
1. Introduction
Recent observations made with the Overturning in the Subpolar North Atlantic Program (OSNAP) array (Lozier 
et al., 2017) allowed for the first time to directly relate deep water mass formation in the subpolar North Atlan-
tic and overturning variability. These data indicate that water mass transformation east of Greenland is largely 
responsible for the overturning of the Atlantic Meridional Overturning Circulation (AMOC) and its variability 
(Li et al., 2021; Lozier et al., 2019). However, the exact role of the Irminger and Labrador Sea in AMOC variabil-
ity is still controversial. In particular, it is discussed whether deep water formation in the Labrador Sea contributes 
only marginally to AMOC variability (Desbruyères et al., 2019; Li et al., 2021; Menary et al., 2020), whether 
there has been a shift in deep water formation from the Labrador to the Irminger Sea over the past decade (Rühs 
et al., 2021), or whether deep water formation in the Labrador Sea dominates multidecadal AMOC variability, 
while formation in the Irminger Sea influences high-frequency variability (Yeager et al., 2021).

In the Irminger Sea, strong surface heat and momentum fluxes were found to be most important for generating 
density anomalies in the boundary currents, such as the East Greenland-Irminger Current (EGIC) or over the 
Reykjanes Ridge (LeBras et al., 2020; Petit et al., 2020). Based on OSNAP, a light mode convective water named 
upper Irminger Sea Intermediate Water (uISIW; σθ = 27.65–27.73 kg m −3) has been identified forming at the edge 
of the EGIC (LeBras et al., 2020). This intermediate water contributes to light upper North Atlantic Deep Water 
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(uNADW), defined as σθ = 27.55–27.73 kg m −3 (Li et al., 2021) along with the denser water masses formed by 
deep convection in the basin interior (Bacon et al., 2003; de Jong et al., 2012, 2018; Pickart et al., 2003) and over-
flows from the Nordic Seas (Chafik & Rossby, 2019). These dense water anomalies in the boundary current are 
transported southward into the Labrador Sea, where they correlate strongly with AMOC variability (Desbruyères 
et al., 2019; Menary et al., 2020; Petit et al., 2020).

However, the surface fluxes producing these density anomalies are likely underestimated in current global climate 
models, such as those involved in CMIP6 (Eyring et al., 2016) or in CMIP6 HighResMIP (Haarsma et al., 2016). 
These strong surface fluxes are caused by mesoscale wind systems with horizontal length scales of about 200 km 
(e.g., Moore & Renfrew, 2005), and are therefore not or insufficiently resolved (Moore et al., 2015). The Irminger 
Sea is known as an area where strong near-surface winds occur (Sampe & Xie, 2007). Three mesoscale wind 
systems are to be mentioned in connection with the steep topography of Greenland. First, Greenland tip jets 
(Doyle & Shapiro, 1999; Moore & Renfrew, 2005; Pickart et al., 2003) at Cape Farewell occur when a synoptic 
low is located east of Cape Farewell and the flow is forced around it, causing it to accelerate. Because of its high 
wind speeds, westerly tip jets were found to be important for preconditioning and triggering open-ocean deep 
convection in the Irminger Gyre (Våge et al., 2011) of the southwestern Irminger Sea (Bacon et al., 2003; Pickart 
et al., 2003; Våge et al., 2009). Hourly net heat fluxes during tip jet events can thereby exceed 800 W m −2 (Josey 
et al., 2019). Second, barrier winds form south of Denmark Strait when the air mass impinges onto the steep coast 
of Greenland, creating a geostrophic pressure gradient that accelerates the flow along the coast to the southwest 
(Moore & Renfrew, 2005). And third, katabatic winds from the Greenland ice sheet. Both barrier winds and 
katabatic winds can cause marine cold air outbreaks (MCAO, Kolstad et al., 2009), either by advecting cold polar 
air mass from the sea ice or from Greenland's ice sheet over the Irminger Sea.

Katabatic winds are density-driven currents originating from large ice sheets, such as in Greenland, due to radia-
tive cooling of the surface boundary layer. They dominate the near-surface wind field and their velocity is highest 
near the ice sheet margins. The strongest downslope katabatic winds occur frequently in the Ammassalik area 
on the southeast coast of Greenland, where the katabatic flow converges in the narrow fjords and accelerates 
because of the steep topography (Heinemann & Klein, 2002). This gravitational acceleration becomes stronger 
the colder and thus denser the air is. When a synoptic cyclone is located over the Irminger Sea, the overlying 
geostrophic flow can strengthen the pure katabatic flow to gale force, sometimes even hurricane force, which then 
causes severe destruction (Oltmanns et al., 2014; Rasmussen, 1989). Often these two mechanisms work together 
to form a katabatic storm. However, a third mechanism is the breaking of mountain or lee waves over the steep 
slopes of southeast Greenland (Oltmanns et al., 2015), which transfer momentum into the boundary layer and 
further accelerate the katabatic flow. These hazardous katabatic storms or “piteraqs” (Greenlandic) are a regular 
phenomenon. The most severe storm on record hit the community of Tasiilaq (Ammassalik) in February 1970 
with a peak velocity of nearly 90 m s −1.

Over the Irminger Sea, katabatic winds and storms from the Ammassalik valleys cause a strong loss of heat and 
buoyancy of the shelf water and EGIC due to the high wind speeds and the cold and dry air they carry over the 
relatively warm ocean. They contribute to about one fifth of the total winter heat loss (Oltmanns et al., 2014). 
Resolving katabatic storms could therefore affect the dense water formation in the Irminger Sea and hence its 
role for AMOC variability.

Katabatic winds can trigger mesocyclones over the Irminger Sea (Klein & Heinemann, 2002), also called polar 
lows (Kolstad, 2011; Moreno-Ibáñez et al., 2021). Polar lows frequently form over the Irminger Sea (Bracegirdle 
& Gray, 2008; Kolstad, 2011; Stoll et al., 2018; Zahn & von Storch, 2008), which is related to cyclogenesis in 
the lee of Greenland's high orography (Blechschmidt et al., 2009; Kristjánsson et al., 2011). In particular, two 
mechanisms are at work (Klein & Heinemann, 2002). First, convergence of the katabatic flow in the valleys lead 
to vortex stretching that enhances cyclonic vorticity, which is then transported eastward by the horizontal flow. 
Second, advection of cold air from the Greenland ice sheet over the relatively warm Irminger Sea leads to high 
sensible and latent heat fluxes, whose divergences reduce the atmospheric stratification. If clouds form over the 
Irminger Sea because of the large latent heat fluxes, atmospheric stratification is further reduced due to release of 
latent heat. Katabatic winds from Ammassalik therefore increase low-level baroclinicity that favors the formation 
of polar lows. On average, about 5–11 polar lows form in the Irminger Sea per winter, depending on the detection 
method and data set analyzed (Zahn & von Storch, 2008; Kolstad, 2011), while katabatic storms in the Ammas-
salik area occur about seven times per year, reaching about 20 m s −1 (Oltmanns et al., 2014).
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If sea ice is present, katabatic winds from the Ammassalik valleys can open coastal polynyas (Heinemann, 2003). 
The brine released during the formation of new sea ice then contributes to even denser shelf waters. Katabatic 
winds may also be important for fluxing fresh shelf water of Arctic origin into the interior basin of the Irminger 
Sea, thereby affecting the stratification. How exactly freshwater is transported off-shelf is still unclear, but wind 
is thought to be the main driver (Duyck & de Jong, 2021).

Resolving katabatic storms and small-scale orographic features in global climate models is therefore crucial for 
the cooling and densification of the EGIC, but also for the feedback of small-scale processes to the synoptic 
scale in terms of polar low formation and exchange of momentum and energy. Because of the teleconnectivity 
that the Irminger Sea exerts on the AMOC and the large-scale atmospheric circulation, a global coupled model 
is needed to capture these interactions. However, the atmospheric resolution of CMIP6 models is on the order 
of 50–200 km, with some exceptions of 25 km for individual HighResMIP models. Katabatic winds and other 
mesoscale wind systems around Greenland, such as tip jets, require model resolutions of less than 10–15 km to 
be adequately represented (DuVivier & Cassano, 2013; Gutjahr & Heinemann, 2018; Oltmanns et al., 2015). A 
resolution of 5 km is even better to capture the channeling effects in the narrow fjords and the momentum transfer 
by breaking mountain waves over the steep coastal slopes (Oltmanns et al., 2015). Katabatic winds further require 
a high vertical resolution in the surface boundary layer where also low-level jets form (Heinemann, 2003). In 
addition, a nonhydrostatic dynamical core is needed to simulate the strong vertical velocities during a katabatic 
storm, especially where mountain waves break causing a katabatic jump and generating gravity waves.

High resolution is required to resolve katabatic storms around Greenland, which is why they have so far only been 
studied with regional atmosphere models (e.g., Klein & Heinemann, 2002; Oltmanns et al., 2014, 2015). Even 
though high resolution can be achieved in regional models, they have two severe limitations. First, they were used 
as stand-alone, that is, they were not coupled to an ocean model, thereby neglecting air-sea interactions with the 
ocean, including changes to the circulation and the water mass characteristics. Second, because of their limited 
domain they do not allow for feeding back the effects of the small scales to the large scales, thereby neglecting 
teleconnections. Although the interactions across scales are sometimes realized in regional models by so-called 
two-way nesting, the problem remains that the rest of the globe is not affected by the resolved small scales 
within  the domain. Similar arguments apply to studies with ocean stand-alone simulations, which must be driven 
by atmospheric data that cannot respond to feedbacks with the ocean and are often too coarse to represent the 
mesoscale winds around Greenland (e.g., Paquin et al., 2016).

Because the resolution of global climate models has been too coarse to resolve katabatic storms (Mc Innes 
et al., 2011), their influence on EGIC has likely been underestimated. Although there were attempts to account 
for their effects on the ocean circulation (Condron et al., 2008), such parameterizations were never widely used 
in global models. Here we analyze for the first time a katabatic storm or piteraq that triggers a polar low, interacts 
with it and causes water mass transformation in the Sermilik Trough (ST) and EGIC. We exploit a frontier simu-
lation with the global storm-resolving and eddy-resolving (5 km) ICON-ESM, which is almost 2 years long. A 
more detailed overview of the simulation will be presented elsewhere. The analyzed katabatic storm is the most 
intense in the simulation, which is why we chose it for our case study. Even though the simulation is too short 
to link density anomalies in the boundary current to the AMOC, the model is potentially able to simulate this 
linkage.

The remainder of the manuscript is organized as follows: in Section 2 we describe the model configuration. 
Section 3 outlines the development of the katabatic storm. Section 4 describes the air-sea interactions during the 
storm and induced water transformations. In Section 5, we widen the picture to all katabatic storms in the simu-
lation and quantify their effect on the net heat loss, before we conclude in Section 6.

2. Model Configuration
We analyze the development of a katabatic storm in the Irminger Sea and its induced air-sea fluxes and water 
mass transformation in a frontier simulation made with ICON-ESM (ICOsahedral Nonhydrostatic—Earth 
System Model; Giorgetta et al., 2018; Jungclaus et al., 2022; Korn, 2017; Zängl et al., 2015), which is partici-
pating in the second phase of the DYnamics of the Atmospheric general circulation On Nonhydrostatic Domains 
(DYAMOND) Winter initiative (Stevens et al., 2019, and https://www.esiwace.eu/services/dyamond/winter). The 
model is globally coupled and was run at a horizontal resolution of 5 km, both in the nonhydrostatic atmospheric 
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component (ICON-A) and in the hydrostatic ocean/sea ice component (ICON-O). The grid resolution is thereby 
defined as the square root of the cell area of the spherical triangles (Zängl et al., 2015). Both components use a 
high vertical resolution. ICON-A is run with 90 terrain-following, hybrid sigma levels, with the top layer at 75 km 
height, which corresponds to the operational weather forecast configuration at Deutscher Wetterdienst (DWD). 
Thirteen levels are distributed within the lower 2,000 m over the Irminger Sea and 20 levels over land in the 
Ammassalik area. ICON-O uses 128 z-levels without a partial bottom cell parameterization. Ninety-six levels are 
distributed within the upper 500 m.

A main purpose of the DYAMOND (Winter) initiative is to run atmosphere models at a convection and storm-re-
solving resolution (≤5 km) and the ocean models at a similar resolution. The vertical resolution must be at least 
75 levels in both spheres in order to study the mesoscale ocean-atmosphere coupling. Although the model reso-
lution approaches the km scale, the smallest scale that is fully resolved in the model—the effective resolution—is 
much larger than the grid spacing or nominal model resolution. The effective resolution is usually determined by 
comparing modeled and observed kinetic energy spectra (Skamarock, 2004). For ICON-A, the effective resolu-
tion is about 7 times the mesh size (Neumann et al., 2019; Zängl et al., 2015), which corresponds to 35 km for 
our configuration. Below this scale, kinetic energy is dissipated due to physical parameterizations, orographic 
smoothing, numerical diffusion, and aliasing effects (Klaver et  al.,  2020; Neumann et  al.,  2019). Therefore, 
small-scale atmospheric processes, such as convection, orographic drag, or nonhydrostatic waves (Reinecke & 
Durran, 2009), are still partially unresolved in this model configuration. However, studies with regional models 
have shown that a nominal model resolution of less than 10–15 km is sufficient to resolve the main features of 
mesoscale wind systems around Greenland (DuVivier & Cassano, 2013; Gutjahr & Heinemann, 2018) and that 
5 km is sufficient for the representation of katabatic storms (Oltmanns et al., 2014, 2015).

For ICON-O there has been no quantification of the effective resolution yet. With reference to the first baroclinic 
Rossby deformation radius calculated by LaCasce and Groeskamp  (2020), which also takes bathymetry into 
account, we find a required resolution to resolve eddies of about 1/25° to 1/12° in the Irminger Sea (about 5–2 km 
at 60°N) and 1/50° (about 1 km) over the shelf.

ICON-A was run with the ECHAM6.3 physics (Giorgetta et  al.,  2018) and not with the Numerical Weather 
Prediction (NWP) physics used at DWD. The reason is that the ECHAM6.3 physics is largely energy conserving, 
which is a necessity for studying coupled processes and climate. However, to account for the storm-resolving 
resolution, several adjustments were made to the physical parameterizations in ICON-A. First, the atmospheric 
deep convection scheme was switched off. Further, parameterizations of subgrid-scale orographic effects (block-
ing and gravity wave drag) and nonorographic gravity wave drag were switched off and cloud microphysics were 
calculated using a three-category ice scheme, referred to as the graupel scheme. On the other hand, atmospheric 
subgrid-scale turbulence was parameterized with the 3D-Smagorinsky scheme, which has been implemented into 
ICON-A for large eddy simulation applications (Dipankar et al., 2015). In ICON-O, the mesoscale eddy param-
eterization (Gent-McWilliams (GM) closure) was switched off and vertical mixing was parameterized with the 
turbulent kinetic energy (TKE) closure (Blanke & Delecluse, 1993; Gaspar et al., 1990).

Before coupling, both components were spun up separately. The atmosphere was initialized from the global 
(9 km) European Centre for Medium Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS) 
analysis corresponding to 20 January 2020. Spinning up the ocean is more expensive. Therefore, the following 
strategy was used for this first 5  km coupled simulation. The initial fields were taken from PHC3.0 (Steele 
et al., 2001) and interpolated to a coarser 10 km grid. The ocean was spun up on this coarser grid using a combi-
nation of different atmospheric forcing data. First, 25 cycles were run with OMIP forcing, a climatology based on 
the ERA-40 years 1958–2001 (Simmons & Gibson, 2000), followed by NCEP (Kalnay et al., 1996) from 1948 
to 2000 and ERA5 (Hersbach et al., 2020) from 2000 to 2010. Then, the ocean state was interpolated from the 
10 km to the 5 km grid and the 10 recent years (2011–2020) were forced with ERA5 to ensure the development 
of background features, such as ocean mesoscale eddies or currents. We note that the spin-up was produced with 
an older model version and was not repeated with the version of the production run due to computational costs.

Once coupled, atmospheric fluxes were exchanged every 15 min. The model was run for 21 simulation months, 
starting from 20 January 2020 and ending on 30 September 2021. However, we focus on the first winter and in 
particular on the 29 February when the katabatic storm develops. Before analyzing the fields, all output data have 
been interpolated by the nearest neighbor method onto a regular grid of 0.05°.
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Using a global simulation has the advantage of avoiding arbitrary domain boundaries, such as in regional models, 
which would inevitably introduce artifacts that could influence the process under investigation (Giorgi, 2019; 
Leduc & Laprise, 2009). In addition, due to the global high resolution, the synoptic fields and the background 
state of the ocean are expected to be more realistic than in comparable downscaling studies, where only the nested 
simulation is run at high resolution, while the parent simulation has a much coarser resolution. In addition, by 
resolving the mesoscale, feedbacks to the large scales are captured, thereby changing the synoptics. This feedback 
is thereby not restricted to the domain of interest but acts globally, with effects on remote areas.

3. Synoptic Overview and Katabatic Storm Development
We analyze a katabatic storm appearing on the simulation day of 29 February 2020 and that has no real-time 
counterpart. This storm is the strongest of five similar events within the two simulation years (see Section 5), 
and its effect on the Irminger Sea is most pronounced, which is why it was chosen for our case study. During 
the simulation, no open-ocean deep convection occurs in the Irminger Sea (see Section 4.3), and deeper mixed 
layers during winter are only simulated along the western flank of the Reykjanes Ridge (600–900 m) and along 
the EGIC (500–1,300 m).

The storm develops when an upper-level trough crosses southeast Greenland. Within the westerly flow, a lee 
trough (LT) forms east of Cape Farewell, Greenland's southernmost tip. Within the LT, the katabatic flow from 
the Ammassalik area triggers a polar low. The synoptic pressure gradient on the backside of the polar low ampli-
fies the katabatic winds until the storm reaches near-surface wind speeds of more than 26 m s −1 (Figure 1) and 
almost 50 m s −1 in the low-level jet at the boundary layer top. The polar low produces a strong near-surface pres-
sure gradient, resulting in a westerly tip jet at Cape Farewell on 28 February at 18 UTC to 29 February at 0 UTC. 
As the polar low moves northeastward toward Denmark Strait on 29 February at 18 UTC, the pressure gradient 
at Cape Farewell decreases and so does the tip jet, while the katabatic flow becomes strongest and barrier winds 

Figure 1. Synoptic situation on simulation day for 29 February 2020 in ICOsahedral Nonhydrostatic—Earth System Model 
(ICON-ESM). Shown is the daily mean of 10 m wind speed (color shaded) and the wind vectors. Overlain is the daily mean-
sea level pressure in hPa (white contours), the geopotential height at 500 hPa in gpdm (dark gray contours), and the 15% sea 
ice concentration (magenta contour). The reference scale of the wind vectors is given at the bottom right. The “L” symbol 
marks the center of the polar low that is moving toward Denmark Strait. The black box marks the area of the Irminger Sea 
and the orange box the Ammassalik area.
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form in Denmark Strait. This succession of events is quite common in the Irminger Sea and reflects the passage 
of a low.

On 28 February 2020 at 00 UTC, the center of the upper-level trough is located over western Greenland (Figure 2a). 
The southeast coast of Greenland is below the cyclonic side of the diffluence zone of the jetstreak and hence 
an area favorable for upward motion and cyclogenesis. Upper-level divergence and differential vorticity advec-
tion cause upward motion diagnosed via the vorticity term in the ω-equation. A lee trough forms east of Cape 
Farewell (Figure 2a) and further preconditions the southeast coast of Greenland for cyclogenesis (Kristjánsson 

Figure 2. Development of the katabatic storm on 28 and 29 February 2020 in the Irminger Sea as simulated by ICON-
ESM. The first column (a, c, e, and g) shows the 10 m wind speed (6-hourly mean; color shaded) and vectors, overlain 
by the mean-sea level pressure in hPa (white contours, every 5 hPa), the potential vorticity at 500 hPa (≥2 PVU; 1 
PVU = 10 −6 K m 2 kg −1 s −1; magenta and stippling), and the sea ice edge (15% ice concentration, purple contour). “LT” in (a) 
marks the lee trough east of Cape Farewell, and “L” in (e, g) the position of the polar low. Brown hatching marks areas where 
the Eady growth rate averaged over the lowest 2,000 m is larger than 0.5 ⋅ 10 −4 s −1. The second column (b, d, f, and h) shows 
the transects of wind speed (shaded color), potential temperature in °C (black contours) and cloud cover (25% as dashed and 
50% as solid orange contours) along the Ikertivaq valley in the Ammassalik area (black line in first column).
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et al., 2011). These lee throughs form frequently east of Cape Farewell in response to vortex stretching and poten-
tial vorticity (PV) conservation (Mc Innes et al., 2009) when the westerly flow descends adiabatically from the 
high orography of Greenland (Kristjánsson et al., 2011). A vertical transect along the Ikertivaq valley (Figure 2b) 
shows only weak winds near the surface and a stable stratification with cloud cover below 2,000 m.

Within the next 18 hr, the upper-level trough crosses southern Greenland and its center deepens to 496 gpdm 
over the Irminger Sea (Figure 2c), showing a strong cyclonic PV anomaly with more than 2 PVU at 500 hPa. At 
the surface, the pressure is falling in response to the upper-level divergence that induces low-level convergence 
(Bracegirdle & Gray, 2009; Hoskins et al., 1985). Katabatic flow is initiated by a superimposed pressure gradient 
over the Ammassalik valleys and cold air is drained from the Greenland ice sheet (Figure 2d). Near the coast, 
the katabatic flow channels in the narrow valleys and accelerates. This converging flow constitutes a low-level 
baroclinic instability and enhances cyclonic vorticity due to vortex stretching, thereby increasing the PV anomaly 
(Klein & Heinemann, 2002). As a measure for baroclinicity we calculate the maximum Eady growth rate (σmax 
in s −1; Dierer & Schluenzen, 2005; Eady, 1949; Lindzen & Farrell, 1980) that describes how well deep pressure 
systems can develop in a weather situation over a specific area, with positive values favoring cyclogenesis:

𝜎𝜎max = 0.398𝑓𝑓𝑓𝑓𝑧𝑧𝑽𝑽 ℎ𝑁𝑁
−1, (1)

with f the Coriolis parameter, ∂zVh the vertical wind shear, and 𝐴𝐴 𝐴𝐴 =
√

𝑔𝑔∕𝜃𝜃𝜃𝜃𝑧𝑧𝜃𝜃 the buoyancy frequency that 
depends on the gravitational constant g and the vertical gradient of the potential temperature θ. The Ammassalik 
area is clearly a region of low-level baroclinicity as indicated by the positive Eady growth rate in Figure 2c.

Within the next 6 hr, the katabatic flow from Ammassalik triggers a polar low with closed isobars on 29 February 
at 00 UTC and a core pressure of less than 980 hPa (Figure 2e). Converging flow, differential cold air advection 
decreasing with height in the Ammassalik area trigger the formation of the polar low (Klein & Heinemann, 2002) 
near the sea ice edge, where polar lows frequently form and intensify (Bracegirdle & Gray, 2009; Dierer & Schlu-
enzen, 2005). There is also a two-way interaction of the polar low-level and the upper-level trough. The strong 
low-level cold air advection from the Ammassalik valleys west of the polar low and advection of warmer air to its 
east induces a cyclonic rotation that interacts with the upper-level trough, which intensifies and leads to additional 
pressure fall near the surface (Van Delden et al., 2003). This additional pressure fall also explains the frequently 
observed rapid development of polar lows.

The Irminger Sea is known for polar low genesis and exhibits strong vertical temperature differences (Krist-
jánsson et al., 2011). Although there is no universal definition for a polar low (Kolstad, 2011), Blechschmidt 
et al. (2009) defined two criteria: (a) temperature difference between the sea surface and at 500 hPa (SST − T500) 
of more than 48 K and (b) an upper-level cyclonic PV anomaly. From 6-hourly averages, we find both criteria 
roughly fulfilled with SST − T500 = 45 K (not shown) and a positive PV anomaly of more than 2 PVU at 500 hPa. 
Note that there are other thresholds used, such as 43 K (Xia et al., 2012) or 40 K (Landgren et al., 2019), or other 
definitions, such as the MCAO index (SST − T700; Kolstad et al., 2009). For our study, the exact threshold or 
definition is not decisive.

On the back side of the polar low, the superimposed pressure gradient intensifies, further accelerating the 
katabatic flow (Figure 2e) and draining increasingly cold air from the Greenland ice sheet. The cold air spreads 
as a tongue over the Irminger Sea, where it warms and causes atmospheric convection with cloud formation 
(Figure 2f). In addition, a mountain or lee wave breaks at the steep slope of the topography (roughly at 250 km 
distance) and transfers momentum downwards into the boundary layer (Oltmanns et al., 2015) that further accel-
erates the katabatic flow. Once the polar low reaches mature state (Figures 2g and 2h), the wind speed peaks with 
hurricane intensity of almost 50 m s −1 within the low-level jet near the top of the boundary layer. Although the 
highest near-surface wind speeds occur over the shelf, the storm affects the entire Irminger Sea, even reaching 
Iceland (Figure 2g).

These results suggest that four processes interact in the formation of the polar low and cause this katabatic storm: 
(a) favorable conditions for cyclogenesis due to an upper-level trough crossing South Greenland (upper-level 
divergence and positive vorticity advection or PV anomaly), (b) a LT east of Cape Farewell generating cyclonic 
vorticity due to vortex stretching, (c) triggering of a polar low due to converging flow from the Ammassa-
lik valleys and superimposed pressure gradient force of the polar low that amplifies the katabatic flow, and 
(d) a breaking mountain wave that transfers momentum downward into the surface boundary layer and causes 
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additional acceleration. Although we cannot generalize from this case study, it seems that all these processes are 
of importance in the polar low formation in the Irminger Sea and for generating katabatic storms of hurricane 
intensity.

4. Air-Sea Interactions and Water Mass Transformation Over the Shelf and in the 
Irminger Sea
4.1. Air-Sea Interactions

The katabatic storm with its high wind speeds is expected to substantially modify the water of the southeast 
Greenland shelf, but also the western boundary current, that is, EGIC, and the upper ocean of the Irminger Basin, 
because the tongue of cold air and high wind speeds extends across the entire basin and even reaches the western 
flank of the Reykjanes Ridge (Figure 2g).

The katabatic storm (daily means on 29 February 2020; Figure 3a) consists of two cones of high wind speeds that 
merge over the southeast Greenland shelf, one from Ikertivaq valley and the other from the Køge Bugt Fjord. We 
focus on the flow from the Ikertivaq valley because it directly passes over the Sermilik Trough (ST), a bathyme-
tric feature that reaches depths of about 800 m (An et al., 2019). The ST has recently received attention because 
drifter data revealed that the East Greenland Current (EGC) steers northwards on its northern flank, where it 
interacts with the East Greenland Coastal Current (EGCC, Duyck & de Jong, 2021). Indeed, we find similar 
pathways of the EGC or EGIC in our simulation (Figure 3b) that agree well with trajectories of these drifters. The 
main part of the EGIC flows along the shelf break, but a smaller fraction steers northward into the ST with even 
a pathway that directly crosses the trough, as described by Duyck and de Jong (2021).

The inflow of the relatively warm EGIC along the northern flank of the ST results in warmer sea surface temper-
atures (SST) of about 3–4.5 °C (Figure 3c). These warmer SSTs in the northern ST could be the reason why there 
is no sea ice present in the Ammassalik area. After mixing with the colder and fresher EGCC, but also because 
of substantial heat loss to the atmosphere (Figures 3e–3f), the SSTs are colder (1.5–3 °C) in the return flow in 
the southern ST. The sensible and latent heat fluxes reach daily mean values of 1,000 W m −2 over the ST during 
the  event because of strong wind speeds and large temperature and moisture contrasts. The high wind speeds 
exert strong wind stress on the upper ocean (Figure 3).

At the shelf break, the cold katabatic flow encounters the warmer waters of the recirculating Irminger Current and 
the turbulent heat fluxes peak for a second time with values of about 700 W m −2 for the sensible heat flux and 
600 W m −2 for the latent heat flux. The sensible heat flux is higher during the event because the air-sea contrast 
is stronger for temperature than for moisture.

These values are somewhat larger than what was found for turbulent heat fluxes during typical westerly tip jets at 
Cape Farewell. For instance, Våge et al. (2009) found turbulent heat fluxes of about 400 W m −2 and Moore (2014) 
reports values of up to 600 W m −2, and most recently, Josey et al.  (2019) finds daily values of net heat loss 
of about 400–600  W  m −2 from mooring data in the Irminger Sea. However, for katabatic storms, Oltmanns 
et al. (2015) found about 1,000 W m −2 for the total heat flux during a katabatic storm event based on simulations 
with a regional atmosphere model. The higher turbulent heat fluxes during katabatic storms could be explained 
by higher temperature and moisture contrasts than during tip jet events. The cold and dry air draining from the 
Greenland ice sheet does encounter warmer ocean surface temperature for the first time over the Irminger shelf, 
whereas the cold air during tip jet events mainly results from cold air outbreaks from sea ice over the Labrador 
Sea and could therefore warm and moisten on its way over the ocean to Cape Farewell, reducing the vertical 
temperature and humidity gradients.

4.2. Vertical Transects Along the Ikertivaq Valley and Sermilik Trough

Transects of daily mean quantities for 29 February 2020 along the Ikertivaq valley and through the ST (Figure 4) 
illustrate the air-sea interactions in the ST in more detail.

On 29 February 2020, the superimposed strong pressure gradients associated with the polar low cause velocities 
that reach almost 50 m s −1 over the steep slopes near the coast and result in a tongue of high wind speeds reaching 
up to 30 m s −1 in the lower 1,000 m over the shelf (Figure 4a). Where the slopes are steepest, there is a hydraulic 
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jump and the wind speed drops to very small values. This jump is associated with the breaking of a mountain 
wave as described in Oltmanns et  al.  (2015). The breaking mountain wave transfers momentum downwards, 
which can be seen by strong downward velocities (Figure 4c) that accelerate the katabatic flow (see details how 
this affects the dynamics of the katabatic flow in Oltmanns et al. (2015)).

Over the ocean, the cold and dry air mass from the Greenland ice sheet (Figure 4e) encounters the relatively 
warm water of the ST (Figure 4d). Convection with cloud formation is initiated in the atmosphere due to unstable 
stratification (Figure 4c). The clouds, however, move quickly with the flow or dissolve because of the descending 
dry air, so only a small fraction is visible in the daily mean. The katabatic boundary layer is well visible from 
the potential temperature distribution (Figure 4e) and is about 200–400 m thick, which is typical for southeast 

Figure 3. Air-sea interactions (daily means) in the Ammassalik area: (a) 10 m wind speed (shaded color) and vectors, (b) 
ocean velocity at 50 m depth (shaded color) and vectors, (c) sea surface temperature, (d) 10 m wind stress, (e) sensible heat 
flux, and (f) latent heat flux. Overlain are the 500 and 1,000 m isobaths (brown and gray contours) and the 15% sea ice 
concentration [green in (a and c), magenta in all other]. The fjord names in Ammassalik are indicated in (d) with KB: Køge 
Bugt Fjord, IK: Ikertivaq, and SF: Sermilik Fjord.
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Greenland (Heinemann, 2003; Klein & Heinemann, 2002). As the cold and dry air mass warms and moistens 
over the shelf, the stable boundary layer evolves into a convective boundary layer, whose height increases with 
distance from the coast. The cold air outburst and the subsequent convection and cloud formation could also 
further intensify the polar low because of latent heat release.

Strong wind stress and heat fluxes cause intense vertical mixing and buoyancy loss in the ST (discussed in detail 
in Section 4), resulting in large values of TKE (Figure 4b) reaching 10 −2 m 2 s −1 near the surface. In fact, the entire 
water column in the ST is mixed, as can be seen from the mixed layer reaching the bottom and the homogeneous 
density (Figure 4f) with the 27.6 kg m −3 isopycnal outcropping at the surface. However, the water mass is not 
homogeneous as there is still structure in the temperature and salinity fields. The heat loss and the subsequent 
cooling results in mixed layer densities of about σθ = 27.6–27.65 kg m −3. The density of the formed water on the 

Figure 4. Vertical transects (daily means) along the Ikertivaq valley and Sermilik Trough: (a) wind speed, (b) turbulent kinetic energy in ocean, (c) atmospheric 
vertical velocity with cloud cover (10% dashed and 50% solid contours), (d) ocean potential temperature, (e) atmospheric potential temperature, and (f) ocean density 
(σΘ = σ – 1,000 kg m −3, σΘ = 27.6 kg m −3 as white contour). The green line in (b, d, and f) marks the depth of the mixed layer (σΘ = 0.03 kg m −3).
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shelf and shelf break is close to the recently identified uISIW (σθ = 27.65–27.73 kg m −3; LeBras et al., 2020) and 
is dense enough to contribute to the lighter upper NADW (Li et al., 2021).

The relatively warm temperatures of the EGIC induce a secondary peak of turbulent heat flux and negative buoy-
ancy flux at the shelf break, leading to densities in the boundary current similar to those in the ST and a mixed 
layer depth of about 1,100 m. The mixed layer depth is defined as the depth where the potential density deviates 
by σθ = 0.03 kg m 3 from the surface density. Dense water then leaves the ST and flows into the lower boundary 
current over the course of the next couple of days (not shown). Both processes cause a densification of the bound-
ary current and thus contribute to the sinking of Atlantic water in the Irminger Sea. The density anomalies are 
then transported downstream where they can even reach the Labrador Sea.

4.3. Buoyancy Flux and Mixed Layer Depth

The considerable heat loss from the ocean and momentum gain due to high wind stress leads to convection 
and vertical mixing in the ST and on the shelf break, which is visible as deep mixed layers (σθ = 0.03 kg m 3; 
Figures 5a and 5b) in the ST and as a narrow band along the shelf break. On a larger scale, there are mixed layer 
depths of about 700 m along the western flank of the Reykjanes Ridge (Figure 5a). In the southwest Irminger 
Sea, the depths of the mixed layer are about 400–600 m, confined to the area of the Irminger Gyre. In the central 
basin, mesoscale activity and eddies prevent deeper mixed layers. This pattern of mixed layer depths reflects 
well the mean condition in winter 2020 (not shown), without exceptional deep convection in the southwestern 
Irminger Sea.

Figure 5. Mixed layer depth (σθ = 0.03 kg m −3) in (a) the Irminger Sea and (b) Ammassalik area (defined as the black box), and buoyancy flux in (c) the Irminger 
Sea and (d) Ammassalik area during the katabatic storm on 29 February 2020. The orange contours in (c) and (d) enclose areas where the standard deviation of the 
buoyancy flux 𝐴𝐴 𝐴𝐴𝐴(𝐵𝐵) ≥ 0.5 ⋅ 10−7m2

s
−3 . Overlain are the 500 and 1,000 m isobaths (brown and gray contours) and the 15% sea ice concentration (magenta contours).
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To quantify the effect of the katabatic storm on the ocean, we calculated the buoyancy flux (B) following Groe-
skamp et al. (2019), with a negative B meaning buoyancy loss of the ocean:

𝐵𝐵 = 𝑤𝑤′𝑏𝑏′ =
𝑔𝑔𝑔𝑔

𝜌𝜌0𝑐𝑐𝑝𝑝
𝑄𝑄0 + 𝑔𝑔𝑔𝑔𝑔𝑔(𝑃𝑃 − 𝐸𝐸), (2)

with g the gravitational acceleration, ρ0 = 1025.022 kg m −3 the reference density, Q0 the net heat flux (in W m −2) 
at the ocean surface (positive into the ocean), α and β the thermal expansion and haline contraction coefficients, S 
the salinity, P the precipitation (in m s −1), and E the evaporation (in m s −1). Note that we neglect the penetration 
of shortwave radiation into the ocean, as it is anyway very small in winter. The net heat flux at the ocean surface 
was calculated as:

𝑄𝑄0 = 𝑄𝑄𝑆𝑆 +𝑄𝑄𝐿𝐿 +𝑄𝑄𝑆𝑆𝑆𝑆 +𝑄𝑄𝐿𝐿𝑆𝑆 , (3)

with QS the sensible heat flux, QL the latent heat flux, QSW the net shortwave radiation, and QLW the net longwave 
radiation.

The buoyancy loss is mainly determined by the turbulent heat fluxes. It peaks over the ST and EGIC where the 
turbulent heat fluxes are largest, but there is also buoyancy loss in the central Irminger Basin (Figures 5a and 5b).

Although there is no exceptional open-ocean deep convection (>1,000  m) in the southwestern Irminger Sea 
during the simulated winter, these results suggest that katabatic storms can contribute to precondition the 
Irminger Sea for convection. In contrast, a tip jet at Cape Farewell occurring at the same day induces buoyancy 
loss only near the coast. From the standard deviation of the buoyancy flux in winter 2020, there are clear imprints 
of the mesoscale wind systems. East of Cape Farewell from tip jets, from katabatic storms off the shelf break in 
the Ammassalik area, and a larger area south of the sea ice edge in relation to marine cold air outbreaks induced 
by barrier winds.

4.4. Water Mass Transformation and Role of the Katabatic Storm on 29 February 2020

We estimate the water mass transformation F(σ; m 3 s −1) for density classes (or bin sizes) enclosed by outcropping 
isopycnals of Δσ = 0.05 kg m −3, following the approach of Petit et al. (2020) and Speer and Tziperman (1992). 
We calculate F(σ) from daily mean values of the buoyancy flux:

𝐹𝐹 (𝜎𝜎) =
1

(𝑔𝑔∕𝜌𝜌0) Δ𝜎𝜎 ∬
−𝐵𝐵Π (𝜎𝜎) 𝑑𝑑𝑑𝑑𝑑 (4)

where

Π(𝜎𝜎) =

⎧

⎪

⎨

⎪

⎩

1, for |𝜎𝜎 − 𝜎𝜎′
| ≤

Δ𝜎𝜎

2

0, otherwise

 (5)

ensures that only the area A enclosed by a density class is integrated. F(σ) > 0 means that water is transformed to 
this density class. We chose Δσ = 0.05 kg m −3 and show the result for the densest outcropping class of σ = 27.6 
± Δσ/2 kg m −3.

Figure 6a shows the integrated water mass transformation (WMT) for density class σ = 27.6 ± 0.025 kg m −3 in 
winter 2020 (January 20 to April 30). The WMT is largest along the narrow boundary current, which follows 
the shelf break from Denmark Strait around Cape Farewell. In the southwestern Irminger Sea, the area of WMT 
widens to the east and includes the Irminger Gyre. Eastern extensions of elevated WMT are likely associated 
with westerly tip jets, which densify the center of the Irminger Gyre and can trigger open-ocean convection (Våge 
et al., 2011). A similar peak is seen west of Cape Farewell, probably associated with easterly or reverse tip jets 
(Moore & Renfrew, 2005). The Irminger shelf makes a significant contribution to the WMT, including the Sermi-
lik Trough. Finally, there is also WMT southwest of Iceland, where a branch of the IC, or from a direct crossing of 
the East Reykjanes Ridge Current (e.g., Daniault et al., 2016), flows from the Reykjanes Ridge through Denmark 
Strait into the Nordic Seas, becoming the North Iceland Irminger Current.
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On 29 February 2020, there are two areas with strong WMT (Figure 6b). Water mass transformation is largest in 
the ST and along the EGIC induced by the katabatic storm, with an area downstream that also includes part of 
the inner basin. The second but weaker peak is induced by the tip jet southeast of Cape Farewell. To estimate the 
significance of the katabatic storm, we calculated the proportion of the WMT on February 29 to the total WMT 
in winter 2020 (Figure 6c). We find that the WMT during the katabatic storm accounts for about 10–20% of the 
total WMT along the shelf break in the Ammassalik area (Figure 6d) and up to 70% in the ST. Integrating over the 
area shown as a black box in Figure 6c and considering the period from 20 January to 30 April 2020 shows  that 
water mass transformation peaks during the katabatic storm. A day later, on 1 March, the Ammassalik area is still 
influenced by the storm and water transformation remains high before dropping sharply after the storm subsides. 

Figure 6. Water mass transformation (WMT) of density class σ = 27.6 ± 0.025 kg m −3 (a) accumulated over winter 2020 (20 
January to 30 April) and (b) on 29 February 2020 during the katabatic storm. The fraction of the WMT on 29 February on 
the total WMT in winter 2020 (20 January to 30 April) is shown in (c) for the Irminger Sea and (d) for the Ammassalik area 
defined as the black box in (c). The colored contours show the 500 m (black) and 1,000 m (gray) isobaths. (e) time series of 
water mass transformation of same density class integrated over the Ammassalik area (black box in c). The 29 February 2020 
is marked by the vertical blue line.
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The net WMT for density class σ = 27.6 ± Δσ/2 kg m −3 is about 2.74 Sv in winter 2020. The water mass formed 
can be considered as contributing to the lower limb of the AMOC as its density lies below the isopycnal of maxi-
mum overturning for OSNAP-East (σθ = 27.55 kg m −3, Li et al., 2021; Lozier et al., 2019), which is also referred 
to as the lightest uNADW. Even though we have analyzed only a single event so far, the role of katabatic storms 
for triggering deep convection are underestimated simply because the atmospheric resolution has so far been too 
coarse to resolve them. These results suggest that katabatic winds could be of greater importance than has been 
attributed to them so far, for example, by Paquin et al. (2016).

5. Role of Katabatic Storms for Heat Loss Over the Irminger Shelf
In the previous section, we have focused on a particular katabatic storm. In the following, we expand the picture 
and analyze how important such katabatic storm events are for heat loss over the Irminger shelf. Our simulation 
may not be representative of the variability and frequency of occurrence of katabatic storms, but we will relate all 
occurring katabatic storms in the model to the entire simulation period.

We apply a detection algorithm to identify katabatic storms like the one on 29 February 2020. A katabatic storm 
is identified when the daily mean 10 m wind speed averaged over the black box shown in Figure 7 exceeds the 
threshold of 12 m s −1 (grid boxes over land were omitted). The threshold was chosen as the spatially averaged 
90th percentile of 10 m wind speed considering the entire simulation length. Further, we defined a wind corridor 
and only count days when wind direction is from northwest between 270° and 360°. We exclude winds from 
north-north east out of Sermilik Fjord to avoid mixture with barrier winds that have the same northeasterly wind 
direction. Finally, we count events only when they are 24 hr separated. However, we note that it might also be 

Figure 7. Cases of katabatic storms in ICON-ESM (5 km). (a) Time series of daily mean of 10 m wind speed averaged over 
the black boxes shown in (b), the orange dots mark the identified katabatic storms; (b) composite of daily mean 10 m wind 
speed (color shaded) and mean-sea level pressure (white contours) from all five cases in 2020 to 2021; and (c) fraction of net 
heat flux during katabatic storms on the total heat flux. The 500 m isobath is shown as gray contours in (b) and (c).
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justified to ignore this criterion, since events lasting longer than 1 day are also relevant for heat loss (e.g., in our 
case study). We further note that there is 6-hourly data available for wind speed and direction from 20 January to 
29 February 2020 according to the DYAMOND protocol (Stevens et al., 2019), but only daily values thereafter 
to save disk space.

Using this threshold, we identify five katabatic storm events during the entire simulation (Figure 7a). Three events 
in 2020 on 23 January 29 February and 29 September and two events in 2021 on 1 February and 2 September. 
These are fewer events than reported by for example, Oltmanns et al. (2014), who found about 8 events per year 
based on a station in the Sermilik Fjord and about seven events from ERA-Interim. The reason for this difference 
is likely that we use spatial averages of daily wind speed, while Oltmanns et al. (2014) used subdaily wind speeds 
at the station location, resulting in more frequent high wind speeds. The detection of katabatic storms or strong 
downslope events is hence sensitive to the chosen threshold and domain. The wind corridor choice, however, is 
rather stable, because the winds have to follow the geographical orientation of the valleys. The composite 10 m 
wind speed of all events is shown in Figure 7b. The pattern resembles those of the case study with composite wind 
speeds of about 16–20 m s −1 in the cores, reaching into the interior basin of the Irminger Sea.

We find that katabatic storms occur on about 0.8% of the simulation days (2% of the days in winter 2020 (20 
January to 30 April)). Calculating the ratio between the net heat loss (3) during katabatic storms and the total 
heat loss integrated over the entire simulation length shows that they account for up to 25% of the total heat loss 
over the shelf and about 5% over the open Irminger Sea (Figure 7c). Counting only the two cases in winter 2020, 
we find that they account for about 15% of the winter heat loss over the shelf (not shown). These numbers are 
consistent with the results of Oltmanns et al. (2014), according to which about one fifth of the total heat loss in 
winter is due to katabatic storms.

6. Summary and Conclusions
We have analyzed a strong mesoscale katabatic storm event over the Irminger Sea and how it interacts with the 
ocean in the fully coupled, global climate model ICON-ESM with storm-resolving and eddy-resolving (5 km) 
resolution. Katabatic storms have not been resolved in global models because of their small spatial extent, espe-
cially in the narrow valleys and fjords of Greenland. Our study is the first to simulate such an event and its inter-
actions with the ocean and feedbacks with large-scale synoptics in a global coupled climate model.

ICON-ESM is able to represent katabatic storms and other mesoscale wind systems around Greenland with 
details previously described only by regional climate models. It captures the complex interaction of the circula-
tion with the steep orography of southeast Greenland. A polar low forms within a lee trough environment over 
the Irminger Sea that is initially triggered by the katabatic flow from the Ammassalik valleys. The superimposed 
pressure gradient of the polar low accelerates the katabatic flow into a storm but also deepens the upper-level 
trough. These results demonstrate the importance of resolving the feedback of the small scales to the large scale 
in global climate models and emphasizes the synoptic relevance of the Irminger Sea.

High resolution in the ocean allows resolving small-scale bathymetric features of the southeast Greenland shelf, 
such as the ST, where the EGC interacts with the EGCC and where water mass transformation takes place. Strong 
air-sea fluxes caused by the katabatic storm induce substantial heat loss from the ocean and transfer momentum to 
it. As a result, convection and mixing is induced in the ST and along the shelf break, leading to density anomalies 
in the trough and boundary current. Previous studies have shown that density anomalies in the boundary current 
of the Irminger Sea caused by surface fluxes strongly influence AMOC variability. This picture agrees with 
recent observations, which suggest that it is rather convection and density anomalies in the western boundary 
current than convection in the basin interior that affects AMOC variability (Li et al., 2021).

The water mass formed within the ST and on the shelf during the katabatic storm has a density of about 
σθ = 27.6 kg m −3 that is close to the recently described upper Irminger Sea Intermediate Water (LeBras et al., 2020) 
and can be considered as contributing to the lower limb of the AMOC as its density lies below the isopycnal of 
maximum overturning for OSNAP-East (σθ = 27.55 kg m −3, Li et al., 2021; Lozier et al., 2019), which is also 
referred to as the lightest upper North Atlantic Deep Water. We identify five katabatic storms occurring on 0.8% 
of the simulation days that account for up to 25% of the heat loss over the Sermilik Trough. Limited to winter 
2020 (January-April), the two detected katabatic storms account for about 20% of the total heat loss. The storm 
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on 29 February 2020 thereby caused roughly 70% of the dense water formation in the ST and about 10–20% at 
the shelf break and on its seaward side.

Even though our simulation is rather short, we find that katabatic storms are relevant for the densification of the 
western boundary current. Experiments covering several decades with this class of models will be carried out in 
the European Union “NextGEMs” project (https://nextgems-h2020.eu). These simulations provide opportunities 
to explore further how dense water masses formed in the ST and at the shelf break together with denser water 
masses from deep convection and overflows contribute to North Atlantic Deep Water and its variability.

We conclude that katabatic storms contribute substantially to the formation of dense water in the western bound-
ary current of the Irminger Sea. Resolving them in global climate models is therefore important for the variability 
of the lower limb of the AMOC, but also for feedbacks with the synoptic-scale atmospheric circulation, especially 
with respect to the formation of polar lows.

Data Availability Statement
Open Research Primary scripts to reproduce the figures and analyses can be obtained from MPG.PuRe (http://
hdl.handle.net/21.11116/0000-0008-ECF1-E, Gutjahr et al. (2021a) and the model data from the WDCC Long 
Term Archive (http://cera-www.dkrz.de/WDCC/ui/Compact.jsp?acronym=DKRZ_LTA_033_ds00010, Gutjahr 
et al., 2021b). The model code of ICON is available to individuals under licenses (https://mpimet.mpg.de/en/
science/modeling-with-icon/code-availability). The buoyancy fluxes and the water mass transformation were 
calculated with R 4.0.2 (R Core Team, 2020) and the oce package version 1.3-0 (Kelley & Richards, 2021).
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