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Abstract: 12 

 13 

Arctic cyclones play a crucial role in shaping Arctic weather patterns and influencing sea ice 14 

concentrations. Notably, lee cyclogenesis—typically associated with large topographic 15 

barriers—has not been observed on the lee side of Greenland, despite its dominance as the 16 

Arctic’s largest terrain feature. During the MOSAiC expedition in April 2020, an Arctic 17 

cyclone was observed at the leeside of Greenland, prompting our hypothesis that lee 18 

cyclogenesis contributed significantly to its development. 19 

 20 

To test this hypothesis, we conducted simulations with modified Greenland topography. The 21 

results confirm that lee cyclogenesis does occur and significantly enhances cyclone intensity. 22 

Notably, even when lee cyclogenesis is absent, the jet streak alone sustains cyclone 23 

development, suggesting that in this case, both mechanisms—lee cyclogenesis and the jet 24 

streak—collectively drive cyclogenesis. 25 

 26 

Further analysis reveals the quasi-barotropic nature of lee cyclogenesis. Once the cyclone 27 

moves away from Greenland, lee cyclogenesis weakens markedly in the lower troposphere. 28 

However, the upper-tropospheric low vortex—induced by orographic forcing—persists, 29 

sustaining the cyclone until its dissipation in the central Arctic four days later. This suggests 30 

that orographic forcing has a prolonged impact in the upper troposphere. Our findings provide 31 

new insights into the mechanisms governing polar cyclone development. 32 

 33 

 34 
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1 Introduction 35 

 36 

Arctic cyclones are synoptic-scale cyclones that originate either within the Arctic region or 37 

migrate into it (Gray et al., 2021; Sepp and Jaagus, 2011; Zhang et al., 2023). They play a 38 

significant role in shaping Arctic weather (Fearon et al., 2021) and the sea ice concentrations 39 

(Finocchio et al., 2022; Schreiber and Serreze, 2020; Valkonen et al., 2021). Basically, Arctic 40 

cyclones share common dynamical mechanisms with their extratropical counterparts. 41 

 42 

Upper tropospheric jet streak is one of the important drivers for extratropical cyclones, 43 

particularly at the left-hand side of the jet streak’s exit (JAMES and HOLZWORTH, 1954; 44 

Pinto et al., 2009; Riehl, 1948; Riehl and Teweles, 1953) and at the right-hand side of the jet 45 

streak’s entrance (Evans et al., 1994; Sinclair and Revell, 2000). Generally, low-pressure 46 

systems are more commonly associated with the left-hand side of the jet streak’s exit than with 47 

the right-hand side of the jet streak’s entrance (Achtor and Horn, 1986; Sinclair and Revell, 48 

2000). Jet streaks also contribute to the development of Arctic cyclones, but their role remains 49 

primarily supportive according to previous studies (Ban et al., 2023; Qian et al., 2023; Tao et 50 

al., 2017). 51 

 52 

Lee cyclogenesis, characterized by cyclonic systems emerging on the lee side of mountains, is 53 

another significant driver of extratropical cyclone formation. Although extensively 54 

documented in regions like the Alps (Buzzi et al., 2020; Buzzi and Tibaldi, 1978) and Rocky 55 

Mountains (Chung et al., 1976; Chung and Reinelt, 1973; McClain, 1960). Lee cyclogenesis 56 

has not been observed on the lee side of Greenland, despite its prominence as the largest terrain 57 

in the Arctic. During the MOSAiC expedition (Multidisciplinary Drifting Observatory for the 58 

Study of Arctic Climate; Shupe et al., 2022), an Arctic cyclone was observed east of Greenland 59 

in April 2020, positioned at the left side of a jet streak´s exit. This observation led to our 60 

hypothesis that both lee cyclogenesis and the jet streak likely played pivotal roles in the 61 

development of this cyclone. To test this hypothesis, we have conducted several numerical 62 

simulations. The rest of this paper is organized with model set-up in Section 2, followed by 63 

results in Section 3, discussion in Section 4, and summary in section 5. 64 

 65 

 66 

 67 

 68 
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2 Model Set-up 69 

 70 

In this study, the ICON model (Zängl et al., 2015) is set up as limited area model over a pan-71 

Arctic domain, covering north of 58° 𝑁, at a horizontal resolution of nearly 10 km (R02B08 in 72 

ICON terminology). The initial conditions and lateral boundaries are provided by global ICON 73 

forecast runs. For more details about the model setup, refer to Bresson et al. (2022) and Kirbus 74 

et al. (2023).  75 

 76 

Our modeling approach aims at investigating the influence of Greenland’s topography on 77 

cyclone formation. Therefore, we perform experiments under two scenarios: one scenario with 78 

Greenland’s topography as it is, and one with Greenland’s topography completely removed. 79 

It's important to note that we do not alter the surface land use in Greenland. These scenarios 80 

are implemented for two nudged runs: nudg_8km and nudg_4km, and they are referred to as 81 

nudge_8km_1 and nudg_8km_0 for run nudg_8km, and as nudg_4km_1 and nudg_4km_0 82 

for run nudg_4km, respectively. These simulations are summed up in Table S1 in the 83 

Supporting Information. Run nudg_8km aims to extract the effects of Greenland’s topography 84 

from those of the jet streak, while run nudg_4km seeks to differentiate between the influences 85 

of the upper troposphere (above 4 km) and the lower troposphere (0-4 km). 86 

 87 

Runs nudg_8km and nudg_4km both start on 12 November 2019 at 18:00 UTC, and extend 88 

for a duration of 120 hours, concluding on 17 November 2019 at 18:00 UTC. Nudging was 89 

applied to horizontal wind, pressure, and temperature, above 4 km for nudg_4km and 8km for 90 

nudg_8km, to hold the dynamical and thermal conditions according to the forcing from the 91 

ICON global run. The nudging coefficient increases with height. The atmospheric conditions 92 

will rapidly synchronize with those in the ICON global run. In run nudg_8km, the nudging is 93 

implemented to maintain the jet streak in accordance with the ICON global run. Conversely, 94 

in run nudg_4km, the nudging is intended to preserve the atmospheric circulations above 95 

Greenland’s topography which reaches a maximum elevation of nearly 3.7 km. 96 

 97 

3. Results 98 

 99 

3.1 Synergy between Lee Cyclogenesis and Jet Streak 100 

 101 
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In simulation nudge_8km_1, a cyclone emerges along the east coast of Greenland from April 102 

13, 2020 (refer to Figure 1). Notably, this cyclone forms on the lee side of Greenland, 103 

coinciding with the presence of a ridge over the region, indicative of lee cyclogenesis. 104 

Furthermore, the cyclone in nudge_8km_1 is positioned to the left of the intensifying jet 105 

streak's exit (Figure 1 a-d). After the jet streak passes beyond April 14, 12:00, the cyclone no 106 

longer remains at the jet streak's exit, leading to its weakening (Figure 1 f-h). This underscores 107 

the significant role played by the jet streak in cyclone development. 108 

 109 

To validate the existence of lee cyclogenesis, we conducted a simulation with Greenland's 110 

topography set to zero (nudge_8km_0). In nudge_8km_0, the disappearance of the ridge over 111 

Greenland and the subsequent weakening of the cyclone confirms the presence of lee 112 

cyclogenesis (refer to Figure 2). However, even without lee cyclogenesis, the cyclone still 113 

develops, albeit with reduced intensity, indicating that in nudge_8km_0, the jet streak 114 

predominantly influences cyclone development. Therefore, the sea level pressure in 115 

nudge_8km_0 (referred to as SP8km_0) reflects the impact of the jet streak (Figure 2). Without 116 

lee cyclogenesis, the cyclone dissipates more rapidly in nudge_8km_0 compared to 117 

nudge_8km_1. 118 

 119 

3.2 Variation of Lee Cyclogenesis  120 

 121 

Based on the sea level pressures in simulations nudge_8km_0 and nudge_8km_1, the intensity 122 

of overall lee cyclogenesis (referred to as LCtotal) is quantified by the difference between sea 123 

level pressure in nudge_8km_1 (referred to as SP8km_1) and sea level pressure in nudge_8km_0 124 

(referred to as SP8km_0) (referred to as SP8km_0, see Eq. 1). Similarly, the difference in 125 

geopotential height at 500 hPa (GH) between these two simulations quantifies the response of 126 

the upper troposphere to Greenland’s orographic forcing (referred to as GHtotal; see Eq. 2). 127 

 128 

Initially, LCtotal is confined to the east coast of Greenland (refer to Figures 3a and 3b) on April 129 

13, 09:00. As the cyclone intensifies, the downslope wind extends from the east coast to the 130 

south coast, and LCtotal extends beyond the east coast, reaching the lee side of the south coast 131 

of Greenland (refer to Figures 3c to 3e). LCtotal peaks at the south coast of Greenland on April 132 

14, 12:00. It weakens as the cyclone moves away from Greenland (refer to Figures 3f to 3h). 133 

Afterwards, the maximum center of LCtotal moves back to the east coast where the cyclone 134 

center is located. Meanwhile, GHtotal intensifies from April 13, 09:00, to April 14, 12:00, at 135 
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both the east and south coasts, aligning with the variation of LCtotal, indicating the quasi-136 

barotropic development of lee cyclogenesis. 137 

 138 

After April 14, 21:00, although LCtotal and GHtotal weaken at the south coast, their persistence 139 

for 4 days without significant dissipation at the east coast suggests a prolonged influence of lee 140 

cyclogenesis in the upper troposphere. We assume that the memory of orographic forcing at 141 

the upper troposphere is longer than that at the lower troposphere. This phenomenon will be 142 

further discussed in section 3.3. 143 

 144 

3.3 Prolonged Influence of Lee Cyclogenesis in the Upper Troposphere 145 

 146 

To test the assumption raised in 3.2, we conducted simulations (nudge_4km_1 and 147 

nudge_4km_0) to isolate Greenland's orographic forcing at the lower troposphere from its 148 

counterpart at the upper troposphere. The difference in sea level pressure between simulations 149 

nudge_4km_1 and nudge_4km_0 represents lee cyclogenesis in the lower troposphere, 150 

denoted as LClow (refer to Eq. 3), while the difference between LCtotal and LClow quantifies lee 151 

cyclogenesis in the upper troposphere, referred to as LCup (refer to Eq. 4). Similarly, the 152 

difference in geopotential height at 500 hPa between simulations nudge_4km_1 and 153 

nudge_4km_0 quantifies the response of the upper troposphere to Greenland’s orographic 154 

forcing in run nudge_4km (referred to as GHlow; see Eq. 5). The difference between GHtotal 155 

and GHlow also represents lee cyclogenesis in the upper troposphere (see Eq. 6). GHlow is 156 

almost zero in Figure 4, so GHup is approximately equal to GHtotal. This reveals that nudging 157 

works very well in run nudge_4km. The definitions of  LCtotal, GHtotal, LCup, GHup, LClow, 158 

GHlow are more clearly explained in following Eq. 1~6, 159 

 160 

LCtotal = SP8km_1 - SP8km_0                                                                            (1) 161 

GHtotal = GH8km_1 - GH8km_0                                                     (2) 162 

LClow = SP4km_1 – SP4km_0                                                           (3) 163 

LCup = LCtotal - LClow                                                         (4) 164 

GHlow = GH4km_1 – GH4km_0                                               (5) 165 

GHup = GHtotal - GHlow                                                              (6) 166 

 167 

where SP represents sea-level pressure, while GH denotes the 500 hPa geopotential height and 168 

LC characterizes the intensity of lee cyclogenesis. The subscript "total," "up," and "low" denote 169 
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different atmospheric layers, with "total" representing the entire troposphere, "up" referring to 170 

the upper troposphere (4–8 km), and "low" indicating the lower troposphere (0–4 km). The 171 

subscripts "4km_1", "8km_1", "4km_0", and "8km_0" represent simulations nudge_4km_1, 172 

nudge_8km_1, nudge_4km_0, nudge_8km_0 respectively. 173 

 174 

As illustrated in Figure 4, LClow increases from the beginning and peaks on April 14, 12:00, 175 

before gradually diminishing afterwards. As discussed in section 3.2, Lee cyclogenesis 176 

develops quasi-barotropically, inducing a negative GHup at 500 hPa. The variation of GHup 177 

aligns with that of LCup (refer to Figure 5), and they both increase steadily from the beginning 178 

until April 14, 12:00, and maintain their intensity, thereafter, suggesting that the orographic 179 

forcing reduces GH at 500 hPa and forms a low vortex at 500 hPa which afterwards in turn, 180 

maintains a negative SP at the surface. 181 

 182 

April 14, 21:00, is a transition time slot. Before April 14, 21:00, the variation of LCtotal aligns 183 

with that of LClow, while after April 14, 21:00, the variation of LCtotal aligns with that of LCup. 184 

This suggests that before April 14, 21:00, Lee cyclogenesis is dominated by the orographic 185 

forcing in the lower troposphere, while after April 14, 21:00, the orographic forcing in the 186 

upper troposphere dominates Lee cyclogenesis. This confirms our hypothesis in section 3.2 187 

that the longer memory of Greenland orographic forcing in the upper troposphere, where its 188 

influence persists and dominates the variation of SP until the cyclone dissipates in the central 189 

Arctic on April 18, 2020. 190 

 191 

4 Summary and discussion 192 

 193 

The study investigates the interaction between Lee cyclogenesis and the Jet Streak over 194 

Greenland using numerical simulations. This mechanism is summarized in Figure 6. In the first 195 

part, the synergistic relationship between Lee cyclogenesis and the Jet Streak is examined. 196 

Results show that the presence of Lee cyclogenesis, coupled with the Jet Streak, significantly 197 

influences cyclone development along the east coast of Greenland (Figure 6 a and b). The 198 

weakening of the cyclone after the passage of the Jet Streak suggests its crucial role in cyclone 199 

formation (Figure 6c). Further analysis confirms the existence of Lee cyclogenesis in run 200 

nudg_8km with varying Greenland topography. Even in the absence of Lee cyclogenesis, 201 

cyclone development occurs, albeit with reduced intensity, indicating the dominant influence 202 
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of the Jet Streak in cyclone formation. This underscores the complex interplay between 203 

atmospheric dynamics and topographical features.  204 

 205 

By isolating Greenland's orographic forcing in run nudg_4km, the study confirms that Lee 206 

cyclogenesis contributes to a low-pressure system both in the lower troposphere (Figure 6a) 207 

and in the upper troposphere (Figure 6b). After the cyclone moves away from Greenland, Lee 208 

cyclogenesis at lower troposphere weakens dramatically, while the low vortex induced by the 209 

orographic forcing in the upper troposphere sustain a low-pressure system in the lower 210 

troposphere (Figure 6c) until it dissipates in the central Arctic after 4 days. The cyclone 211 

effectively transported warm air masses into the Arctic, raising surface temperatures from -212 

30°C to near melting conditions, signaling the onset of spring (Kirbus et al., 2023; Svensson et 213 

al., 2023). 214 

 215 

Compared to Lee cyclogenesis cases observed in the Alps (Buzzi et al., 2020; Buzzi and Tibaldi, 216 

1978) and the Rocky Mountains (Buzzi et al., 2020; Buzzi and Tibaldi, 1978), this case stands 217 

out due to its interaction with a jet streak. While both Lee cyclogenesis and the jet streak play 218 

significant roles, the jet streak is particularly crucial during the intensification phase, whereas 219 

the upper-tropospheric memory of Lee cyclogenesis becomes important for propagation after 220 

the cyclone moves away from the east coast of Greenland. Such synergy between Lee 221 

cyclogenesis and a jet streak is rare in other regions. During the MOSAiC expedition, we 222 

observed the same mechanism not only in this case but also in another instance in May at the 223 

same location. However, unlike the present case, the May cyclone moved toward Scandinavia 224 

instead of the central Arctic. 225 

The persistence of a cyclone for four days and its propagation into the central Arctic raise 226 

questions about additional driving factors. We examined whether the strong temperature 227 

gradient at the ice edge contributed to its longevity, but our results suggest minimal impact 228 

when the ice edge was removed in the simulation. Another possible factor is the low energy 229 

dissipation in the Arctic. The small Rossby Radius at high latitudes indicates reduced energy 230 

dissipation, which may have played a role.  231 

This study proposes a novel mechanism for polar cyclone development, though the frequency 232 

of this process remains unclear. A climatological analysis of lee cyclones near Greenland 233 

would offer valuable insights into future research. The simplified separation of upper- and 234 

lower-tropospheric influences elucidates the synergy between Lee Cyclogenesis and Jet Streak, 235 
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however, may oversimplify the complexity of these highly nonlinear atmospheric processes 236 

involved. 237 

 238 
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Table 1.  modified parameters in numerical experiments. 355 
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 379 

 380 

Figure 1:  Nine-hourly evolution of surface pressure (color-filled contours; hPa), 500 hPa 381 

geopotential height (black contours; 10 gpm) and 300 hPa wind velocity (colorful contours; 382 

𝑚 ∙ 𝑠−1) in simulation nudg_8km_1 where nudging is implemented above 8 km to maintain 383 

the jet streak in accordance with the ICON global run.   384 
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 386 

Figure 2: Similar as Figure 1 but for simulation nudg_8km_0 where nudging is implemented 387 

above 8 km and Greenland's topography is set to zero. 388 

 389 

 390 

 391 

Figure 3: Nine-hourly evolution of the overall lee cyclogenesis LCtotal (color-filled contours; 392 

hPa) and Greenland’s upper-tropospheric orographic forcing GHtotal (black contours; 10gpm).  393 

LCtotal is quantified by the sea level pressure difference between simulations nudge_8km_1 394 
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and nudge_8km_0.  Similarly, GHtotal is quantified by 500 hPa geopotential height difference 395 

between simulations nudge_8km_1 and nudge_8km_0. 396 

 397 

 398 

 399 

 400 

 401 

Figure 4: Nine-hourly evolution of the lee cyclogenesis at lower troposphere LClow (color-402 

filled contours; hPa) and Greenland’s upper-tropospheric orographic forcing GHlow (black 403 

contours; 10gpm).  LClow is quantified by the sea level pressure difference between simulations 404 

nudge_4km_1 and nudge_4km_0.  Similarly, GHlow is quantified by 500 hPa geopotential 405 

height difference between simulations nudge_4km_1 and nudge_4km_0. 406 
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 408 

 409 

Figure 5: Nine-hourly evolution of the overall lee cyclogenesis LCup (color-filled contours; 410 

hPa) and Greenland’s upper-tropospheric orographic forcing GHup (black contours; 10gpm).  411 

LCup  is quantified by LCtotal - LClow.  Similarly, GHup is quantified by GHtotal - GHlow. 412 
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 421 

 422 

Figure 6. Schematic diagram of the cyclone development to the east of Greenland. (a) The 423 

eastern slope of Greenland is located on the left side of the 300 hPa jet stream’s exit. Upper-424 

level divergence, combined with lee cyclogenesis, triggers cyclone development. The Lee 425 

cyclogenesis develops quasi-barotropically, inducing a low-pressure system at both lower and 426 

upper troposphere. These two effects are quantified respectively in Figure 2 and 3; (b) The 300 427 

hPa jet stream intensifies, enhancing its influence on the cyclone. (c) the contribution from the 428 

jet stream disappears since the cyclone is no longer located on the left side of the jet stream 429 

exit, and the lee cyclogenesis weakens from the bottom up as the cyclone moves away from 430 

the eastern coast. At this stage, the upper-troposphere vortex at 500 hPa reaches its peak, 431 

sustaining the surface cyclone for another 4 days and steering it all the way to the central Arctic. 432 
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