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Abstract. A mesoscale eddy was detected by satellite in the MIZ of Fram Strait and verified by reference to the barotropic 

instability of the East Greenland Current (EGC). According to the reanalysis data, the eddy originated from a mother eddy 

that grew and diminished in a branch of EGC during the summer. After September 12, this branch of the EGC strengthened 10 

and became equally strong as the main body of the EGC by the end of September. As a result, the eddy grew into a strong 

mesoscale eddy, which was captured on October 4 by satellite. The strengthening of the branch may be attributed to the 

influence of wave-ice interactions. In September, sea ice expanded toward the open ocean as a result of the seasonal cycle 

and covered the branch of the EGC. Wave-ice interactions and eddy genesis were revealed by numerical simulations. When 

waves propagated into the ice zone, they dissipated quickly at the ice edge and produced an ice-edge jet, thus strengthened 15 

the background flow. The resulting enhanced barotropic instability helped small turbulence grow into large eddies. During 

the same period, an ocean front grew due to ice formation and dense water sinking, thus indicating that baroclinic instability 

may not play an important role in eddy genesis. 

1 Introduction 

The Fram Strait [64°N-82°N, 30°W-20°E], which represents the only channel for deep water exchange between the Arctic 20 

and other regions, is located between Greenland and the Svalbard Archipelago. On the western side, the East Greenland 

Current (EGC) originates from Fram Strait and moves equatorward until it reaches Cape Farewell at a speed of 0.3-0.5 cm/s 

(All the currents are shown in Fig. 1). On the eastern side, the Norwegian Atlantic Slope Current (NwASC) and Norwegian 

Atlantic Front Current (NwAFC) move poleward anticyclonically and cyclonically, respectively. The NwASC and the 

NwAFC merge into the West Spitsbergen Current before passing through Fram Strait and the inflow from the Atlantic Ocean. 25 

EGC moves equatorward in the whole layer, which transports Arctic outflow in both the surface layer and the deep layer 

(Aksenov et al. 2016). Previous studies (Sutherland and Pickart, 2008; Haine et al. 2015; Aksenov et al. 2016) have indicated 

that the EGC is driven not only by dense overflows from the Arctic but also by wind forcing and constrained by the local 

topography. An issue rises that (1) Are there other significant mechanisms that contribute to the EGC. In addition, ocean 

eddies detected in or close to the EGC constitute a notable phenomenon. 30 
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Previous studies (McWilliams 2016, Torres et al. 2018) defined ocean motions with horizontal scales of 50–300 km and 1–

50 km as mesoscale motions and submesoscale motions, respectively. Ocean eddies, which feature typical horizontal scales 

of 5–100 km, exhibit fast-moving (i.e., 0.7 m/s) circular currents. Depending on their size, ocean eddies are also called 

mesoscale eddies (50-100 km; Zhang et al 2016) or submesoscale eddies (5-50 km). At high latitudes, the reduced Rossby 

deformation radius (Manley and Hunkins 1985) shifts mesoscale variability toward smaller scales, such that motions 35 

classified as submesoscale constitute a larger fraction of the energetic spectrum (Iakovlev 2018). According to both in situ 

observations (Zhao et al 2014) and numerical simulations (Li et al 2024), Chukchi–Beaufort Sea, Fram Strait and Barents-

Kara Sea have the highest occurrence of Arctic eddies. 

The marginal ice zone (MIZ), which is the transition zone between the open ocean and the ice-covered zone (Dumont et al 

2011), is important for the occurrence of Arctic eddies, since it experiences numerous processes of atmosphere-ocean-ice-40 

wave interactions, such as the heat exchange among air, sea and ice leading to ice formation or melt (Josberger 1983, Toyota 

et al 2016), the ocean–ice interfacial stress leading to current convergence/divergence, and salt rejection leading to deep 

water formation (Ivanov and Shapiro 2005) and wave energy dissipation (Wadhams and Holt 1991, Squire et al 1995, Squire 

2007, Dai et al 2019). After 3 years of continuous observations (marginal ice zone experiment, MIZEX group, 1986), 

Johannnesen et al. (1987) proposed four mechanisms for eddy generation in the MIZ: (1) The variation in water depth leads 45 

to eddies via potential vorticity conservation, which is called a topographic controlled mechanism; (2) The nonuniform 

current increases the vorticity via convergence, which is called the nonlinear advection mechanism; (3) Horizontal velocity 

shear, which occurs between the jet and surrounding flow, produces eddies via the barotropic instability mechanism; and (4) 

Ocean fronts slump and produce eddies via a baroclinic instability mechanism. In the real world, the topographic controlled 

mechanism can be induced by existence of seamount or trench (Häkkinen 1987a, Gula et al 2016). Nonlinear advection 50 

mechanism can be induced by irregular ice mass gradient at the ice edge (Häkkinen 1986, Dai et al 2017). For the baroclinic 

instability mechanism, the front can be produced by sea-ice melt (Manucharyan et al 2017) or dense water transport 

(Paquette and Bourke 1981, Zhang et al 2019). Dai et al. (2019) also proposed a variation of barotropic instability, along-ice-

edge jets were induced by wave-ice interactions. Unfortunately, observational evidence to support this mechanism remains 

scarce. This raises a critical question: (1) Can the entire process be observed in the real world? In addition, (2) What are the 55 

limiting factors for the occurrence of this mechanism? To solve the two issues above, this paper is organized as follows: 

Section 2 introduces the data and methods used in this study, Section 3 describes the eddy genesis process, and Section 4 

provides a summary and identifies topics for future research. 

2 Observational data and numerical experiments 

2.1 Satellite image and reanalysis data 60 

Usually, in situ satellite detection can be used to identify surface eddies since sea ice moves following cyclonic flows (sea 

ice convergence) or there is sea level elevation (same as that in lower latitude). However, eddies covered by frozen ice zone 
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(one huge piece of ice at surface) or occurring in the subsurface (Hunkins 1974, Dai et al. 2025) would recall a 3D 

information captured by autonomous platforms [i.e., ARGO, glider], hydrographic section, mooring etc.  

Satellite data are acquired from the European Remote Sensing Satellite (ERS-1), which was launched by the European Space 65 

Agency (ESA) on July 17, 1991. Synthetic Aperture Radar (SAR) images (https://search.asf.alaska.edu/#/) that feature a 

spatial resolution of 25 m and color contrast between ice and water are utilized to identify mesoscale eddies within the 

marginal ice zone (MIZ) of the Fram Strait (Bashmachnikov et al. 2020). Numerous eddies have been captured in these SAR 

images in recent decades. A characteristic eddy (Fig. 1a), detected at 77.2°–77.7°N, 7°–9°W and observed from July 1 to 

October 4, 2020, is selected to illustrate eddy genesis in the Fram Strait. Given the same external forcing, the water depth in 70 

this region (~ 300 m) implies that eddy generation via nonlinear advection is considerably less energetic than in shallower 

regimes (e.g., ~80 m, where the mechanism is active; Dai et al., 2017). This disparity arises because the topographic 

variation here (~10 m) induces a relative vorticity perturbation that is an order of magnitude smaller than observational 

estimates, rendering the topographic vorticity extraction inefficient compared to the rest mechanisms. As a result, 

topographic forcing and nonlinear advection mechanisms were excluded as primary drivers in the preceding section. 75 

Barotropic instability and baroclinic instability are examined for eddy evolution. 

To investigate the mechanism underlying the genesis of the mesoscale eddy detected by SAR imagery and characterize its 

evolving environmental context, oceanic reanalysis data are employed to demonstrate how the eddy and the corresponding 

environment evolved. During periods characterized by active eddy genesis, numerous eddies are generated. If a specific eddy 

exhibits an evolution trajectory that closely matches the observed feature, it is identified as the target eddy and deemed to 80 

represent the observational counterpart within the reanalysis dataset. Daily oceanic reanalysis data (GLORYS12V1, Garric et 

al. 2018) obtained from the Mercator Center include temperature, current, salinity, and sea ice data with a horizontal 

resolution of 1/12˚ and are used to demonstrate eddy evolution. This dataset is generated by a global ocean eddy-resolving 

model (Nucleus for European Modelling of the Ocean, NEMO, 

https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_PHY_001_030 ), which is driven by atmospheric 85 

forcing (ERA-Interim and ERA5) and assimilates observations via a reduced-order Kalman filter. Wave reanalysis data 

(WAVERYS, Law-Chune et al. 2021) were also obtained from the Mercator Center 

(https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_WAV_001_032), There data are generated by a global 

wave spectrum model (Météo-France wave model, MFWAM,), with a horizontal resolution of 1/5°. These data are used to 

demonstrate the evolution of the eddy and its corresponding environment. Hourly atmospheric reanalysis data from ERA5 90 

(ECMWF; Hersbach et al., 2020; Copernicus Climate Change Service) provide surface wind information. 

2.2 Numerical experiments 

In this study, we employed a coupled modeling framework to investigate eddy genesis. This framework integrates the 

Simple Sea Ice Model (SSIM; Dai et al. 2019), a monochromatic wave model (Uchiyama et al. 2010), and an ocean model 

(Regional Ocean Modeling System, ROMS; Shchepetkin and McWilliams 2005). This is the first demonstration of the full 95 
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coupled framework in the literature. A simplified viscous-plastic parameterization (Häkkinen et al. 1987b) is applied to 

estimate the ice internal force in the sea ice model. The wave model is applied with spectrum-peak wavenumber and 

significant wave height, which means relevant integrated parameter information from reanalysis data (MFWAM) rather than 

the whole spectrum from MFWAM is employed in the following numerical simulations. Following McWilliams et al. (2004), 

Shchepetkin and McWilliams (2005), Uchiyama et al. (2010) and Dai et al. (2019), the governing equations in the coupled 100 

ocean-ice-wave model (ROMS-SSIM) are written as: 

Ocean model: 

𝜕𝒖

𝜕𝑡
+ 𝒖∇⊥𝒖 + 𝑤

𝜕𝒖

𝜕𝑧
= −∇⊥(𝜙 + 𝐻) − 𝑓𝑧̃ × 𝒖 + 𝛾∇2𝒖 + (1 − 𝑎𝑖)𝝉𝒂𝒘 + 𝑎𝑖𝝉𝒘𝒊 + 𝑱 + 𝑭𝑤                    , (1) 

𝜕𝜙

𝜕𝑧
+

𝑔𝜌

𝜌0
= −

𝜕ℋ

𝜕𝑧
+ 𝐾                                                                                                                              , (2) 

∇⊥𝒖 +
𝜕𝑤

𝜕𝑧
= 0                                                                                                                                      , (3) 105 

𝜕𝑐

𝜕𝑡
+ 𝒖∇⊥𝑐 + 𝑤

𝜕𝑐

𝜕𝑧
− 𝜘 = −(𝒖𝑠𝑡 ∙ ∇⊥)𝑐 − 𝑤𝑠𝑡 𝜕𝑐

𝜕𝑧
+

1

2

𝜕

𝜕𝑧
[ℰ

𝜕𝑐

𝜕𝑧
]                                                                        , (4) 

Where u = (u, v) is the horizontal current velocity vector; w is the vertical current velocity, 𝜙 is the geopotential; ℋ = 𝑘𝐷, k 

is the wave number, D is the wave-average thickness of the water column; f is the Coriolis parameter, 𝑧̃ is the unit vector in 

the vertical direction; 𝛾 is the viscous parameter; 𝑎𝑖 is the sea ice concentration; 𝝉𝒂𝒘 is the wind stress over the ocean; 𝝉𝒘𝒊 is 

the ocean-ice interfacial stress; 𝑱 = −𝑧̃ × 𝒖𝑠𝑡((𝑧̃ ∙ ∇⊥ × 𝒖) + 𝑓) − 𝑤𝑠𝑡 𝜕𝑢

𝜕𝑧
 is the horizontal vortex force, 𝒖𝑠𝑡 and 𝑤𝑠𝑡 are the 110 

horizontal and vertical stokes velocity, respectively; 𝑭𝑤  is the wave-induced nonconservative forces; g is the gravity 

acceleration; 𝜌 and 𝜌0 are the ocean density and reference density, respectively; 𝐾 = 𝒖𝑠𝑡 𝜕𝒖

𝜕𝑧
; c is the tracer (i.e., temperature, 

salinity); 𝜘 is the Bernoulli head; ℰ is the wave-induced tracer diffusivity. 

Ice model:  

𝜌𝑖𝑚𝑖 (
𝜕𝒖𝒊

𝜕𝑡
+ 𝒖𝒊∇⊥𝒖𝒊) = −𝜌𝑖(∇⊥𝜙 + 𝑓𝑧̃ × 𝒖𝑖) + 𝑎𝑖𝝉𝒂𝒊 − 𝑎𝑖𝝉𝒘𝒊 + 𝑭𝒊 + 𝑎𝑖𝑭𝑟                                 , (5) 115 

𝜕𝑎𝑖

𝜕𝑡
+ (𝒖𝑖 ∙ ∇⊥)𝑎𝑖 = 0; (0 ≤ 𝑎𝑖 ≤ 1)                                                                                                , (6) 

𝜕𝑚𝑖

𝜕𝑡
+ (𝒖𝑖 ∙ ∇⊥)𝑚𝑖 = 0; 𝑚𝑖 = 𝑎𝑖ℎ𝑖                                                                                                   , (7) 

Where 𝒖𝑖 = (𝑢𝑖 , 𝑣𝑖) is the horizontal sea ice velocity vector; 𝜌𝑖 , 𝑎𝑖  𝑚𝑖  and ℎ𝑖  are the density, concentration, mass and 

thickness of the sea ice, respectively;  𝝉𝒂𝒊 is the wind stress over the sea ice; 𝑭𝑖 is the internal stress vector of sea ice; 𝑭𝑟 is 

the radiative stress vector of sea ice, which is resulted from wave energy attenuation. 120 

Wave model: 
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𝜕𝒌

𝜕𝑡
+ 𝒄𝑔⃗⃗⃗⃗ ∙ ∇⊥𝒌⃗⃗ = −𝒌⃗⃗ ∙ ∇⊥𝑼̅ ±

𝑘𝜌𝑖

𝜌

√𝑔𝑘

2(1+𝐵0𝑘)
3
2

∙ 𝛻⊥𝑚𝑖                                                                          , (8) 

𝜕Λ

𝜕𝑡
+ ∇⊥ ∙ (𝒄𝑔⃗⃗⃗⃗ Λ) = −(1 − 𝑎𝑖)

𝜖𝑏

𝜔0
− 𝑎𝑖𝛼𝑐𝑔Λ                                                                                        , (9) 

Where k and 𝒌⃗⃗  are the amplitude and the vector of the wave number, respectively; cg and 𝒄𝑔⃗⃗⃗⃗  are the amplitude and the vector 

of the group velocity, respectively;  𝑼̅ is the depth-averaged ocean velocity vector; 𝐵0 = (
𝜌𝑖

𝜌⁄ )𝑚𝑖; Λ is the wave action; 𝜖𝑏 125 

is the wave dissipation rate due to breaking in the open ocean; 𝜔0 is the wave intrinsic frequency; and 𝛼 is the wave energy 

spatial decay rate as it propagates through the ice field. 

While the simulated eddy genesis process represents an idealized scenario, the sensitivity experiments are configured using 

background conditions (mean flow, stratification, wave characteristics, and sea ice properties) derived from reanalysis data. 

The model was configured for a 100 km x 50 km domain with a horizontal resolution of 0.5 km, which is sufficient to 130 

resolve mesoscale eddy evolution. The grid comprises 40 levels in the vertical direction, with a total depth of 200 m. Vertical 

grid stretching is applied, with the finest resolution concentrated near the ocean surface and 7 levels in the upper 10 meters 

of the water column. Open boundary conditions are imposed at the eastern and western boundaries, and north-south periodic 

boundaries are employed in the simulation. 

2.3 Analysis method 135 

Energy estimate was employed to analyze the numerical simulation result. Following Dai et al. (2019), the mean kinetic 

energy (MKE) is defined as𝑞̅ =
1

2
𝑢𝑖̅𝑢𝑖̅, and the eddy kinetic energy (EKE) is defined as 𝑞′ =

1

2
𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅ , where (u1, u2, u3) = (u, v, 

w) and 𝑢𝑖 = 𝑢𝑖̅ + 𝑢𝑖
′. Since both the initial field and the external forcing are uniformed in the y direction, we define 𝑢𝑖̅ =

1

𝑦𝑛−𝑦0
∫ 𝑢𝑖𝑑𝑦

𝑦𝑛

𝑦0
 as the mean velocity, while 𝑢𝑖

′ is the turbulent velocity. The mean available potential energy (MAPE) is 

defined as 𝑄̅ =
1

2
𝑏̅ ⋅ 𝑏̅/

𝜕[𝑏]

𝜕𝑧
, and the eddy available potential energy (EAPE) is defined as 𝑄′ =

1

2
𝑏′ ⋅ 𝑏′/

𝜕[𝑏]

𝜕𝑧
, where 𝑏 = 𝑔

𝛿𝜌

𝜌0
 140 

is the buoyancy, g is gravity acceleration, 𝛿𝜌 = 𝜌 − 𝜌0 , 𝜌  is the water density, and 𝜌0  is the water density reference.  

𝑏(𝑥, 𝑦, 𝑧, 𝑡) = [𝑏](𝑧, 𝑡) + 𝑏∗(𝑥, 𝑦, 𝑧, 𝑡) , [𝑏] =
1

(𝑦𝑛−𝑦𝑠)(𝑥𝑤−𝑥𝑒)
∫ ∫ 𝑏𝑑𝑥𝑑𝑦

𝑥𝑒

𝑥𝑤

𝑦𝑛

𝑦𝑠

 is the background buoyancy, 𝑏∗(𝑥, 𝑦, 𝑧, 𝑡) =

𝑏̅(𝑥, 𝑧, 𝑡) + 𝑏′(𝑥, 𝑦, 𝑧, 𝑡), 𝑏̅ =
1

(y𝑛−𝑦0)
∫ 𝑏∗𝑑𝑦

𝑦𝑛

𝑦0
 is defined as the mean buoyancy along the y direction, and 𝑏′ is the turbulent 

buoyancy. In accordance with Nauw et al. (2006), Thomas (2008) and Olbers et al. (2012), the Brunt–Vaisala frequency is 

defined as 𝑁2 =
𝜕[𝑏]

𝜕𝑧
, the Rossby radius is defined as 𝑅𝑑 =

(𝑔′𝐷)1/2

𝑓
, and the Burger number is defined as 𝐵𝑢 =

𝑁𝐻

𝑓𝐿
, where f is 145 

the Coriolis parameter and H and L are the water depth and the horizontal scale length of the eddy, respectively. 
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3 Result: ocean-ice-wave interactions and eddy genesis 

3.1 The influence of current and stratification  

As illustrated by the SAR imagery (Fig. 2a–d), the eddy is initially indiscernible on September 26 (Fig. 2a). It intensifies 

thereafter, becoming well-defined by October 2 (Fig. 2b), reaches its peak strength on October 4 (Fig. 2c), and subsequently 150 

weakens (Fig. 2d). The reanalysis data revealed an anticyclonic eddy (Fig. 2e-h) with the same diameter (~40 km) and life 

cycle as the observed eddy (Fig. 2e-h, red star), at the ice edge (Fig. 2e-h, pink line) of the Fram Strait. However, sea ice was 

not as that present in the SAR image, which may have resulted from the coarse resolution failing to reproduce the granularity 

of the sea ice. The anticyclonic eddy is located on the northwestern side of the EGC (Fig. 3e-h, dark color), thus barotropic 

instability could contribute to eddy genesis. By tracing the eddy’s evolution, we revealed that this eddy originated on 155 

September 12, 2020 (Fig. 3a, green crossing), when it exhibited a small negative vorticity and was located in a weaker 

branch of the EGC (Fig. 3a, vector). At this point in time, it was not yet an eddy, since its vorticity (
𝜁

𝑓
, Fig. 3a, shading) was 

only -0.15 and no more than 0.1 smaller than the surrounding vorticity. Following the definitions of nonlinear vortices 

(McWilliams and Flierl) and modons (Flierl et al., 1980), the Rossby number (Ro=
𝜁

𝑓
) typically ranges from 0.1 to 0.5. Flow 

regimes transition with Ro: motions are classified as the submesoscale range when Ro>1 (McWilliams et al., 2016). 160 

Furthermore, considering a mesoscale eddy as an axisymmetric flow field characterized by zero radial velocity (ur=0) and 

uniform vorticity, the vorticity can be expressed as 𝜁 =
1

𝑟

𝜕(𝑟𝑢0)

𝜕𝑟
, where r denotes the eddy radius and u0 represents the 

tangential velocity. ∫(𝜁𝑟)𝑑𝑟 = ∫𝑑(𝑟𝑢0) 𝜁 = 2 ∗ 𝑢0/𝑟,  

|𝜁|

𝑓
= 2

|𝑢0|

𝑓𝑟
= 2𝑅𝑜~(0.2,1) 

As a result, 
|𝜁|

𝑓
 should be at least 0.2 for a surface mesoscale eddy. 165 

In the following days, the eddy increased in mean flow (Fig. 3b, shading) and then weakened due to eddy splitting on 

September 20, 2020 (Fig. 3c, shading). After splitting, the eddies continued to grow from September 24 (Fig. 3d, shading) to 

October 4, 2020, with the second eddy strengthening (September 24 to October 4) and outgrowing the first (September 12 to 

18). During the period that eddy weakened and strengthened twice, a significant feature occurred in this same region, which 

is jet strengthening. Before September 12, the main body of the EGC (Fig. 3e, white dotted line) was located hundreds of 170 

kilometers east of the eddy (Fig. 3e, green crossing). However, during the following days, the upstream branch flow, where 

the eddy was located, strengthened (Fig. 3f, g; shading and white dotted line). After September 24, the strength of the branch 

(Fig. 3h, shading), where the eddy (Fig. 3h, green crossing) was located, was much stronger (0.24 m/s) than it was before 

September 15 (Fig. 3e, f, shading, 0.1 m/s); furthermore, it was closer to the main body of the EGC (Fig. 3h, white dotted 

line). The consistency between the jet strength and the eddy strength suggested the contribution of barotropic instability 175 

during eddy evolution. When jet increase, it also enhances the velocity shear (
𝜕𝑢̅

𝜕𝑥
, 𝑢̅ is the mean jet velocity, x is the direction 
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across the jet). More energy is transferred from the mean kinetic energy to eddy kinetic energy via Reynolds stress work 

(𝑢′𝑣′̅̅ ̅̅ ̅ 𝜕𝑢̅

𝜕𝑥
; 𝑢′ and 𝑣′ are the turbulence velocity in the x and y direction, respectively; y is the direction along the jet; 𝑢 = 𝑢̅ +

𝑢′). As a result, the eddy is strengthened. 

Owing to the limited temporal resolution and variable availability of the reanalysis products, we adopt a qualitative rather 180 

than quantitative framework to interpret the momentum evolution of the ocean current jet. Equation (1) indicates that wind 

stress (𝝉𝒂𝒘) and ocean-ice interfacial stress (𝝉𝒘𝒊) constitute the primary external forcing terms governing the jet acceleration 

(
𝜕𝒖

𝜕𝑡
), since the vortex force (J) and non-conservative wave force (Fw) remain negligible in the open ocean (Dai et al., 2019). 

We first examine the surface wind stress over the current, (𝝉𝒂𝒘 = 𝐶𝑎𝑤|𝒖𝑎|𝒖𝑎, which is predominantly controlled by the 

surface wind vector 𝒖𝑎. To quantify the cumulative wind forcing, we integrate the surface wind stress between successive 185 

time points: 

𝛿𝒖 = 𝒖𝑡2 − 𝒖𝑡1 = ∫ 𝝉𝑎𝑤𝑑𝑡
𝑡2

𝑡1

 

with the results illustrated in Fig. 3f–h as vectors. Specifically, the vectors in Fig. 3f, 3g, and 3h represent the integrated 

surface winds over September 13–15, September 16–20, and September 21–24, respectively. During these periods, the 

surface wind field remained relatively homogeneous and therefore cannot account for the pronounced current acceleration 190 

observed at the eddy location. As a second hypothesis, we consider whether ice acceleration drives ocean current 

acceleration via 𝝉𝒘𝒊. McPhee (1975) demonstrated that currents beneath sea ice accelerate more efficiently than those in 

open water, owing to the higher momentum transfer efficiency from air to ice compared with air to ocean. Under this 

mechanism, current acceleration should scale with sea ice concentration under identical wind forcing. However, this 

hypothesis fails to explain why acceleration is markedly stronger at the ice edge (Fig. 3, pink line) than within the interior ice 195 

zone (Fig. 3e–f, shading). We therefore propose a third, more consistent hypothesis: wave–ice interactions. Most incident 

wave energy dissipates at the ice edge through processes represented by (𝑎𝑖𝛼𝑐𝑔Λ), transferring momentum into the ice via 

the radiative stress (Fr), which is subsequently transmitted to the ocean through 𝝉𝒘𝒊. Consequently, wave-induced current 

acceleration peaks at the ice edge (Dai et al., 2019; Thomson et al., 2021). Notably, the observed ocean current vectors (Fig. 

3c, d) align predominantly along the ice edge (pink line). This alignment arises because strong internal ice stress suppresses 200 

cross-ice-edge convergence, thereby damping current acceleration in the cross-edge direction. Before we describe the story, 

we need make two tips. First, WFWAM followed the framework of ECMWF Ocean Wave Model (ECWAM), which did not 

represent wave-ice interaction, and simulated wave with sea ice concentration less than 30%, which provides no wave 

information with higher levels of ice cover (Fig. 4, white color). Second, different resolutions between the ice model (1/8°) 

and wave model (2°) entail that the ice zone exhibits a smaller area in the wave model (Fig. 4, white color) than in the ice 205 

model (Fig. 4, pink line). Between September 20 to October 1, the sea ice increases and expands to the southeast. Sea ice 

covered the EGC at a high latitude (78.5N) on September 20, and the EGC strengthened there. After September 28, the sea 

ice covered the branch flow (Fig. 4d, the green crossing is located in the non-wave region, which means the branch of the 

EGU is under the sea ice), which helped the branch flow grow and become comparable in size to the main body of the EGC. 

During this period, the wave continues propagating toward the ice zone and disappears at the ice edge. The sea ice expands 210 

toward the eddy location, and the wave strength becomes much stronger after September 21 (Fig. 4c, d, shading). We think 

the ice-edge current acceleration is captured by the reanalysis data because of the usage of data assimilation, since wave‒ice 

interactions were not described in the WFWAM. With applying the 3D Var Karlman Filter, the sea surface elevation, 

temperature and salinity are assimilated with satellite observation. Revised sea surface elevation influences the current 

velocity via geophysical balance directly. Revised temperature and salinity influence the density and pressure, which in turn 215 
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influence the current velocity via momentum equations.  

 Nonetheless, baroclinic instability is also detected during the same period. During the autumn, sea ice increases and expands 

against the coast and higher latitudes (Fig. 5a, b; pink line) due to temperature cooling. Sea ice formation induces salinity 

rejection, which enhances salinity (Fig. 5, shading) in the ice-covered region; however, the salinity is still lower than that in 

the open ocean. During sea ice expansion, denser water is produced in the ice-covered region due to ice formation and 220 

salinity rejection. The salinity in the EGC is relatively homogenous during the ice retreat period, and the increased salinity in 

the ice-covered region leads to the growth of the ocean front (Fig. 5e-h, shading). Based on the preceding description, 

baroclinic instability may not be the primary reason for eddy evolution. During the ice expansion period, the front grows 

(Fig. 5e-h, shading) due to denser water formation, and the eddy strengthens. From an energy budget perspective, the eddy 

growth phase occurred primarily between September 28 and October 3 (Fig. 6c), coinciding with a strengthened frontal 225 

structure (Fig. 6b) and a deepened mixed layer (Fig. 6d). This evolution was accompanied by a concomitant decrease in eddy 

available potential energy (EAPE; Fig. 6a). If the front is characterized by baroclinic instability, the front strength should 

always exhibit the opposite phase as the eddy strength. 

3.2 Wave-ice interaction, jet and eddies 

Although the data analysis seem to support the third hypothesis (wave energy dissipates at ice edge, and transport the 230 

momentum to the ice and the current beneath, which induced current acceleration maximum at the ice edge, provided large 

barotropic instability and produced eddies), there are still three primary issues that the reanalysis data fail to reproduce: (1) 

the distributions of waves, ice and current are not unified due to different resolutions of the models, (2) the role of waves and 

ice in determining the jet strength remains uncertain due to the description of the mechanism included in the models, and (3) 

whether the ocean features can produce jet and eddies based on the third hypothesis. To address these three issues, a coupled 235 

ocean-ice-wave model with a fine horizontal resolution (500 m) is employed in this study. To eliminate the contribution of 

baroclinic instability, temperature, salinity and density are set to be horizontally uniform, and stratification is set to inhibit 

vertical motion. Seven sensitivity experiments are completed with the ROMS-SSIM (parameter and mode switch are shown 

in Table 1). Experiment 1 (EXP1) features only a meridional jet (vmax=0.48 m/s; Fig. 7a, shading; which is 0.2 - 0.6 m/s from 

the 200-m layer to the sea surface in the reanalysis data) along the ice edge in the domain, which is also the control 240 

experiment. In experiment 2 (EXP2), an additional frontal interface is introduced into the domain, representing the sole 

deviation from the horizontally uniform density distribution. This experiment is designed to investigate whether frontal 

slumping and associated jet shear generate strong eddies, and to elucidate the evolution of EAPE and EKE during eddy 

genesis via baroclinic instability. In experiment (EXP3), the meridional jet is also set along the ice edge as that in EXP1. In 

addition, a continuous wave (k=0.021 m-1; wave length of 200 m), which propagates with an incident angle of 73.3° 245 

(ky/kx=10/3) toward the ice edge, is set at the eastern boundary of this domain. Constant waves are set with a significant 

wave height of 1.5 m and a wave action of 25.0, since the wave height in the reanalysis data ranges from 0 to 3.3 m (mean 
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value is 1.5 m), the wave energy at the boundary is approximately 5-20 Jm-2 (Fig. 4, shading), and wave period is 2.2-11.62 s, 

thus indicating that the wave number and wave length are 0.03-0.83 m-1 and 8-200 m, respectively. We choose a longer 

wavelength (200 m) in the numerical simulations, and we discuss the consequences of replacing with an even longer 250 

wavelength in the next section. Experiment 4 (EXP4) is identical to EXP3 except for the absence of an initial meridional jet. 

In Experiment 5 (EXP5), the incident wavelength is increased to 300 m to examine its effect on wave-ice interactions and 

eddy genesis. Experiment 6 (EXP6) employs a reduced incident angle (45°) to assess the role of wave incidence, while 

Experiment 7 (EXP7) utilizes weaker incoming waves to investigate the influence of wave energy on these coupled 

processes. The marginal ice zone (sea ice concentration (ai) is between 0.15 and 0.7) is 5 km (5 km is approximately the grid 255 

length in the reanalysis data) along the x direction, whereas the ice thickness is horizontally uniform (1.2 m, which is 0.4 to 

1.2 m in the reanalysis data). Surface wind is set to be horizontally uniform (speed= 1 m/s) as in the reanalysis data (Fig. 2g, 

h, vector). The direction of the wind is the same as that of the jet in the initial field. The two experiments span 30 days, 

which is longer than the timeframe considered in the reanalysis data (23 days, September 12 to October 4), since a vorticity 

center was already present on September 12. 260 

In EXP1, the story is quite simple. Due to a strong velocity shear between the meridional jet and surrounding flow (Fig. 7a, 

shading), mesoscale eddies (
𝜁

𝑓
~0.1, Fig. 8a, shading) were produced via barotropic instability after 30 days of integration. In 

EXP2, mesoscale eddies (Fig. 8b, shading) are much stronger. In contrast, EXP3 is employed to verify the third hypothesis, 

which is wave-ice interaction leading along ice-edge jet. When the continuous waves are set at the eastern boundary (EXP3), 

they propagate toward the ice zone. According to equation (8), wave refraction mainly occurs in the x-direction, and kx 265 

(wave number in the x direction, Fig. 7b, red line) increases at the ice edge due to the ice mass gradient in the x-direction 

(
𝜕𝑚𝑖

𝜕𝑥
⁄ , Fig. 7b, black line). Meanwhile, wave energy (Fig. 7b, green line) dissipated rapidly at the ice edge due to wave 

attenuation rate (𝑎𝑖𝛼𝑐𝑔Λ); which induce the energy being transferred from wave to the sea ice via radiative stress (Fr, Fig. 7c, 

d, blue line). Since the incident angle is 71.5° (ky/kx=10/3), most energy is transferred in the along-ice-edge direction. There 

is energy transferred into the x-direction (cross-ice-edge direction). In additional, the meridional velocity increases the zonal 270 

velocity via the Coriolis force (Fig. 7d, green line) and it is much weaker in the y-direction (Fig. 7c, green line). As a result, 

there is significant acceleration of sea ice in the x-direction, especially at ice edge, which pushes the whole ice zone move 

westward (inner ice zone). Ice convergence occurs at the ice edge, generating a strong internal stress (Fig. 7d, red line) that 

acts to resist further convergence. On the other hand, ice edge moves faster than the inner ocean, there is ice convergence at 

the new ice edge, the transition zone (0.15-0.7) become narrower (Fig. 7b, blue line, Fig. 7f, black line). Because of ocean-275 

ice interfacial stress (Fig. 7c, d, purple line), there is also current acceleration beneath the sea ice. On day 13, the ice edge 

appears at x=16 km, so are the meridional jet both in the sea ice and in the ocean (v=0.24 m/s; Fig. 7f; shading). Since wave-

ice interactions and additional acceleration occurred at the sea surface, the jet strength reached its maximum in the upper 

layer and became much weaker in the lower layers (Fig. 7e, shading). Notably, the meridional jet in the initial field 

disappeared in EXP3, while the new jet was located at the ice edge (Fig. 7f, shading). Due to stronger velocity shear in the 280 
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jet (30 times of that in EXP1, Fig. 9d, green bars), stronger mesoscale eddies (
𝜁

𝑓
~1, Fig. 8c, shading) were produced via 

barotropic instability after 30 days of integration in EXP3. In EXP4–7, the eddy genesis processes closely resemble those in 

EXP3. Removing the initial meridional jet (EXP4) has little effect on the ice-edge jet structure (Fig. 9d, blue bar, column 4), 

which remains comparable to that in EXP3 (Fig. 9d, blue bar, column 3). Consequently, both eddy activity (Fig. 8c, d) and 

EKE (Fig. 9d, red bars) are well maintained. Increasing the wavelength to 300 m (EXP5) reduces wave energy dissipation 285 

due to the smaller wavenumber. This attenuation weakens both the ice-edge jet (Fig. 9d, blue bar, column 5) and the overall 

eddy activity (Fig. 8e; Fig. 9d, red bar, column 5) relative to EXP3. In EXP6, reducing the incident angle to 45° yields two 

competing effects: (i) the meridional jet weakens due to diminished wave energy dissipation in the along-front (y) direction, 

and (ii) the zonal velocity component increases, accelerating ice-edge propagation. This enhanced propagation spreads the 

momentum input over a broader area, effectively diluting the acceleration in the -direction. The combined effect is a weaker 290 

ice-edge jet (Fig. 9d, blue bar, column 6) and reduced eddy activity (Fig. 8f). Finally, decreasing the incident wave energy in 

EXP7 reduces the momentum transfer from waves to the ocean via wave-ice interactions. This directly results in a weaker 

ice-edge jet (Fig. 9d, blue bar, column 7) and a subsequent decline in eddy activity (Fig. 8g; Fig. 9d, red bar, column 7). 

Since the density is homogenous in both EXP1 and EXP3, there is nearly no potential energy available for the eddy (EAPE, 

Fig. 9a, c, black line) remained small. The kinetic energy of the eddy (EKE, Fig. 9a, c, green line) is mainly transferred from 295 

the mean kinetic energy (MKE, Fig. 9a, c, purple line) via Reynolds stress work (RSW, Fig. 9a, c, blue line). In EXP1, the 

MKE (Fig. 9a, purple line) continued to decrease and was transferred into EKE (Fig. 9a, green line). In EXP2, the MKE (Fig. 

9c, purple line) initially increased due to wave energy dissipation (Fig. 7b, green line). As a result, the eddies in EXP3 are 

much stronger than those in EXP1. Although EXP2 generates eddies via frontal slumping (Fig. 8b), the EAPE exhibits an 

increase (Fig. 9b, black line) as energy is transferred from MAPE. This EAPE is subsequently converted into EKE (Fig. 9b, 300 

green line). This behavior starkly contrasts with the reanalysis data, which show a decline in EAPE (Fig. 6a) coincident with 

an increase in EKE (Fig. 6c). This discrepancy raises a fundamental question: how can an increase in EKE be sustained by a 

diminishing EAPE reservoir? Due to the ocean-ice interfacial stress, the ice floes move following the eddy activity. As a 

result, there is meandering in the ice edge of the marginal ice zone (Fig. 8h, shading), as observed by the satellite (Fig. 1a). 

4 Conclusion and discussion 305 

In this study, typical eddy generation, as detected by satellite, in the Fram Strait was investigated on the basis of reanalysis 

data. The process is described as follows: the EGC moves equatorward in the Fram Strait with high speed in the main body 

and lower speed in the branch. In the branch, a small velocity shear can only produce weak eddies, which easily disappear 

via eddy splitting. In the autumn, the sea ice expands against the coast and approaches the EGC. Simultaneously, surface 

waves propagate freely in the open ocean with a low dissipation rate. When waves propagate into the ice zone, most of the 310 

corresponding energy is dissipated rapidly at the ice edge due to wave-ice interactions. The dominant process of wave 

energy dissipation at ice edge is still debatable (Bennetts et al. 2022). Ice break, ice floe collisions, under-ice turbulence or 
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overwash may play important roles. In this study, we assume that this energy is transferred into the sea ice via radiation 

stress and is alternatively transferred into the ocean via ocean-ice interfacial stress. As a result, the current accelerates, thus 

leading the speed of the branch to become comparable with that of the main body of the EGC; it also strengthens eddy 315 

activity via larger velocity shear and baroclinic instability. 

In this study, we discussed the eddy genesis process in further depth and in more ways than previous studies have achieved. 

First, we solved three issues outlined in the introduction. (1) Wave‒ice interactions may constitute a significant contributor 

to the EGC. (2) Wave-ice interactions produce eddies via barotropic instability, which was first proposed on the basis of 

numerical simulations in previous studies; however, this point has hitherto remained entirely theoretical (Dai et al. 2019). 320 

Subsequently, Thomson et al. (2021) observed that wave‒ice interactions led to jets in the Barents Sea. Employing satellite 

observations and reanalysis data, this study offered many clues that this full process may occur in the Fram Strait. (3) Wave 

energy, the extent of the marginal ice zone, and water depth are identified as critical constraints that govern the occurrence of 

this mechanism. In Chukchi Sea, the water depth is small, which may largely decrease the jet strength via bottom drag and 

hardly produce visible eddies via barotropic instability (Zhang et al. 2020). At higher latitudes, wave energy is typically 325 

insufficient to trigger this mechanism, rendering it unobservable. With these three constraints, the wave-ice interaction 

induce eddy activity may also be found in Barents-Kara Sea in cold season, when there is strong wave energy, marginal ice 

zone and large water depth. 

Second, we employed a longer wavelength and a larger incident wave in the numerical simulations. When the wavelength 

decrease (larger wavenumber), the energy dissipation rate of the wave increases, which increases the strength of the jet and 330 

the mesoscale eddy (Zhang et al. 2020). It is also supported by comparison between EXP3 and Exp5. When the incident 

angle decreases, more energy is transferred into the cross-ice-edge direction, and the jet and eddy weaken (Zhang et al. 2020). 

Thus, we chose good conditions to produce a stronger mesoscale eddy, which led to much stronger eddies than were 

observed in the reanalysis data, despite the fact that we started with zero vorticity conditions. 

Third, baroclinic instability is an important mechanism that produces mesoscale eddies in the Arctic. However, the salinity is 335 

lower closer to the ice zone in the autumn in the Fram Strait. When sea ice formation and salinity rejection occur in the ice 

zone followed by ice zone expansion, the salinity difference between the ice zone and open ocean is first erased. The ocean 

front subsequently strengthened, which means the front acquired energy instead of release energy to help with eddy 

generation.  

Although eddy activity displays a synoptic scale event, the accumulation of eddy activities may also contribute significant 340 

influence on climate. For example, more than 1000 eddies are found in Fram Strait and Barents-Kara Sea every year. Eddy 

activity may induce additional vertical motion. On the other hand, Fram Strait and Barents-Kara Sea are also one of the key 

regions that the seasonal heat storage (SHS) formation / release occurs (Wu and Dai, 2025). In summer, there are a lot of 

solar radiation arrive the Arctic surface and is absorbed by ocean. In cold season, part of the energy is released from the 

ocean and warms the atmosphere. This part of energy is called SHS, which is also the key mechanism to determine the 345 
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Arctic warming from summer to winter (Dai, 2021; Dai et al. 2022). How the additional vertical motion contributes to SHS 

and Arctic warming will be studied in our future work. 
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Figure 1: Dominating ocean current close to the Fram Strait are plotted. 

Warm currents are shown as red vector including the Irminger Current (IC), the Norway Atlantic Current (NAC), the North 

Irminger Current (NIC), the Norwegian Atlantic Slope Current (NwASC), the Norwegian Atlantic Front Current (NwAFC) 360 
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and West Spitsbergen Current (WSC), while cold currents are shown as blue vector including the East Greenland Current 

(EGC), East Iceland Current (EIC) and Iceland-Faro Front (IFF). 
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Figure 2: Mesoscale eddy captured by satellite observation and reanalysis data. 

(a) Part of the Fram Strait on (a) September 26, October (b) 2, (c) 4, (d) 9, 2020, are shown with the SAR image, and the 

mesoscale eddy region is magnified in the red rectangle. The SAR image is produced by SNAP after the Sentinel-1 data was 

downloaded from the website https://search.asf.alaska.edu/#/. In the SAR image, the open ocean is dark gray, while the ice is 370 

much brighter; i.e., the white color north of the mesoscale eddy is the ice zone. The diameter of the eddy is defined as the 

horizontal scale of the eddy, while the eddy is defined as the ice floes acting as traces mirroring the ocean circulation. (b) 

Vertical vorticity (
𝜁

𝑓⁄ , shading, unit: nondimensional), current (vector, unit: m/s), and ice edge (ai = 15, pink line, unit: %) 

at the sea surface on (e) September 26, October (f) 2, (g) 4, (h) 9, 2020, are shown. Green crossing and the red star indicate 

the eddy location in the reanalysis data and the satellite observation on corresponding day and October 4, 2020, respectively. 375 

https://doi.org/10.5194/egusphere-2026-4884
Preprint. Discussion started: 9 November 2026
c© Author(s) 2026. CC BY 4.0 License.



15 

 

 

 

 

https://doi.org/10.5194/egusphere-2026-4884
Preprint. Discussion started: 9 November 2026
c© Author(s) 2026. CC BY 4.0 License.



16 

 

 
Figure 3: Surface wind and surface current in reanalysis data. 380 

The vertical vorticity (
𝜁

𝑓⁄ , shading, unit: nondimensional), the current (vector, unit: m/s), ice edge (ai = 15, pink line, 

unit: %) and target eddy location (green crossing) are the reanalysis data for September (a) 12, (b) 15, (c) 20, and (d) 24, 

2020. Red star indicates the eddy location on October 4 in the satellite observation. The current speed (Vo, unit: m/s) and the 

axis of the jet stream (the speed maximum at each latitude) are presented as shading and white dotted lines in (e)-(h), 

respectively. Surface wind (Va, unit: m/s) averaged over September 13 to 15, September 16 to 20, and September 21 to 24 385 

are presented as vectors in (f), (g) and (h), respectively. The green crossings and red stars have the same meanings as in (a)-

(d). 
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Figure 4: Surface wave, sea ice and jet in reanalysis data. 390 

The wave energy (shading, unit: J/m2) and ice edge (ai = 15, pink line, unit: %) averaged over September 13 to 15, 

September 16 to 20, September 21 to 24, and September 25 to October 1 are shown in (a), (b), (c), and (d), respectively. The 

eddy location and the axis of the jet stream (the speed maximum at each latitude) on September 15, 20, 24 and October 1 are 

presented as green crossing and white dotted lines in (a), (b), (c) and (d), respectively. Red star indicates the eddy location on 

October 4 in the satellite observation. Gray shading indicates the ice zone (wave information is missing value) in wave 395 

model. 
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 400 

Figure 5: Salinity in reanalysis data. 

Sea surface salinity (SSS, shading, unit: PSU) and the ice edge (ai = 15, pink line, unit: %) on September 12, 18, 24, and 30 

are shown in (a), (b), (c), and (d), respectively. Selected sections to plot the vertical profile in (e)-(h) are shown as brown 

crossing. Red star indicates the eddy location on October 4 in the satellite observation. Green crossings indicate where the 

vertical profiles are taken. The vertical profiles of salinity (latitude=76.5 N; shading; unit: PSU) on September 12, 18, 24, 405 

and 30 are shown in (e), (f), (g), and (h), respectively. Black dash lines indicate the longitude of the eddy location on 

October 4. 
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Figure 6 Energy evolution with reanalysis data. 410 

The evolution of eddy available potential energy (EAPE, unit: m2s-2), mean available potential energy (MAPE, unit: m2s-2), 

eddy kinetic energy (EKE, unit: m2s-2) and bottom of mixed layer (unit: m) in the domain of [76.5N-78.5N, 9.5W-5.5W] 

during September 24 to October 6, 2020 are shown. 
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 415 

 

 
Figure 7: Wave-ice interaction and jet in numerical simulations. 

The (a) initial sea surface meridional velocity (v, shading, unit: m/s). (b) Wave number in the x-direction (kx, red line, unit: 

nondimensional), wave energy (𝛬 , green line, unit: nondimensional), and sea ice concentration (ai, blue line, unit: 420 

nondimensional) on day 13, and initial sea ice concentration (black line, unit: nondimensional) from EXP3 are shown. Time-

averaged stress (N m⁻²) acting on the sea ice along (c) and across (d) the ice edge during days 0–13. The blue line denotes 

wave radiation stress (wave-to-ice); the red line represents ice internal stress (shown only in c); the green line indicates the 

Coriolis force; and the purple line shows the ocean-ice interfacial stress. (e) The vertical profile of meridional velocity (v, 

shading, unit: m/s) and the sea surface meridional velocity (v, shading, unit: m/s) on day 13 from EXP3 are shown. Pink line 425 

in (a) and (c) denote the ice edge (ai=15%), while black line in (a) and (c) denote the ice concentration on the corresponding 

date. 
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 430 

 
Figure 8: Mesoscale eddies reproduction with numerical simulations. 

Vorticity (
𝜁

𝑓⁄ , shading, unit: nondimensional) on day 30 from (a) EXP1, (b) EXP2, (c) EXP3, (d) EXP4, (e) EXP5, (f) 

EXP6 and (g) EXP7 are shown. Pink line denotes the ice edge (ai=15%). (h) Sea ice mass (mi, shading, unit: m) on day 30 

from EXP3 are also illustrated. 435 
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Figure 9: Energy budget estimate with numerical simulations. 

(a) Energy evolution (unit: TJ= 1012 J) in (a) EXP1, (b) EXP2 and (c) EXP3 are shown. The blue line indicates the kinetic 440 

energy (KE) transferred from the MKE (red line) to the EKE (green line), which is the result of time integration of the 

RSW (blue line). EAPE (black line) is also shown. Jet velocity (blue bar, unit: cm/s) and its shear (green bar, unit: cm/s) 

on day 5 and EKE (red bar, unit: TJ) on day 30 in each experiment are shown in (d). 

Experiment ID Ocean jet Ocean front Wave action Wave length Wave incidence 

EXP1 Y N - - - 

EXP2 Y Y - - - 

EXP3 Y N 25 200 m 71.5° 

EXP4 N N 25 200 m 71.5° 

EXP5 Y N 25 300 m 71.5° 

EXP6 Y N 25 200 m 45° 

EXP7 Y N 5 200 m 71.5° 

Table 1. Parameters used for the sensitivity experiments 
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