Josey et al., 2019). Observations and reanalyses confirmed that surface
heat loss is the dominant factor in removing buoyancy from the Irminger Sea (Bil6 et al., 2022; de Jong et al., 2025). This
buoyancy loss reduces stratification, deepens the mixed layer, and promotes dense water formation (de Jong et al., 2018; Vége
et al., 2009b). In addition to surface heat loss, tip jets also exert a strong mechanical forcing on the ocean through momentum
flux. The effect of this forcing on deep-water formation, however, remains much less explored. Observational and modeling
studies show that variations in wind stress can drive changes in horizontal ocean transport (Fu et al., 2023; Sproson et al.,
2010), including Ekman-driven freshwater export from the Greenland shelf near Cape Farewell (Coquereau et al., 2024; Duyck
et al., 2022; Duyck and De Jong, 2021). This process is important for shelf-basin exchange and near-boundary stratification,
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but ocean reanalysis and ocean modelling lagrangian studies suggest that the exported freshwater remains largely constrained
by the boundary-current system, limiting its persistent direct influence on the main Irminger Sea convection region (Coquereau
et al., 2024; Duyck et al., 2022). Here, we focus instead on the response of the interior upper ocean to tip jet wind-stress
forcing, where enhanced shear and turbulent mixing can erode surface stratification and modify mixed-layer properties (Pollard
et al., 1973; Price et al., 1986; Zhou et al., 2018); the extent to which this open-ocean pathway affects deep convection in the
Irminger Sea remains poorly understood. Understanding this mechanism is particularly important in a warming climate, where
surface heat loss is projected to weaken (Grist et al., 2023), while the mechanical forcing associated with westerly tip jet is
expected to persist (Fedorov et al., 2025).

Here, we aim to disentangle the respective roles of enhanced heat loss and wind stress during Greenland tip jets in driving
deep convection in the Irminger Sea using a high-resolution (0.1°) global ocean model. The Data and Methods section describes
the model configuration, experiment design, and diagnostics used to quantify buoyancy content and ocean turbulence intensity.
In the Results, we first examine the mixed layer depth (MLD) response in the Irminger Sea to tip jet heat loss anomalies, wind
stress anomalies, and their combined forcing. We then analyze the corresponding salinity response across the same three
experiments. Finally, we investigate the mechanisms by which wind stress modifies Irminger Sea convection. The last section

summarizes our findings and places them in a broader context.

2 Data and Methods
2.1. Tip jet forced experiments and model setup

This study uses high-resolution ocean model output from the Parallel Ocean Program (POP v.2). We analyze daily and monthly
fields of ocean properties (temperature, salinity, and velocity) on a curvilinear ~0.1° x 0.1° grid (=6 x 11 km near Cape
Farewell). The atmospheric forcing resolution is 0.25x0.25°, consistent with resolution requirements for robust assessments
of tip jets (DuVivier and Cassano, 2013; Renfrew et al., 2009a; Shkolnik and Efimov, 2013; Sproson et al., 2010; Tilinina et
al., 2014).
Using POP, we conduct four sets of ocean model simulations with different combinations of atmospheric forcing (see Fig.1d
for the experimental design):

e  Control: forced with the repeat annual climatological cycle only (CORE I normal-year forcing, more detail follows

below).

e Full-forcing: climatological cycle plus tip jet anomalies in heat loss and wind stress.

e  Wind-only: climatological cycle plus the tip jet wind stress anomaly only.

e Heat-only: climatological cycle plus the tip jet heat loss anomaly only.
The control run is forced with the repeat annual atmospheric climatological cycle (“normal-year”) from the Coordinated

Ocean-ice Reference Experiments (Large and Yeager, 2004) (CORE I, [https://www.clivar.org/clivar-panels/omdp/core-1]).
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The model spin-up lasted 300 years (years 1-299 are treated as spin-up), after which temperature and salinity drift remained

within stable bounds. The total length of the control dataset used for the reference ocean climatology is 24 years (years 300—

323), which we treat as the quasi-equilibrated control segment for analysis. For comparison with the tip jet experiments, we

compute a 1-year daily and monthly climatology from these 24 years and repeat it six times to form a continuous 6-year

reference. For the daily climatology, the repeated cycle is smoothed with a 14-day moving mean to ensure seamless transitions

between December and January. Additional details on the high-resolution POP model configuration used here are provided in

Viebahn et al. (2016).

The three tip jet experiments are forced with composite anomalies of surface heat loss and wind stress derived from ERAS

reanalysis on tip jet days for 1969-2022. In the ERAS data, tip jet days are identified when wind speed is within the strongest

10% and the flow direction is westerly (Duyck et al., 2022; Moore, 2012). In the next step, we compute composite mean

anomalies of net surface heat flux and wind stress relative to the 1969—2022 long-term mean for the identified tip jet days in

the ERAS period. In this study, heat loss refers to negative values of net surface heat flux, corresponding to a heat flux directed

out of the ocean. The net surface heat flux includes turbulent sensible and latent heat fluxes, as well as longwave and shortwave

radiative fluxes, as derived from ERAS. These composites of wind stress and heat loss anomalies (Fig. 1a,b; see Fedorov et

al., 2025 for details) are then added to the CORE forcing within the area outlined by the red contour in Fig. 1a,b to create the

forcing fields.

ERAS5: TJ days composite TAU anomaly

ERAS: TJ days composite net surface heat flux anomaly
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Figure 1. Study domain, composite tip jet (TJ) forcing fields, and definition of analysis region. (a) ERAS composite of wind stress
(TAU) anomalies on tip jet days (relative to the 1969-2022 climatology; Fedorov et al., 2025). The red outline marks the region where
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wind stress anomalies were added to the CORE I model forcing. The red dotted outline indicates the tapering zone, where the
imposed anomaly gradually decreases to zero. Cyan shading indicates the convective area (March mean MLD > 1000 m in the full-
forcing experiment). Orange contours show the mean DJFM surface circulation (0—100 m). Currents: IC — Irminger Current, EGC
— East Greenland Current, WGC — West Greenland Current, LC — Labrador Current, NAC — North Atlantic Current. White
arrows show the wind direction. (b) ERAS composite of net surface heat-flux anomalies for the same tip jet days. White arrows show
the wind direction. Background colour shows ETOPO 2022 bathymetry [https://doi.org/10.25921/fd45-gt74]. (c) Daily net surface
heat flux averaged over the forcing region for 2014-2015. The black curve shows total flux, while vertical bars indicate days with
tip jet conditions during DJFM (red) and in other months (grey). Negative values indicate heat loss from the ocean. (d) Schematic
of the experimental design.

The forcing region and forcing frequency were determined in a separate case study (Fedorov et al., 2025). The forcing area
(Fig. 1a,b) corresponds to the zone enclosed by approximately the 50% contour of the peak wind stress anomaly and is chosen
to confine the effect of tip jet to the interior of the Irminger Basin. To prevent strong gradients at the forcing boundary, the
anomaly amplitudes taper smoothly to zero across a 10-grid-cell (~100 km) buffer. This tapering does not remove wind-stress
gradients entirely, but smooths over a broader area. We checked whether the mixed-layer-depth shows consistent signal (in
line with Ekman upwelling or downwelling) along the edge of the forcing mask and found no boundary-following MLD signal;
instead, the strongest deepening occurs in the interior Irminger Basin, where the imposed forcing is largest and where the
convective region is defined. To prescribe the temporal frequency of tip jet events, we use the ERAS record for December—
March 2014-2015, which represents the strongest tip jet winter on record for 1969-2022 (Fig. 1c; Fedorov et al., 2025). 23 tip
jet days were identified from December 2014 to March 2015 (Fig. 1c), compared to a long-term winter mean of 11+6 tip jet
days per cold season. We use the strongest tip jet winter on record to robustly disentangle the effect of tip jets from background
climate variability.

Each forced case is run as a five-member ensemble. Each ensemble member spans six years (Fig. 1d): the first five years
include tip jet forcing applied on all DJFM days on which tip jets occurred in 2014-2015, while the sixth year reverts to the
standard CORE forcing. The sixth year allows us to assess how long the model response persists after the tip jet anomalies are
removed and the forcing returns to the repeat annual climatological cycle. Each member is initialized from a different year of
the control run, with start years spaced five years apart, to sample different NAO phases and to reduce the likelihood that
ensemble members share the same model internal variability. We then compute the ensemble mean, yielding a six-year time
series that is compared to the control run throughout the analysis. The same ensemble design is applied to all three tip jet forced
experiments (full forcing, wind-only, and heat-only).

When comparing the forced runs with the control, we assessed statistical significance using a random permutation
(randomization) test applied to the replicated samples available for each calendar time step (e.g., Good, 2005). For each
quantity and each calendar day (or month), we computed the observed difference (Agps = Xforced — Xcontrol)> Where X denotes
the mean across realizations. The null hypothesis is that the forced and control realizations have equal means
(Hy: Utorced = Mcontrol)- The forced experiment provides 25 realizations (five ensemble members x five years), while the
control provides 24 realizations (years 300—323). To generate the null distribution, we pooled the 49 realizations and randomly

reassigned them into two groups of the same sizes as the original samples, 25 and 24. Under this random reassignment, the

5
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group labels no longer correspond to the original experiment labels, so each permuted group can contain a mixture of originally
forced and control realizations. For each permutation, we recomputed the difference between the two group means, repeating
this procedure 2000 times. A difference is considered significant at the 95% level if Ay lies below the 2.5th percentile or
above the 97.5th percentile of this null distribution (two-sided test; p < 0.05). We used the same approach when comparing
the tip jet experiments to each other. Throughout the paper, whenever we state that a difference is “significant”, we refer to
significance at the 95% level according to this permutation test. This procedure is closely related to a (block) bootstrap test of
the difference in means, but constructs the null distribution by random reassignment of labels rather than resampling with

replacement.

2.2. Surface Buoyancy flux and Ocean Buoyancy content

Using the four modeled datasets, we quantify the impact of tip jets on stratification by estimating the buoyancy content of the
water column (Bpceqn, Eq. 1) and the surface buoyancy flux (Bfy, Eq. 2). Following Schmidt and Send (2007), identical
assessments of B, .., Were previously applied to the Irminger Sea (Bilo et al., 2022; de Jong et al., 2025). We adopt the same

approach here:

Bocean = piOIOD(GO(Z) - GO(ZO))dZ; [m?s7?%], @)

where D is a specific vertical depth (positive downward), g = 9.8 m s is gravitational acceleration, p, = 1027 kg m™ is the
reference density, a,(z) is the potential density at depth z, and g,(z, = 0) is the potential density at the surface.

We compute By, as the buoyancy flux associated with net surface heat fluxes (Gill, 1982):

g a _
Brpux = 2o Gy Qnet; [m* s73], 2

where, a is the thermal expansion coefficient (which itself is a function of temperature and salinity), C,, is the specific heat
capacity of seawater at constant pressure, Q,,.; is the net surface heat flux.

We do not include the haline (freshwater) component (8gS,(E — P)) of the buoyancy flux, because tip jets have no significant
impact on precipitation in this region (DuVivier et al., 2016), and we do not include an evaporation—precipitation anomaly
forcing in our experiments. We derive density and all thermodynamic parameters using the Gibbs-Sea Water (GSW) relation
(McDougall and Barker, 2011)[https://www.teos-10.org/software.htm]). Both B,ceqn and By, are spatially averaged over the
region where the mean March MLD exceeds 1000 m in the full-forcing ensemble (Fig. 1a, cyan-shaded area), hereafter referred
to as the convection region. We define this region from the full-forcing experiment because it includes both wind stress and
heat loss anomalies and therefore provides the most realistic representation of tip jet-driven convection. This fixed region is

then applied consistently across all experiments to facilitate a direct comparison of their responses.



185

190

195

200

205

2.3. Shear and Richardson number

To assess the potential for wind-driven mixing during tip jet events, we diagnose vertical shear (Eq. 3), buoyancy frequency
(Eq. 4) and the gradient Richardson number (Eq. 5) from the model velocity and density profiles in the convective region.

The squared vertical shear of horizontal velocity is defined as:

2 _ ou 2 ov 2 -2
2= (%) + (%) 17, 3)
where u and v are the zonal and meridional velocities.

The buoyancy frequency is defined as

d -
N? = _:;Oi ,[s72, “4)

where p is the modelled in-situ density.

The gradient Richardson number is then given by

2
Ri=YL, 5)

52
We compute S2, N2, and consequently Ri in each model layer, starting from the surface. For the daily time-series analysis, we
spatially average these quantities over the convection region (Fig. 1a), yielding a daily mean vertical profile. We then average
these daily profiles across all ensemble members for each case. The resulting 5-year daily time series (tip jet-forced years only)
is further averaged by day-of-year to obtain the mean annual cycle of S? and Ri. We perform this daily time-series analysis
only for the wind-only experiment. We additionally verified that no comparable response occurs in the heat-only experiment
by comparing daily surface fields of Ri and S? between the heat-only and wind-only runs.

According to the Miles—Howard criterion (Howard, 1961; Miles, 1961), flows with a gradient Richardson number Ri < 0.25
are susceptible to shear-driven instability. Similar thresholds are widely used in upper-ocean mixing studies (Large and
Crawford, 1995; Monin and Obukhov, 1954; Pollard et al., 1973; Price et al., 1986). POP employs the same stability logic
internally through the K-Profile Parameterization (KPP; (Large et al., 1994)), which computes shear and stratification at every
baroclinic timestep (~1 h). When Ri < 0.25, KPP increases the vertical mixing coefficients for momentum and tracers and,
when the instability occurs near the mixed layer base, entrains water upward into the mixed layer. Because POP outputs daily-
mean velocity and density fields, the diagnosed Ri is a time-averaged quantity that is systematically higher than the
instantaneous Ri used by KPP. Therefore, the Ri computed from our model output should be interpreted as a qualitative

indicator of the relative susceptibility to shear-driven mixing, not as a direct measure of instability events (Large et al., 1994).
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3 Results
3.1. Tip Jet heat loss as a primary driver of convection
3.1.1. Mixed layer depth response

Our model results highlight the dominant role of surface heat loss during tip jets in driving deep convection. All simulations
show a winter increase in mixed layer depth (MLD) in the central Irminger Sea. In the control run, MLD reaches about 400 m
in February, deepens further to 600-700 m and expands horizontally in March (Fig. 2, row 4). Relative to the control, the full-
forcing run shows a sharp and statistically significant (95 %) deepening of MLD during JFMA (Fig. 2, row 1). A magnitude
and spatial extent of deepening similar to the full-forcing run occurs in the heat-only run (Fig. 2, row 3). In both the full and
heat-only experiments, MLDs increase basin-wide by 400-800 m in February—March compared to control, approaching
observed maxima of ~1400 m in the region (Fedorov et al., 2023; Fedorov and Bashmachnikov, 2020; de Jong et al., 2025; de
Jong and de Steur, 2016). By contrast, the wind-only run (Fig. 2, row 2) produces weaker deepening of up to ~400 m relative
to the control. However, MLD maxima of ~1000 m are still reached in March in a smaller region, despite the absence of
enhanced surface heat loss forcing. These results indicate that heat and wind surface fluxes can each enhance convection

separately.
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Figure 2. Monthly mixed layer depth (MLD) differences relative to the control run in the Irminger Sea. Columns represent January—
April (left to right). Rows show: (top) full-forcing minus control, (second) wind-only minus control, (third) heat-only minus control,
and (bottom) the corresponding monthly mean MLD from the control run. Grey contours indicate regions where MLD differences
are significant at the 95 % confidence level.

The temporal evolution of the MLD also differs. Within the region of deepest convection (>1000 m in the full-forcing in
March; Fig. 1a, cyan shading), winter mean MLD is generally greater in the full-forcing run than in the heat-only run, but both
remain in the 1100-1300 m range each year, with maxima up to 1800 m (Fig. 3a). The wind-only run shows shallower
convection (800-900 m on average, maxima ~1300 m), but still deeper than the control (600 m mean, ~1000 m maximum).
Across the five-year ensembles, MLD gradually becomes shallower in all experiments, with the largest decline in the wind-
only run, which approaches control values by year 5. Although the sixth year is forced climatologically the enhanced MLDs
remain in the heat-only run, while mean and maximum MLDs in the full-forcing and wind-only runs are very close to the

control. Therefore, enhanced heat loss has a more persistent effect on MLD in the Irminger Sea than wind stress alone.
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3.1.2. Buoyancy flux and ocean buoyancy content
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Figure 3. Temporal variability in the convective region (Fig. 1a) for ensemble means. Colours: black = full-forcing, red = wind-only,
blue = heat-only, grey = control. (a) Mixed-layer depth (MLD). Shading indicates +1 standard deviation (toward deeper values):
light grey with dotted black outline (full-forcing), light red with dotted red outline (wind-only), and light blue with dotted blue outline
(heat-only). The grey dashed line marks the upper bound of control variability. Black vertical bars at the bottom of the panel show
periods when tip jet forcing was applied. (b) Cumulative surface buoyancy flux (Bjy,,) (integrated from July 1 of the previous year
to July 31 of the following year). (c) Ocean buoyancy content (B,ccq, )- (d) Scatter plot of seasonal B, .., change (year maximum
in September — minimum in the following March) versus cumulative B, at end-April, for years 02—05 (20 years per experiment).
Filled markers indicate multi-year means.
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The effects of tip jet heat loss can be interpreted from the buoyancy forcing in the central Irminger Sea. In our experimental
setup we apply heat loss anomalies in the full-forcing and heat-only runs, whereas the wind-only experiment retains
climatological heat loss. The cumulative buoyancy flux (Byyy,y ), integrated from 1 July to 30 June each year (Fig. 3b), is nearly
identical in the full-forcing and heat-only runs. In contrast, By, in the wind-only run remains within the range of the control
simulation, consistent with the absence of a heat loss anomaly.

The response to surface buoyancy flux is reflected in differences in ocean buoyancy content (B4, ) among the runs (Fig. 3¢).
By cean 18 generally highest at the end of summer, during which buoyancy input exceeds buoyancy loss, and decreases during
the cooling season (September—March) as the buoyancy removal rate increases with surface fluxes. This seasonal decrease
also occurs in the wind-only experiment because this case still includes the climatological net surface heat flux. Thus, the
wintertime decrease in B,.qy in the wind-only case does not require an imposed tip jet heat-flux anomaly. The evolution of
By cean 18 broadly consistent with the surface buoyancy flux and MLD: the full-forcing and heat-only runs show nearly identical
lowest March values, while the wind-only run remains between them and the control, which shows the highest winter B, ¢4y, .
In summer, Bycean in the wind-only run is either the highest among all experiments (years 02, 03, and 05) or comparable to
the other runs. However, the decrease in B, .4, from September to March is nearly the same as in the heat-only and full-
forcing runs. The key point is that this enhanced seasonal decrease occurs relative to the control without an additional heat-
flux anomaly: the cumulative Bg,y in the wind-only case remains within the range of the control simulation (Fig. 3b,d).
Relative to the control, the buoyancy-removal rate in the wind-only run is higher by ~25-30% (0.51-0.53 J kg™* yr versus
0.38 J kg? yr¥), even though no additional heat loss forcing is applied in this experiment. This indicates that wind stress
modifies the ocean buoyancy response through processes not captured by the cumulative surface buoyancy flux alone.
Further, we compare the annual By, change and the cumulative surface buoyancy flux (Byy,,) (Fig. 3d). The simulations
with heat-only forcing differ significantly (95 % confidence) from those without heat-flux anomalies, and this difference comes
directly from differences in Bgy,,,. However, the By.q, change in the wind-only run remains comparable to that in the full-
forcing and heat-only runs rather than to control, even though its By, is much weaker. This separation between surface
forcing and ocean buoyancy response indicates that, in the wind-only experiment, wind stress modifies the upper-ocean
buoyancy evolution through processes not captured by the cumulative surface buoyancy flux alone. The following sections

examine this wind-driven response in terms of salinity redistribution, shear, and mixing potential.
3.2. Irminger Sea response to tip jet wind stress forcing

3.2.1. Salinity response to tip jet forcing

Having established that heat loss is the primary, but not the only, driver of the deepest convection, we now examine how wind
stress can modify upper-ocean properties in the Irminger Sea. We focus on the impact of Greenland tip jet wind stress on the
basin interior. In our model experiments, Greenland tip jets not only enhance surface cooling but also increase surface salinity

in the interior of the Irminger Sea (Figs. 4-5).
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Figure 4 Monthly upper-ocean salinity anomalies relative to the control run in the Irminger Sea. Columns represent December—
April (left to right). Rows show: (top) full-forcing minus control, (second) wind-only minus control, (third) heat-only minus control,
and (bottom) the corresponding monthly mean salinity from the control run (upper 100 m). Black dotted contours indicate regions
where salinity anomalies are significant at the 95 % confidence level, and black solid contours indicate regions where MLD
differences are significant at the 95 % confidence level.

The upper 100 m is saltier in all forced runs than in the control (Fig. 4, rows 1-3). In the control (row 4), salinity is relatively
low in the narrow coastal band around Greenland, increases across the East Greenland Current (EGC), and decreases toward
the central Irminger Basin. Full tip jet forcing produces a positive salinity anomaly over large areas of the central Irminger Sea
following the imposed forcing from December to March (Fig. 4, row 1). In the wind-only case (Fig. 4, row 2), a similar positive
salinity anomaly dominates in December—January, but its spatial extent is significantly smaller than in the full-forcing case
during February—April. The heat-only case also shows a positive salinity anomaly (Fig. 4, row 3); however, in December—

January it covers the smallest area among the forced runs, while it expands in February—March and exceeds the wind-only run.
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The seasonal evolution differs between the heat-only and wind-only experiments. In the heat-only case, salinity anomalies
strengthen and expand as the mixed layer deepens: early in winter, when MLD is shallow, the anomaly is confined to regions
where buoyancy loss triggers mixing, whereas it becomes strongest and most widespread in February—March as MLD
approaches its maximum. The wind-only case shows the opposite timing: surface salinity increases primarily in December—
January while MLD is still relatively shallow, consistent with the wind stress anomaly initiating the salinification. These
contrasting behaviors are also reflected in the full-forcing run, where the salinity anomaly remains persistently high throughout
December—April.

We see a similar salinity response on the spatially averaged vertical profile inside the convective region (Fig. 5). In the control
run (Fig. 5d), the upper 250-300 m of the Irminger Sea interior is fresher than the waters below. This near-surface fresh layer
is most pronounced during September—January, associated with summer ice melt around Greenland. During winter convection,
it is mixed with the saltier subsurface waters. The presence of saltier subsurface waters enables a pronounced increase in
salinity in the upper ~250 m when vertical mixing is strengthened by tip jet forcing (Fig. Sa—c). This surface salinity increase
is accompanied by a comparable decrease in salinity in the layers just below, indicating vertical redistribution of salt within
the interior water column. Thus, the salinification diagnosed in the convective region reflects local mixing and entrainment
rather than a persistent lateral freshwater signal from the shelf.

We can conclude that the vertical penetration of the salinity anomaly depends on convection depth: the full-forcing and heat-
only runs (with deeper MLD) exhibit salinity increase in deeper layers than the wind-only run. Consistent with this, salinity is
significantly lower in the wind-only run than in the heat-only run (Fig. 5f) during mid-February to mid-April. Overall, tip jet
forcing in all experiments increases surface salinity by bringing saltier subsurface water to the surface through intensified
winter convection.

The growth of salinity in the heat-only run is primarily caused by the increase in surface heat loss during tip jet events. Surface
heat loss reduces buoyancy in the upper layers and enhances deep convection to extreme depths of about 1800 m, bringing
salinity upwards. At first sight, the full-forcing run has a similar salinity increase in the upper 250 m and comparable MLDs
(Fig. 5a,c), which indicates that similar processes act to increase salinity there. However, when we compare the full-forcing
run directly to the heat-only run (Fig. Se, the full 5-year daily time series is available in the appendix Fig. A1), the upper-layer
salinity in the full-forcing run is significantly (95 %) higher in December—March. Therefore, the reason for the differences
between full-forcing and heat-only runs must come from the wind stress.

The role of wind stress can also be considered separately from the heat loss. While the MLD in the wind-only run is less than
in the heat-only run, it is higher than in the control. This MLD increase is associated with the corresponding growth in surface
salinity. During December in the wind-only run, salinity in the upper 70 m is not only higher than in the control run but also
higher than in the heat-only run (Fig. 5f). This salinity increase has a clear mixing signature, being accompanied by lower
salinity values below the mixed layer. This salinity anomaly is significant and traceable until the MLD in the heat-only run
(dashed) outgrows the one in the wind-only run (solid) by the end of December. Thus, wind stress during tip jet events is

capable of causing an intensification of mixing already in December.
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Figure 5. Response of salinity to tip jet forcing in the convective region. (a—d) Temporal evolution of area-averaged salinity anomalies
(psu): (a) full-forcing — control, (b) wind-only — control, (c) heat-only — control, (d) control reference. Black curves show the MLD.
Annual mean salinity differences: (e) full forcing — heat-only, (f) wind-only — heat-only. The black solid line shows annual mean

330 MLD in the full forcing (e) or wind-only (f) and the dashed one shows the MLD for heat-only run. Thin dotted lines mark depths
where salinity differences between the runs are significant at the 95 % confidence level.
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3.2.2. Turbulent response of the ocean to wind stress forcing

We next examine the upper-ocean response to the wind stress perturbation in terms of shear and stratification. In the wind-
only run, the imposed wind stress anomaly produces a distinct increase in vertical shear within the forcing region (relative to
the control and heat-only runs), particularly between the surface layer (0 m) and the layer below (10 m) (Fig. 6a). This signal
is absent in the heat-only simulation, because it lacks the additional wind stress forcing. The impact of the wind-driven shear
anomaly on the surface layer can be qualitatively assessed using the gradient Richardson number (Ri), which reflects the
balance between stratification and shear (Sect. 2.3). As mentioned there, POP provides daily-mean output and employs
parameterized turbulence and the diagnosed Ri should be interpreted as a qualitative indicator rather than a direct measure of
instantaneous instability. The classical Miles—Howard threshold of Ri < 0.25 applies to instantaneous shear instability, whereas
our Ri values are computed from daily-mean fields. Daily averaging smooths short-lived low-Ri events and therefore shifts
the Richardson number based stability diagnostic toward larger, more stable values. We therefore use Ri < 1, not as a strict
instability threshold, but as an indicator of regions where the potential for shear-driven mixing remains elevated even after
daily averaging. Even with these limitations, the daily fields show a clear reduction in Ri in the wind-only run (Fig. 6b), with
values < 1 concentrated in the convection region during a representative December wind stress event. These Ri anomalies
indicate increased susceptibility to shear-driven mixing in this area, consistent with the December MLD deepening and the

consequent surface salinity increase in the wind-only run.
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Figure 6. Shear and Richardson number in the wind-only run. A 1-day December wind event: (a) Shear squared over the surface
and layer below (10 m), (b) Richardson number over the same layers. The black contour shows the area where the gradient
Richardson number is less than 1. (c—d). Climatological ensemble mean profile timeseries in the upper 100 m in the convective
region: (c) velocity shear squared, (d) gradient Richardson number.

Shear anomalies associated with the wind forcing are not restricted to the very surface; they propagate downward and remain
detectable through the upper ~100 m (Fig. 6¢). In the annual cycle, the signature of the wind stress perturbation appears during
the tip jet days (December—March), when shear increases in the convective region. The largest shear differences occur in the
upper 030 m and extend deepest during December (the annual maximum wind stress in CORE), with a progressively
shallower response from January to March. This timing matches the MLD and salinity increase in the wind-only run (Fig. 51),
where erosion of the fresh surface layer is also strongest in December.

Together with the salinity anomalies in Fig. 4-5, this supports the interpretation that tip jet wind stress acts primarily as an
early-winter trigger mechanism, giving the early shallow mixed layers an extra push and helping them erode the upper ocean
salinity stratification, rather than a direct driver of the deepest mixed layers. This interpretation is consistent with Zhou et al.
(2018), who used a different regional setting but similarly partitioned heat and momentum forcing and showed that wind
forcing can deepen the mixed layer through mechanical effects. In December, enhanced shear promotes vertical mixing, which

transports salinity upward and erodes the fresh surface layer. This reduces the buoyancy of the upper ocean. Once this initial
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barrier is weakened, the climatological winter heat loss becomes more effective at deepening the mixed layer. As a result,

convection can reach deeper layers later in the season compared to the control simulation.

4 Summary and Discussion

In this study we investigated the impact of Greenland tip jets on deep convection in the Irminger Sea using a high-resolution
ocean model forced with composite tip jet anomalies of wind stress and heat loss. Our goal was to disentangle the relative roles
of thermal and mechanical forcing and to assess how they influence buoyancy content, surface fluxes, convection and ocean
properties in the interior of the Irminger Sea.

Our results confirm that surface heat loss during tip jets is the dominant driver of convection intensity. Both the full tip jet
forcing (heat loss + wind stress) and the heat-only experiment produce mixed layer depths of similar magnitude (1100—1300 m
mean and ~1800 m maximum versus 600 m in control). The close resemblance between the heat-only and full-forcing runs is
consistent with the dominant role of surface heat loss in removing buoyancy from the water column and thus triggering deep
convection in the Irminger Sea (Bil6 et al., 2022; de Jong et al., 2025).

In general, the response of the MLD to wind-only forcing is weaker, yet still statistically significant at the 95% level. However,
in December the MLD response is comparable to the full-forcing run and exceeds the heat-only run. In other months, the wind-
only experiment produces shallower mixed layers than the other forced runs but remains much deeper than the control
(maximum in March: ~1000 m in wind stress run versus 600 m in control). As this experiment is forced solely with wind stress
anomalies, its effect is mechanical: the imposed westerly winds increase vertical shear between the surface layer and the
underlying water column. The enhanced shear and the associated low Richardson numbers indicate higher potential for shear
instability and vertical turbulent mixing in early winter. This increased vertical mixing leads to increased salinity in the surface
layer at the beginning of the tip jet forcing in December. The additional salinity removes buoyancy from the fresh upper layer
early in winter and reduces the stabilizing influence of the Greenland meltwater on convection development during the rest of
the cold season.

This effect of the wind stress on salinity is most significant at the beginning of the convective season in December, when the
MLD is relatively shallow (confined to roughly the upper 100 m). Later in winter, the effect of wind stress weakens, but at this
point the moderate (from climatology) heat loss is capable of deepening the MLD further than in the control because part of
the buoyancy has already been removed at the start of winter by tip jet wind stress. In this sense, wind stress acts mainly as an
early-winter MLD trigger mechanism that facilitates deeper convection later in the season, rather than as the primary driver of
the deepest mixed layers.

Our analysis has several limitations related to model output, resolution, and experimental design. The coarse vertical resolution
in the upper ocean and the use of daily-mean output constrain our ability to diagnose turbulent processes. POP computes shear,
stratification, and Richardson numbers at every baroclinic timestep (~1 h), but the fields available for analysis represent 24-

hour averages. Because Ri is highly nonlinear in shear, daily averaging smooths out short-lived shear instabilities,
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systematically biasing the diagnosed Ri toward more stable values. Classical Ri based parameterizations of vertical mixing,
such as those in Munk and Anderson, 1948, would give enhanced mixing for Ri <1 as in turbulent flows mixing persists even
when 0.25 <Ri < 1.0. Hence, our shear and Richardson-number diagnostics can be interpreted as qualitative indicators of
changes in mixing potential. The wind-only experiment exhibits a robust increase in near-surface shear and a systematic
reduction in daily Ri during tip jet events, consistent with the concurrent MLD deepening and surface-salinity increase; this
supports our proposed mechanism, while higher-frequency output would be required to quantify turbulence more directly.
Computational costs also restricted us to five ensemble members of six years each per forcing scenario, which limits our ability
to assess large-scale impacts on slower or remote processes such as the AMOC. However, the ensemble members show
consistent responses in the key diagnostics used in this study (MLD, buoyancy content, and salinity), increasing confidence in
the inferred mechanisms. The limited ensemble size and duration primarily reduce our ability to resolve interannual variability
and to compare individual years within the six-year integrations (e.g., year 1 versus year 5) in a statistically robust way.
Another limitation concerns the idealized nature of the applied forcing. Our experiments isolate the ocean response to a
westerly Greenland tip jet forcing pattern, rather than to the full spectrum of high-frequency atmospheric forcing around
southern Greenland. The wind-stress and heat-flux anomalies were derived from composite westerly tip jet events, averaged
over all identified occurrences from 1969 to 2022, and combined with the highest observed westerly tip jet frequency on record
(2014-2015). Because the control simulation is forced with a repeated climatological annual cycle, the experimental design
cannot fully separate the effect of the specific spatial structure of westerly tip jets from the more general effect of episodic
high-frequency wind and heat-flux variability. Therefore, part of the response identified here may be representative of intense
winter atmospheric forcing more broadly. At the same time, the imposed anomalies retain the characteristic spatial structure
of westerly tip jets, including localized forcing over the central Irminger Sea, where these events produce the strongest negative
buoyancy flux anomalies. Our results should therefore be interpreted as the response to strong canonical westerly tip jet forcing
and, not as a complete representation of all Greenland mesoscale wind events. A more realistic distribution of westerly,
easterly, and other tip jet-like events could alter both the magnitude of the mixed-layer response and the relative importance
of heat loss and wind stress. In addition, tip jet properties may evolve as air—sea temperature gradients weaken, potentially
altering their intensity, frequency, and spatial structure. Despite these uncertainties, our configuration provides a controlled
framework to disentangle and compare the dynamical impacts of wind stress and heat loss associated with canonical westerly
tip jet events on Irminger Sea convection.

The role of wind stress in controlling convection intensity is particularly relevant under climate change. Deep-convection
regions are already experiencing steady surface warming, and recent shifts in the Mediterranean already demonstrate how
reduced air—sea temperature differences weaken heat loss and convection (Josey and Schroeder, 2023; Parras-Berrocal et al.,
2022; Somot et al., 2006). A similar reduction in thermal forcing is projected for the Subpolar Gyre (Josey et al., 2019; Koenigk
et al., 2021; Oltmanns et al., 2018), whereas wind stress forcing there is not expected to exhibit a comparable downward trend
this century (Fedorov et al., 2025). In our experiments, wind stress -driven salinity anomalies enhance convection, but their

effect is weaker and less persistent than that of surface heat loss. Therefore, while wind stress is unlikely to fully compensate
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for reduced thermal forcing under future warming, it may still delay or modulate the decline of convection. At the same time,
enhanced Greenland meltwater input is expected to increase upper ocean stratification and shoal deep convection in the
subpolar gyre (Schiller-Weiss et al., 2024) potentially increasing the relative importance of wind stress -driven triggering. The
robustness of this mechanism in coupled climate models remains uncertain, as atmospheric feedbacks could alter both the
frequency and intensity of tip jets (Bakalian et al., 2007; Moore, 2012; Moore and Renfrew, 2005). Nevertheless, our ocean-
only, prescribed-forcing experiments likely overestimate the persistence of the wind stress effect by neglecting atmospheric
feedbacks; we therefore interpret them as a qualitative upper bound on the influence of wind stress in sustaining convection

under reduced thermal forcing.

Data Availability. Data were processed in MATLAB R2022b/R2023a. Data and scripts required to reproduce the figures are
provided via a view-only OSF link [https://osf.io/bj9wn/overview?view only=a34f660543f1427cad3ed0299ec3b5aa] in
‘Tip_Jets convection.zip’. The anomalies used in the POP forcing are provided via the same view-only OSF link
[https://osf.io/bj9wn/overview?view only=a34f660543f1427cad3ed0299ec3b5aa] in
‘POP_Tip Jet SHF TAUXY crrctd.nc’. Full modelled datasets are not publicly available due to large data sizes.
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Figure Al. Ensemble-mean salinity and salinity anomalies. Panels from top to bottom show: salinity difference (full-forcing — heat-

620  only), salinity difference (wind-only — heat-only), absolute salinity in the full-forcing run, absolute salinity in the wind-only run, and
absolute salinity in the heat-only run.
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