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A B S T R A C T   

The impact of atmosphere-wave-ocean/ice interactions on the development of a hurricane-like polar low (PL) 
over the Barents Sea during 18–21 December 2002 is investigated using a fully coupled atmosphere-wave-ocean/ 
ice model with five model settings. The atmosphere-wave-ocean/ice interactions have a marginal influence on 
the PL development when the baroclinic instability is a dominating factor. However, they do have an influence 
on the PL development when the role of baroclinic instability vanishes. The atmosphere-wave interactions have a 
limited influence on the PL intensity but they extend the size of the anticyclonic loop of the PL track. In contrast, 
the atmosphere-ocean interactions reduce the size of the track loop since the ice coverage is increased due to the 
atmosphere-ocean coupling which limits the northward movement of the PL. Besides, the increase of the ice 
coverage reduces the PL precipitation, in contrast, the wave coupling processes increase the PL precipitation. The 
atmosphere-ocean coupling processes enhance the PL intensity in term of the minimum sea level pressure which 
differs from previous studies that the atmosphere-ocean coupling has a negative feedback on the development of 
cyclones. The positive feedback from atmosphere-ocean coupling is more significant when the wave coupling 
processes are added into the model. The feedback from atmosphere-ocean coupling processes are determined by 
two processes: (1) heat flux induced sea surface cooling which has a negative feedback on the PL development, 
and (2) the strong wind-induced sea surface warming caused by the upper-ocean mixing when the temperature 
inversion exists in the ocean close to the ice edge. In this PL case, the wave coupling processes enhance the 
upper-ocean mixing and bring warm water to the surface in the area with ocean temperature inversions. Besides, 
the atmosphere-ocean coupling processes enhance the thermal wind of the PL and alter the vertical structure of 
the PL.   

1. Introduction 

Polar lows (PLs), intense mesoscale cyclones forming in cold polar 
areas during winter, significantly affect the ocean circulation (Condron 
and Renfrew, 2013) and polar climate, and pose a considerable risk to 
shipping, offshore activities, and coastal society in high latitudes (Jung 
et al., 2016). They feature a quite small spatial scale with a diameter 
between 200 and 1000 km and last for less than 24 h (Rasmussen and 
Turner, 2003). However, it is hard to capture PLs by climate models and 
numerical weather prediction models due to their small scales. 

The baroclinic instability is an important factor controlling the PL 
development. Idealized numerical simulations show that the horizontal 
scale of PL is small with an axisymmetric cloud patter and cloud-free 
eye when the baroclinicity is absence (Yanase and Niino, 2005). With 
the increase of the baroclinicity, a larger horizontal scale PL with 
comma-shaped cloud is developed (Yanase and Niino, 2007). The in-
stability induced by diabatic processes is another mechanism of the PL 

development, such as the surface heat flux and condensational heating 
induced instability (e.g., Rasmussen and Turner, 2003). Sensitivity si-
mulations show that the surface heat flux fueled the PL during 18–21 
December 2002 over the Barents Sea after the deepening stage when 
the baroclinicity vanished, but the condensational heating played a 
minor role (Føre et al., 2012). Through artificially modified the sea 
surface temperature (SST), Kolstad and Bracegirdle (2017) found that a 
higher SST produces a more intense PL over the Barents Sea with a 
slightly wider warm-core, and enhances the surface convection. The 
convection induced strong updraft can stretch the vortex and change 
the moving direction of a PL (Yanase and Niino, 2007). Yanase and 
Niino (2007) found that the surface friction plays an important role in 
the vortex dynamics by transporting sensible heat and moisture into the 
vortex centre. The storm generated mixing can reduce the SST of up to 2  
oC in the Beaufort Sea (Long and Perrie, 2012), which creates a negative 
feedback on the PL development due to the less energy transferred to 
the atmosphere through heat fluxes. Upper ocean temperature 
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inversions are frequently observed during the meet between the North- 
Atlantic current and polar water masses. The turbulent entertainment of 
the upper-ocean temperature inversion may increase the surface tem-
perature in a short time period (Sætra et al., 2008) and have a positive 
feedback on the development of PLs. 

Atmospheric stand-alone models have been widely used for 
studying the PL development, and many mechanisms of PL develop-
ments have been revealed by their simulations (McInnes et al., 2011;  
Føre et al., 2011; Wagner et al., 2011; Føre et al., 2012; Sergeev 
et al.,2018). However, the interactions between the atmosphere, ocean, 
waves, and ice cannot be fully captured with stand-alone atmospheric 
models, which are important for PL developments. For instance, 
Draupner waves can be generated during PLs which make the interac-
tions more complex (Cavaleri et al., 2016). The fragmented knowledge 
of the interaction between waves, currents, ice, and atmosphere over 
polar regions limits our understanding of PLs. Surface gravity waves, 
which always exist in the open water, play a buff role in the momentum 
transfer between the atmosphere and the ocean (Wu et al., 2019b). The 
air-side stress (τa) is identical to the water-side stress (τo), which is an 
assumption in atmosphere-ocean coupled models. However, this is not 
the case for decaying and growing waves which can significantly alter 
the ratio τo/τa (Alari et al., 2016). Besides the stress, surface waves can 
also affect the upper-ocean mixing through the Coriolis-Stokes forcing 
(CSF), Stokes drift induced mass and tracer advection, Langmuir tur-
bulence, turbulent kinetic energy (TKE) flux induced by wave breaking, 
and etc. (Craig and Banner, 1994; Axell, 2002; Babanin and Chalikov, 
2012; Wu et al., 2015a). All those wave coupling processes can alter the 
air-sea momentum and heat fluxes through changing the surface 
roughness, surface currents, and SST. Accordingly, they can change the 
simulation of PLs by altering the low-level baroclinicity. 

Sea ice is a unique component in polar areas which makes the en-
ergy transferred at the air-sea/ice interface more complex. Marginal ice 
zones (MIZs), areas connecting the ice and open water, play an im-
portant role in the dynamic processes of ocean, atmosphere, and waves 
(Røed and O'Brien, 1983;Williams et al., 2013; Manucharyan and 
Thompson, 2017; Renfrew et al., 2019). The wave attenuation and 
scattering by the ice in MIZs is another important phenomena (e.g.,  
Sutherland and Dumont, 2018). Waves can also break the ice which in 
turn changes the ice fraction in MIZs. The sharp temperature gradients 
in MIZs lead to shallow baroclinic zones which produce mesoscale 
vortices (Harold et al., 1999). Sensitivity experiments with a different 
sea ice coverage show it has a significant influence on the intensity of 
PLs (Sergeev et al., 2018). 

In this study, we focus on the impact of the atmosphere-wave- 
ocean/ice coupling processes on a PL case simulation using a fully 
coupled simulation system. To the best of my knowledge, there are no 
studies about PLs using fully atmosphere-wave-ocean/ice models. 
Additionally, the ocean response to the PL is investigated. The rest of 
the paper is organized as follows: the fully coupled model and experi-
mental designs are described in Section 2, the synoptic overview of the 
PL case is presented in Section 3, Section 4 presents the results, dis-
cussion and conclusions are given in Section 5 and 6, respectively. 

2. Models and experiments 

2.1. Models 

The Uppsala University-Coupled model (UU-CM) (Wu et al., 2019a) 
is a fully coupled system which includes atmosphere, ocean, ice, and 
wave components. UU-CM is used in this study to explore the impact of 
atmosphere-wave-ocean/ice interactions on a PL simulation over the 
Barents Sea. The Weather Research and Forecasting (WRF) model, the 
Nucleus for European Modelling of the Ocean (NEMO) model (Team, 
2019), and the WaveWatch-III (WW3) model are the atmosphere, ocean 
and ice, and the wave components of UU-CM, respectively. The three 
models are coupled together using OASIS3-MCT (Craig et al., 2017). 

The three component models in UU-CM have been updated to the newly 
released version: WRF (version 4.1.2), NEMO (version 4.01), and WW3 
(version 6.07). The ice component model is important since the study 
area here is a polar area. More coupling parameters and processes re-
lated to the sea ice are added into UU-CM. The coupling parameters 
between the four components are listed in Table 1. The set-up para-
meters for each sub-component models are listed in Table 2. In this 
section, I only briefly introduce the physical parameterizations and the 
detailed introduction of those parameterizations refers to Wu et al. 
(2019a). Besides, the new interaction processes implemented into UU- 
CM in the present study are also introduced. 

Based on several sensitive experiments, I chosen a combination of 
the following physical parameterizations for WRF model (see Table 2) 
which captures the PL case well. The microphysical scheme developed 
by Thompson et al. (2008) is used in this study. Tiedtke scheme (Zhang 
et al., 2011) is chosen as the cumulus parameterization. RRTMG scheme 
(Iacono et al., 2008) is used to estimate the radiation. The Mellor-Ya-
mada Nakanishi and Niino planetary boundary layer and surface layer 
scheme are used. All component models (WRF, NEMO and WW3) use 
the same domain shown in Fig. 1 with an approximately 5 km hor-
izontal resolution. Fifty vertical model layers are used in the WRF 
model with a finer vertical resolution close to the surface. The ERA5 
(Service, C.C.C, 2017) data provides the initial and boundary conditions 
(3 hourly) for the WRF model. 

There are 40 z-vertical layers for the NEMO model with a finer re-
solution close to the surface (3 m in the surface layer and 29 m in the 
bottom layer). The turbulent kinetic energy closure scheme is chosen in 
the NEMO model, see Team (2019) for details. The Sea Ice Modelling 
Integrated Initiative (SI3) (Group, N.S.I.W, 2019) is switched on. The 
world ocean atlas (WOA13) climatology data (Locarnini et al., 2013;  
Zweng et al., 2013) provides the initial temperature and salinity in-
formation for the NEMO model. The Ocean ReAnalysis System 5 

Table 1 
Variables exchanged between the component models in UU-CM.     

Exchange variables  

Atmosphere to ocean/ice τa
xo and τa

xi: zonal atmospheric wind stress over 
ocean and ice 
τa

yo and τa
yi: meridional atmospheric wind stress over 

ocean and ice 
HSW↓ and HSW↓

i: downwelling short-wave radiation 
over ocean and ice 
HLW↑ and HLW↑

i: upward long-wave radiation over 
ocean and ice 
E − P: net water flux 

Ocean to atmosphere u0
x: zonal surface current velocity 

u0
y: meridional surface current velocity 

SST: sea surface temperature 
Fi: ice fraction 
β: ice albedo 

Atmosphere to wave U10
x: zonal wind speed at 10 m 

U10
y: meridional wind speed at 10 m 

Fi: ice fraction 
Wave to atmosphere α: Charnock coefficient 
Wave to ocean/ice us

x: zonal surface Stokes drift 
us

y: meridional surface Stokes drift 
Hs: significant wave height 
Tm01: mean wave period 
τin

x: zonal wave-supported stress 
τin

y: meridional wave-supported stress 
τds

x: zonal momentum flux from waves to currents 
τds

y: meridional momentum flux from waves to 
currents 
τwi

x: zonal momentum flux from waves to ice 
τwi

y: meridional momentum flux from waves to ice 
Φoc: TKE flux from waves to currents 

Ocean/ice to wave u0
x: zonal surface current velocity 

u0
y: meridional surface current velocity 

η: water level 
d: sea ice thickness 
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(ORAS5) data (Zuo et al., 2018) provides the temperature, salinity, 
current and ice boundary conditions to the NEMO model. The FES2012 
(FES2012 was produced by Noveltis, Legos and CLS and distributed by 
Aviso, with support from Cnes (https://www.aviso.altimetry.fr/)) pro-
vides the tide constituent (M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, 
and MN4) information at the lateral boundary. The topography data is 
interpolated to the domain from ETOPO2 data. 

The source term package ST4 (Ardhuin et al., 2010) is used in the 
WW3 model. The wave spectrum is discredited into 27 frequencies 

starting from 0.042 Hz with an increment factor of 1.1 in the WW3. The 
direction resolution of the wave spectrum is 15∘. The ERA5 data pro-
vides the wave spectrum information at the boundary. The topography 
data is the same as the one used in the NEMO model. 

2.2. Experiments 

A hurricane-like PL over the Barents Sea during 18–21 December 
2002 is simulated with five experiments, which has been studied using 
stand-alone atmospheric models in previous studies (Føre et al., 2012;  
Kolstad et al., 2016). In the present study, I aim to quantify the impact 
of air-wave-sea/ice coupling on the PL development. As shown by  
McInnes et al. (2011), the PL simulation is very sensitive to the initial 
condition. I did several simulations with different starting simulation 
times and found that the simulation starting at 2002-12-17 UTC 1200 
can capture the PL well which is the same starting simulation time as in  
Kolstad et al. (2016). The first 12 h simulation is treated as the spin-up 
period for the atmosphere model. For the NEMO model, I did a 8-year 
spin-up simulation forced by the hourly ERA5 data. All the following 
simulations (except CTL-ERA5) use the SST and sea-ice information at 
2002-12-18 UTC 0000 from the NEMO model as the initial low 
boundary for WRF model. Five-day spin-up simulation of the wave 
model is forced by the ERA5 hourly wind and ice data. The model 
differences are switched on at 2002-12-18 UTC 0000, and the simula-
tion results between 2002-12-18 UTC 0100 and 2002-12-21 UTC 0000 
are analysed. Two experiments are based on the stand-alone atmo-
spheric model and the other three are coupled model experiments. The 

Table 2 
Details of model designs.      

Parameter NEMO WW3 WRF  

Modelling period 2002-12-18 to 2002-12-21 
Horizontal grid 5 km resolution 
Vertical grid 40 z layers N/A 50 terrain-following layers 
Frequencies N/A 27 frequencies N/A 
Direction resolution N/A 15 ∘ N/A 
Spin-up period before the simulations 8 years 5 days 12 h 
Integration time step 120 s for barotropic part, 3600 s for baroclinic part 120 s 40 s 
Initial field WOA13 0 ERA5 
Boundary condition ORAS5 and FES2012 ERA5 ERA5 
Forcing during spin up ERA5 ERA5 ERA5 
Ice SI3 IC2 and IS2 N/A 
Vertical diffusion scheme TKE closure scheme N/A N/A 
Cumulus scheme N/A N/A Zhang et al. (2011) 
Microphysical scheme N/A N/A Thompson et al. (2008) 
Radiation scheme N/A N/A Iacono et al. (2008) 
Surface layer scheme N/A N/A MYNN 
Boundary layer scheme N/A N/A MYNN 
Wave source term N/A ST4 N/A 

Fig. 1. The simulation domain of UU-CM and the color represent the sea depth 
information. 

Fig. 2. The schematic diagram of the three coupling experiments, AW, AO and AWO.  
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coupling strategies of the three coupled experiments are shown in  
Fig. 2. These five sensitivity experiments used in this study are de-
scribed in the following.  

• Control Experiments (CTL and CTL-ERA5): 

In the CTL experiment, the WRF stand-alone model is used with the 
SST and sea ice concentration from the NEMO model (the end of the 
spin-up simulation). Different from CTL, the SST and sea ice con-
centration from ERA5 are used in CTL-ERA5. During the simulation 
period, the SST and sea ice fraction are kept as constant in the two 
experiments. The sea surface roughness length is estimated by 
z0 = αu∗2/g, where κ is von Kármán's constant, u∗ is the air-side friction 
velocity, g is the acceleration due to gravity, and the Charnock coeffi-
cient α is calculated by, 

= + × U0.011 0.007 min{max[( 10)/8, 0],1.0},10 (1) 

where U10 is the mean wind speed at 10 m above the mean sea surface. 
The current velocity in the WRF model is set as 0 in the two experi-
ments.  

• Atmosphere-wave interaction experiment (AW) 

The WRF and WW3 models are used in the experiment AW. The 
WRF model provides the wind field to WW3 and WW3 provides the sea- 
state-dependent Charnock coefficient back to the WRF model. Wu et al. 
(2017) found that the coupling time step in the range 10–30 min has a 
limited influence on the simulation of storms. Thus, the coupling time is 
chosen as 10 min between WRF and WW3 in this study. The Charnnock 
coefficient in WW3 is calculated by, 

=
(1 / )in a

1/2 (2) 

where = 0.006, the wave-induced stress τin is estimated based on 2D 
wave spectrum (Janssen, 1991), and τa is the air-side stress. 

The wave attenuation and scatter in MIZs are switched on in this 
experiment (IC2 and IS2 in WW3). The details of the wave damping in 
ice refer to Appendix B in Stopa et al. (2016).  

• Atmosphere-ocean interaction experiment (AO) 

The two-way coupling between WRF and NEMO is switched on in 
this experiment. The WRF model provides the surface forcing to the 
NEMO model and NEMO provides the SST, surface currents, ice frac-
tion, and ice albedo to the atmospheric model every 10 min. The wind 
stress is estimated based on the wind speed relative to surface currents. 
All the wave-current and wave-ice interaction processes are switched 
off in the NEMO model.  

• Fully coupled experiment (AWO) 

WRF, NEMO and WW3 models are switched on in this experiment. 
The atmosphere-ocean and atmosphere-wave interaction processes are 
the same as that in AO and AW experiments, respectively. Additionally, 
the wave-current and wave-ice interaction processes are switched on in 
the NEMO model. The coupling time step between NEMO and WW3 is 
12 min. The wave-current interaction processes include Langmuir cell 
parameterisation (Axell, 2002), Stoke-Coriolis forcing, Stokes drift im-
pact on tracer and mass advection, TKE flux induced by wave breaking, 
and the wind stress balance considering wave influences, 

= .o a in ds (3) 

where τds is the stress from waves to ocean through wave breaking. See  
Table 2 for the coupling variables. For the details of the wave-current 
interaction processes please refer to Wu et al. (2019a). The wave-in-
duced radiation stress on ice, τwi, is implemented in the horizontal 
momentum equation of the ice model (Group, N.S.I.W, 2019), 

= + + + ×m u
t

F mfk u mg( ) .i a
i

o
i

wi (4)  

Here, m is the ice and snow mass per unit area, u is the ice velocity, 
Fi is the ice fraction, σ is the internal stress tensor, τa

i and τo
i are the air 

and ocean stresses acting on ice, f is the Coriolis parameter, k is the 
upward unit vector, and η is the ocean surface elevation. 

The simulation differences between CTL and CTL-ERA5 original 
from the difference of SST and sea ice. The impact of atmosphere-wave 
coupling processes on the PL simulation can be explored based on CTL 
and AW. The impact of atmosphere-ocean coupling processes on the PL 
development can be revealed through the comparison between AO and 
CTL. In addition, the ocean response to the PL can also be shown in AO. 
The comparison between AWO and CTL shows the fully coupling pro-
cesses impact on the simulation. 

Fig. 3 shows the distribution of SST and sea ice fraction at 2002-12- 
18 UTC 0000. The distribution patters of the SST and sea ice fraction 
from the NEMO model are quite similar to that from ERA5. However, 
the SST from the NEMO model is about 1 ∘C higher than that from ERA5 
in the area close to the north of Norway. Besides, the NEMO model 
captures many small scale SST patters which are not resolved in ERA5. 
One need to note that there is no data assimilation in the simulations, 
one degree temperature difference between ERA5 and NEMO simula-
tion is acceptable. 

3. Synoptic overview 

The synoptic overview of the hurricane-like PL during 18–21 
December 2002 over the Barents Sea has been discussed in Føre et al. 
(2012) based on the infrared images from the National Oceanic and 
Atmospheric Administration (NOAA) polar-orbiting satellites. See  
Section 3 in Føre et al. (2012) for details. The images at 2002-12-19 
UTC 0807, 2002-12-19 UTC 1701, 2002-12-20 UTC 0802, and 2002-12- 
20 UTC 1630 are shown in Fig. 4. 

Fig. 3. The SST and sea ice distribution at 2002-12-18 UTC 0000 (a) the result from the NEMO simulation, and (b) data from ERA5. The white lines show the contour 
line of the ice fraction with 0.6. 
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A synoptic-scale low-pressure system over the north coast of 
Norway is the precursor of the PL. With the northward movement, the 
synoptic-scale low brought cold air from the north part over the ice 
(Fig. 5a). The cold air outbreak can also be seen in the simulated out-
going long-wave radiation (Fig. 5e) which is a proxy of clouds. The 
large gradients of 1000–500 hPa thickness air mass with high potential 
vorticity (> 3 PV) was located in the northwest of the simulation do-
main (Fig. 5i and m). In the next twelve hours, the cyclonic flow 
brought the Arctic cold air mass to the east and warm air was advected 
from the Kara Sea to the Barents Sea (Fig. 5b). One can see that the 
upper-level low (with high potential vorticity) was tilted from the 
minimum sea-level pressure centre which indicates the baroclinic in-
stability during this period (Fig. 5i, j, m and n). The satellite image 
reveal spiral cloud bands surrounding a cloud-free eye was formed at 
2002-12-19 UTC 0807 (Fig. 4a) which was located at about 47.4 ∘E and 
74.1 ∘N. The center of the PL moved southwesterly with a more clear 
cloud-free eye at 2002-12-19 UTC 1701 (Fig. 4b). The simulation re-
sults from CTL show the clear eye structure a bit late. 

At 0100 UTC on 20 December, there was a clear warm core and 
cyclonic cloud bands around the cyclone eye (Fig. 5c and g). The upper 
level low and the high PV centre were roughly in the same location as 
the polar low centre (Fig. 5k and o). The gradients of the 500–1000 hPa 
thickness became weak which indicates the vanish of the baroclinic 

Fig. 4. The AVHRR images of the PL at four times: (a) 2002-12-19 UTC 0807, 
(b) 2002-12-19 UTC 1701, (c) 2002-12-20 UTC 0802, and (d) 2002-12-20 UTC 
1630. 

Fig. 5. The development of the PL from CTL. The first row shows the equivalent potential temperature at 850 hPa (color shading), wind vector at 850 hPa (black 
arrows) and the sea surface pressure (black contours, [hPa]). The outgoing long wave radiation at the top of the atmosphere is shown in the second row. The third 
row shows the potential vorticity at 500 hPa and the sea level pressure is shown as black contours. The bottom row shows the height of the 500 hPa surface (color 
shading) and the 500–1000 hPa thickness ([m], black contours). The four columns represent the time steps at 2002-12-18 UTC 15:00, 2002-12-19 UTC 01:00, 2002- 
12-20 UTC 01:00, and 2002-12-20 UTC 11:00, respectively. 
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instability. The potential vorticity in the polar low centre was more 
than 6 PV at 500 hPa height. 

At 1100 UTC on 20 December, the PL intensity was weak. However, 
the warm core shown in the equivalent potential temperature at 
850 hPa is still very clear (Fig. 5d). The potential vorticity around the 
PL centre is decreased as well as the intensity of the upper-level low 
(Fig. 5i and p). The simulated center of the PL is far north compared 
with the center shown in the satellite image (Fig. 4c). The cloud-free 
eye seen from satellite images started to vanish at 2002-12-20 UTC 

0802 and disappeared at 2002-12-20 UTC 1630 (Fig. 4c and d), which 
indicates the dissipation of the PL. 

4. Results 

4.1. PL track and intensity 

The PL centre is tracked by the minimum sea-level pressure (MSLP).  
Fig. 6 shows the PL track from 0100 UTC on 18 December to 0000 UTC 
on 21 December from the five experiments. The PL center estimated 
based the eye-free cloud location from AVHRR images from 2002-12-19 
UTC 0625 to 2002-12-21 UTC 0730 is also shown in Fig. 6. In general, 
all the experiments capture the PL center well. The PL track from CTL- 
ERA5 is too north in the early stage of the PL development compared 
with that from other experiments. The SST from NEMO is more than 1  
∘C warmer than that from ERA5 in the north coast of Norway (see  
Fig. 3). The higher SST from NEMO leads to more heat flux in the south 
part of the PL track, which enhances the convection and stretches the 
vortex. Accordingly, it changes the PL track to more south when the 
centre of the PL is in the west of 45 ∘E. 

In the early development stage of the PL, the baroclinic instability is 
likely the important physical mechanism (Føre et al., 2011) which is 
shown as a large gradient of the 500–1000 hPa thickness (Fig. 5). 
During this period, the air-sea interactions have a marginal influence on 
the PL track (roughly before the PL centre passes the 50 ∘E or before 
1200 UTC on 19 December). In the late development stage of the PL, 
the interaction processes play an important role and change the PL 
track significantly. Compared with CTL, the atmosphere-wave interac-
tion processes (AW) leads to a larger anticyclonic loop of the track close 
to the Novaya Zemlya archipelago. In contrast, the atmosphere-ocean 

Fig. 6. The track of the PL from 3 hourly output data of the experiments during 
2002-12-18 UTC 0100 and 2002-12-21 UTC 0000. The PL eye centers estimated 
from NOAA AVHRR images during 2002-12-19 UTC 0625 to 2002-12-21 UTC 
0730 are shown as the green dashed line. The inserted figure is the PL center at 
UTC 1000 on 19 December. The clour contour shows the ice fraction from the 
experiment CTL. 

Fig. 7. The MSLP of the PL (a), (b) the surface maximum wind speed at 10 m, (c) the maximum latent heat flux, (d) the maximum sensible heat flux, the mean latent 
heat flux (e) and (f) sensible heat flux. The maximum and mean values are calculated from the areas within the 200 km from the PL center. 
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interaction processes (AO) reduce the anticyclonic loop size of the PL 
track. The fully coupled model (AWO) has a similar PL track as that 
from the experiment AO. The PL track differences are mainly due to the 
difference of the heat flux distribution caused by atmosphere-wave- 
ocean/ice interactions. 

Fig. 7 shows the MSLP, the maximum surface wind speed at 10 m, 
the maximum latent and sensible heat fluxes, and the mean latent and 
sensible heat fluxes (the values are calculated from the areas within 
200 km radius from the PL centre (Kolstad et al., 2016) which is 
roughly the size of the PL). The hour in the following figures represents 
the simulation time from 0100 UTC on 18 December. The difference in 
the maximum latent and sensible heat fluxes from CTL is more than 50 
and 200 W m−2, respectively. The mean heat flux from CTL-ERA5 is 
more than 50 W m−2 which is less than that from CTL in the early stage 
of the PL development (Fig. 7c-f). However, the heat flux difference 
does not make a significant difference on the MSLP and maximum wind 
speed at 10 m before hour 36 which is because the baroclinic energy 
conversion is an important physical mechanism during this period. 
After hour 36, the role of the baroclinic instability is weak and the less 
heat flux in CTL-ERA5 leads to about 2 hPa higher MSLP than that from 
CTL (Fig. 7a). 

Adding the atmosphere-wave interactions (AW) reduces the PL in-
tensity up to 1 hPa in term of MSLP after hour 40 (Fig. 5a). However, 
the difference between AW and CTL is not significant in terms of the 
mean heat flux, maximum heat flux, and maximum wind speed at 10 m 
(Fig. 5b-d). 

Atmosphere-ocean interaction processes (AO) enhance the intensity 
of the PL up to 1 hPa in term of MSLP (Fig. 5a) when comparing with 
the results from CTL. The heat fluxes are slightly increased when adding 
atmosphere-ocean interactions. 

The fully coupled experiment (AWO) has the lowest MSLP in the 
five experiments 5a). Both the mean latent and sensible heat fluxes are 
increased after hour 40 compared with that from the other experiments. 
Compared with the experiment adding only atmosphere-wave (AW) or 
atmosphere-ocean (AO) coupling, the fully coupled experiment has a 
more significant influence on the PL. 

Fig. 8a shows the total precipitation from CTL between 0100 UTC 
on 18 December and 0000 UTC on 21 December. The maximum pre-
cipitation areas are in the north coast of Norway and the west of the 
Novaya Zemlya archipelago, and the total precipitation is more than 
70 mm. The atmosphere-wave coupling processes (AW) impact on the 
precipitation is mainly in the areas with the anticyclone loop of the 
track. Compared with CTL, the AW has less precipitation (up to 12 mm 
difference) in the centre of the loop but more precipitation (up to 
10 mm difference) in the outer ring of the PL loop track (Fig. 8b). The 
atmosphere-ocean coupling (AO) increases the precipitation in the area 
close to the Novaya Zemlya archipelago. However, AO has significantly 
less precipitation (up to 13 mm) close to the ice edge (Fig. 8c) which is 
due to the increase of ice coverage during the PL. In general, the wave 
coupling processes (AWO-AO) increase the total precipitation (Fig. 8d). 

The time series of the mean precipitation (the total precipitation 
divided by the total area of the domain) is shown in Fig. 8e. The pre-
cipitation from CTL-ERA5 is significantly less than that from the control 
experiment CTL. In addition, there are two peaks of the precipitation 
except in CTL-ERA5, i.e., hour 28 and 45. Compared with other cou-
pling processes, the atmosphere-ocean interactions have a much larger 
influence on the precipitation which reduce the precipitation after hour 
25. The atmosphere-wave coupling does not change significantly the 
mean precipitation. The AWO increases the mean precipitation com-
pared with that from AO after hour 25. 

The thermal wind of the PL is calculated by (Kolstad and 

Bracegirdle, 2017), 

=V Z Z
lnp

( )
T
L max min

hPa

hPa

800

700

(5) 

where Zmax and Zmin are the maximum and minimum values of the 
geopotential height at a specified pressure level inside a circular region 
with a 200 km radius around the PL centre. A warm-core system with 
strong surface winds is represented with a positive value of −VT

L 

(Kolstad and Bracegirdle, 2017). Fig. 9 shows the thermal wind in-
dicator from the five experiments. The thermal wind indicator from CTL 
is much lower than that from the other experiments because of the low 
intensity of the PL. The atmosphere-wave coupling processes (AW) have 
a limited influence on the thermal wind. In general, the atmosphere- 
ocean coupling (AO) significantly increases the thermal wind indicator 
which means it increases the warm core after hour 20. The wave cou-
pling processes (the difference between AWO and AO) increase slightly 
the thermal wind indicator during the most intensive period which 
agrees with the results shown in the vertical structure (see Fig. 18). 

4.2. Ocean response 

The SST from the Advanced Microwave Scanning Radiometer 
(AMSR-E) is shown in Fig. 10a, and the simulation result from AWO at 
the same time is shown in Fig. 10b. One can see that the simulation 
captures the SST distribution well with slightly lower SST. The time 
series of the mean SST around the PL centre (200 km) is shown in  
Fig. 11a for the experiment CTL. In the first 10 h, the mean SST de-
creases quickly which is because that the PL move northward from 
warm to cold water areas (see Fig. 3a). Much heat fluxes are transferred 
from the ocean to the atmosphere which leads to the lower SST in AO 
compared with that from CTL (constant SST during the simulation) in 
the first 20 h. However, the mean SST from AO is higher than that from 
CTL after hour 20 (Fig. 11b), which is mainly because that the high 
wind-induced mixing brings deep warm water to the surface in the area 
close to the ice edge where the ocean temperature inversion exists. In 
addition, the PL track from AO is a bit south compared with that from 
CTL where the SST is warm, which also contributes to the SST differ-
ence between AO and CTL. The PL track does not have significant dif-
ferences between the results from AO and AWO. Thus, the mean SST 
difference between AO and AWO is mainly from the wave coupling 
processes. One can see that the wave-current/ice interactions increase 
the mean SST up to 0.5 ∘C which is due to the mixing enhanced by 
waves (e.g., Stokes drift related processes) and sea-state-dependent 
stress. Consequently, the heat fluxes is larger in AO and AWO than that 
from CTL between hour 40 and 60 (see Fig. 7e and f). 

Fig. 12a shows the difference of SST between 0000 UTC on 21 
December and 0100 UTC on 18th December (the SST does not change 
with time in CTL). The attached cold and warm patterns indicate that 
many small scale systems (e.g., oceanic eddies) shift away from their 
original locations during the PL. The SST difference induced by the 
movement of small scale systems can change the spatial distribution of 
the heat flux (Villas Bôas et al., 2015) and affect the PL development 
indirectly. The SST data from AMSR-E indicates that there is a sea 
surface warming during the PL (see Fig. 10c). A higher SST is shown in 
the area close to the Novaya Zemlya archipelago after the PL which 
agrees with the results shown in Fig. 11 that the SST warming induced 
by upper-ocean mixing is the dominated factor compared with the SST 
cooling due to heat fluxes. However, the AO experiment underestimates 
the surface warming during the PL (not shown). 

The impact of wave-current and wave-ice interaction on the SST at 
the end of the simulation is shown in Fig. 12b. In general, the wave- 
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Fig. 8. The total precipitation (between 0100 UTC December 18 and 0000 UTC December 21) from CTL (a), the total precipitation difference between AW and CTL 
(b), (c) AO and CTL, (d) AWO and AO. The mean precipitation over the simulation domain (e) for all the simulations. 

Fig. 9. The thermal wind indicator calculated using Eq. 5 for the five experiments.  
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current/ice interaction processes increase the SST and the maximum 
difference is more than 1.5 ∘C. Compared with satellite SST data, AWO 
captures the sea surface warming well (Fig. 10d). The time series of the 
SST in the cross point in Fig. 12b is shown in Fig. 12c. The SST in AO is 
slightly decreased during the PL passing this point (the black line in  
Fig. 12c). However, the SST increases about 1 ∘C during the PL when 
adding the wave-current/ice interaction processes. There is no sig-
nificant wind speed difference between AO and AWO (Fig. 12). Thus, 
the wave-current/ice interaction as well as the wave-atmosphere 

Fig. 10. The SST at 2002-12-18 UTC 1000 from the Advanced Microwave Scanning Radiometer (AMSR-E) (a) and (b) from AWO, the SST difference between 2002- 
12-20 UTC 1000 and 2002-12-18 UTC 1000 from AMSR-E (c) and (d) from AWO. 

Fig. 11. The mean SST around the PL center from CTL (a) and (b) the mean SST 
difference between the results from AO/AWO and CTL. 

Fig. 12. The SST difference between AO and CTL at the end of the simulation 
(a), (b) the SST difference between AWO and AO, (c) the time series of the SST, 
and (d) the mean wind speed at 10 m at the cross point shown in (b). 
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interaction processes are the main driven forces of the SST difference. 
The upper panel of Fig. 13 shows the temperature and salinity 

profile from the experiment AO at the cross point shown in Fig. 12b. 
The vertical eddy diffusivity is shown in Fig. 14a. The upper layer water 
temperature is much colder than that of the deeper layer water, and the 
salinity in the upper ocean layer is smaller than the lower layer. During 
the PL passing this location, the temperature decreases due large heat 
fluxes, however, it increases after the PL passes this location. The mixed 
layer depth is decreased (the dashed line in Fig. 13c) and the tem-
perature inversion is strong after hour 40 when the PL centre passes. 

The variation of the salinity has a similar patter as that of the tem-
perature. Unsurprisingly, the variation of vertical eddy diffusivity has 
the same pattern as the wind speed (Fig. 12d). The lowest eddy diffu-
sivity is shown when the PL center passing by. Compared with AO, the 
lowest eddy diffusivity is much higher in AO after the PL passed which 
is mainly due to the wave-current/ice interaction processes. The in-
creased wind enhances the upper ocean mixing in AWO and decreases 
the mixed layer depth (the solid line in Fig. 13c). One can see that 
adding the wave-current/ice and wave-atmosphere interaction pro-
cesses increases the SST significantly (more than 1 ∘C) in the upper 

Fig. 13. The profile of water temperature (a) and salinity (b) changes with time at the cross location shown in Fig. 12b from AO, the temperature (c) and salinity (d) 
difference between AWO and AO. The black solid and dashed lines in (b) represent the mixed layer depth from AO and AWO. 

Fig. 14. The variation of vertical eddy diffusivity profile with time at cross location shown in Fig. 12b from AO, and (b) the difference between AWO and AO.  
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ocean layer (< 60 m) but decreases the temperature (more than 1 ∘C) in 
the layer between 70 and 120 m (Fig. 13c) which agrees with the results 
from Wu et al. (2015a) that the wave-current interaction can enhance 
the upper ocean mixing. Similarly, the enhanced mixing bring more salt 
water to the surface and relative fresh water to a deeper layer 
(Fig. 13d). 

The sea ice fraction difference between the AO and CTL at the end of 
the simulation is shown in Fig. 15 which is due to the PL impact (the sea 
ice fraction does not change with time in CTL). One can see that the sea 
ice increases significantly in the northern ice edge which leads to the 
reduction of the precipitation in those areas (see Fig. 8). The increase of 
the sea ice fraction in the northern ice edge is mainly due to the cold air 

Fig. 15. The sea ice fraction difference between AO and CTL (a), and (b) the difference between AWO and AO at UTC 000 on 21 December.  

Fig. 16. The significant wave height (a) and (c) Charnock coefficient from AW at UTC 000 on 21 December, and the difference of the significant wave height (b) and 
Charnock coefficient (d) between AWO and AW at UTC 000 on 21 December, (e) the time series of the significant wave height at the cross point shown in Fig. 12b. 
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from the Arctic brought by the anticyclonic flow during the PL (see  
Fig. 5a-d). In contrast, warmer air is advected into the south of the 
Novaya Zemlya archipelago which reduces the ice fraction. Compared 
with AO, the wave related processes reduce the ice fraction in the areas 
where the PL track has an anticyclone loop (Fig. 15b). The reduction of 
the sea ice is because that the wave coupling processes enhance the 
upper ocean mixing and increase the sea temperature at the ice edge. 

Fig. 16a and c show the distribution of the significant wave height 
and Charnock coefficient from AW at 0000 UTC on 21 December, re-
spectively. The significant wave height decreases significantly closing 
to the ice edge because waves propagating into the MIZ are significantly 
dissipated by ice. The spatial distribution of the Charnock coefficient 
differs from the wind (wave) distribution since it is mainly determined 
by the wave state (Eq. 2). Compared with AW, the significant wave 
height and Charnock coefficient are reduced close to the ice edge (ex-
cept the areas close to the Novaya Zemlya archipelago) sine the ice 
fraction is increased in AWO (Fig. 15). For the areas close to the Novaya 
Zemlya archipelago, the increased wave height and Charnock coeffi-
cient mainly result from the differences in wind speed and sea state. The 
time series of the significant wave height at the cross point in Fig. 12b 
are shown in Fig. 16e. The mean difference of Hs between AW and AWO 
is shown after hour 40 due to ice fraction difference in the nearby areas. 

4.3. Vertical structure 

The structure of the PL at UTC 1000 on 19 December is investigated 
in this subsection, when the MSLP is about 963 hPa. The location of the 
PL does not have significant differences among the experiments (see the 
insert subplot in Fig. 6). Fig. 17 shows the surface wind (U10), the latent 
heat flux, the sensible heat flux, and the relative humidity at 2 m. A 
clear hurricane eye structure with low wind, low heat fluxes and low 
relative humidity can be seen. Around the cyclone eye, there is a high 

wind speed cloud wall structure with relatively high heat fluxes. The 
cross-section indicated in Fig. 17a (the white line) is used to investigate 
the coupling processes impact on the vertical structure of the PL at this 
time step. 

Figs. 18a and 19a show the vertical cross-section of the potential 
temperature and humidity from CTL, respectively. The middle point of 
the x-axis is the centre of the PL. There is a clear humid (> 1.8 g kg−1) 
and warm-core (−3 ∘C) which extends up to 3 km. The potential tem-
perature in the PL centre is more than 5 ∘C higher than the temperature 
about 100 km away from the centre near the surface. The horizontal 
wind speed is less than 5 ms−1 at the centre of the PL at this time step. 
The horizontal wind speed increases quickly with the distance away 
from the centre of the PL which is up to 25 ms−1 about 50 km away 
from the centre in the surface. The humidity decreases with the distance 
away from the PL centre (Fig. 18a). There is upward flow around the 
eyewall, in contrast, a downward flow is around the edge of the eyewall 
(Fig. 19a). 

Compared with CTL, the atmosphere-wave coupling processes (AW) 
reduce the potential temperature and humidity about 0.3 ∘C and 0.1 
gkg−1 in the PL center (Figs. 18b and 19b), respectively. However, AW 
decreases significantly the potential temperature (up to 2 degrees) and 
the humidity (up to 0.35 gkg−1) in the north of the PL below 2.5 km, 
respectively. In general, the potential temperature from AW is higher 
than that from the control experiment (CTL) in the layer higher than 
2.5 km. The horizontal wind speed from AW is more than 2 ms−1 higher 
in the PL centre than that from CTL and the high wind speed areas are 
shifted to a bit north. From the vertical wind speed distribution 
(Fig. 19b), one can see that the AW has a relatively narrow upward flow 
area in the eyewall and a larger downward flow area in the north of the 
PL centre. 

The centre of the PL at UTC 1000 on 19 December from AO (i.e., 
adding atmosphere-ocean interaction processes) is a bit north than that 

Fig. 17. The mean wind speed at 10 m (a), (b) the latent heat flux, (c) the sensible heat flux, and (d) the relative humidity from CTL at 2 m at hour 34 (UTC 1000 on 
19 December). 

L. Wu   Atmospheric Research 248 (2021) 105183

12



from CTL (see Fig. 6) which is also shown in the horizontal mean wind 
speed distribution (Fig. 18c). Compared with CTL, the potential tem-
perature from AO is significantly higher (up to 1.5 ∘C) in the north of PL 
centre. In contrast, the potential temperature in the south of the PL 
centre is more than 0.5 ∘C lower than that from CTL. The upward flow is 
intensified (up to 0.2 ms−1) in AO due to the atmosphere-ocean inter-
actions (Fig. 19c). There is a weak downward motion flow between two 
intensive upward motion flow around the PL centre. The upward flow 
brings more humid air from the surface to higher layers and increases 
the humidity in the experiment AO. 

Compared with AO, the wave coupling processes increase the po-
tential temperature which extents a larger area (Fig. 18d) because of 
the higher SST and heat fluxes induced by wave coupling processes. The 
upward vertical velocity is decreased in the north of the PL centre but 
increased in the south of the PL centre in AWO. The humidity of the PL 
centre is increased compared with that from AO. The differences be-
tween AWO and AO are mainly because the wave coupling processes 
decrease the SST gradient in the surface and make the upward and 
downward flow distribution more symmetry (Fig. 19d). 

5. Discussion 

The interaction processes between atmosphere, ocean, waves and 
ice are complex and important, which cannot be accurately described in 
traditional atmospheric stand-alone models (Ricchi et al., 2016; Wu 
et al., 2019a; Varlas et al., 2020). In this study, a hurricane-like PL close 
to the ice edge during 18–21 December 2002 over the Barents Sea is 
simulated using a fully coupled system to investigate the role of the 
coupling processes on the PL development. The interaction processes 

implemented in UU-CM include the sea-state-dependent momentum 
and TKE flux, the CSF and Stokes drift induced mass and tracer ad-
vection, the Langmuir circulation, the ocean current impact on the wind 
stress, the ice-albedo, wave dissipation and scattering by ice, and the 
wave-radiation stress acted on ice momentum equations. 

The simulation of the PL is sensitive to the SST which is proved by 
the comparison between CTL and CTL-ERA5. The SST difference from 
the two experiments is up to more than 1 K in some areas. Besides, the 
resolution of SST in ERA5 is much lower than that from the NEMO. The 
SST difference leads to a significant difference in the PL simulation 
through changing the surface heat flux which indirectly changes the 
condensational heating (see the precipitation difference). Ocean eddies 
are plentiful in the ocean which can affect the heat flux as well as the 
development of cyclones. Warm eddies play an insulator role against 
the negative feedback from the ocean to the atmosphere during cy-
clones (Lin et al., 2005; Wu et al., 2007). In contrast, cold eddies have a 
negative influence on the development of cyclones (Ma et al., 2013). 
The eddies in the high-resolution SST data from NEMO in CTL also 
contribute to the PL simulation difference between CTL-ERA5 and CTL. 
In addition to the SST changes induced by the heat loss to the atmo-
sphere, the eddies movement can also contribute to the simulation 
difference of the PL. 

The atmosphere-wave coupling affects the PL simulation through 
changing the Charnock coefficient which is used to calculate the 
roughness length in the atmospheric model. The roughness length is 
also used to estimate the momentum and heat fluxes in the model. Thus, 
the atmosphere-wave coupling (AW) changes the PL structure by 
changing the spatial distribution of the Charnock coefficient. Under low 
wind conditions (U10  <  5ms−1), the roughness length calculated from 

Fig. 18. The cross section of the potential temperature and horizontal wind speed from CTL (a), and the difference of the potential temperature and horizontal wind 
speed between (b) AW and CTL, (c) AO and CTL, and (d) AWO and CTL. The contours interval is every 1 ms−1 and the solid and dashed lines in (b)-(d) represent the 
negative and positive values, respectively. 
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the wave model is smaller than that from the stand-alone WRF model 
(Wu et al., 2019a). Accordingly, the core of the PL has higher wind 
speed and drier mass in AW (see Figs. 18b and 19b). For this PL case, 
the atmosphere-wave coupling (AW) has a marginal influence on the PL 
intensity. One possible reason is that the sea spray influence is not 
considered in the model. As shown in Andreas and Emanuel (2001); Wu 
et al. (2015b) and Rizza et al. (2018), sea sprays can significantly in-
tensify the cyclone by reducing the drag coefficient and increasing the 
heat flux. 

The atmosphere-ocean coupling processes are more important than 
the other coupling processes investigated in this study for the PL si-
mulation. In general, the atmosphere-ocean coupling processes reduce 
slightly the SST since the ocean losses much heat to the atmosphere in 
the areas far away from the ice edge. There are two processes control 
the changes of the SST, (1) SST cooling due to large heat fluxes trans-
ferred to the atmosphere induced by large air-sea temperature differ-
ences under high winds, and (2) SST warming/cooling induced by the 
suction of warm/cold water from a deeper layer resulted from upper 
ocean mixing processes under high winds. In the first stage of the PL 
development, there are either no temperature inversions or the tem-
perature inversions are in a much deep layer that the upper ocean 
mixing cannot bring the deep water to the surface. Thus, the SST is 
decreased during the first stage of the PL development. However, the 
baroclinic instability is the dominating factor and the decreased SST 
does not have significant negative feedback on the PL development. 
When the PL is close to the ice edge where there are significant tem-
perature inversions in a relatively shallow layer, the second process 
dominates the SST change which bring deep layer warm water to the 
surface and increases the SST (Fig. 11). Besides, the PL moves slowly 

and has an anticyclonic loop of the track in the area close to the ice edge 
which enhances the role of the turbulent induced warm water to the 
surface. The PL induced sea surface temperature warming from the 
model simulations agrees with the satellite measurements (Fig. 10c) 
and the results shown in Sætra et al. (2008). As a consequence, the SST 
warming enhances the PL intensity (see Fig. 7a) during the period that 
the baroclinic instability vanishes. In contrast, the second process re-
duces the SST and has negative feedback on the development of tropical 
cyclones since the deeper water is cooler than the surface water in 
tropical areas. In addition to the thermal dynamical feedback, the 
mechanical coupling processes alter the energy transfer between the 
atmosphere and ocean through changing the surface wind stress. When 
the wind is aligned (oppose) with the current direction, the current 
coupling reduces (increases) the momentum and heat transfer. Over the 
ice, the surface albedo calculated in the ice model is more physically 
correct which is different from the one estimated in the WRF model 
based on the ice fraction. The PL only last for a short time period, thus, 
the albedo may do not have a significant influence on the PL devel-
opment. The atmosphere-ocean coupling affects the condensational 
heat and precipitation by modifying the moisture flux. 

Wave-current interaction processes change the upper ocean mixing 
through CSF, Langmuir turbulent, sea-state-dependent momentum flux, 
and etc. In general, adding the wave-current interaction processes in-
creases the SST in the areas close to the ice edge where the temperature 
inversions are significant. Compared with low wind speed conditions, 
the wave-current interactions enhance the upper ocean mixing more 
significantly in high wind speed areas since the CSF and Langmuir 
turbulence are much larger (Wu et al., 2015a). Those processes bring 
warmer deep water to the ocean surface which plays positive feedback 

Fig. 19. The cross section of the humidity from CTL represented by the color (a), and the difference of the humidity between (b) AW and CTL, (c) AO and CTL, and (d) 
AWO and CTL. The contours represents the vertical wind speed in (a) CTL, (b) AW, (C) AO, and (d) AWO. The interval of the contours is 0.2 ms−1 and the solid and 
dashed lines represent the negative and positive values, respectively. 
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on the PL development. The SST warming increases the moisture flux to 
the atmosphere and the PL precipitation (Fig. 8) which leads to a 
warmer PL core (Fig. 18). The oceanic currents can increase (decrease) 
the wave height when the wave direction is opposing (align) to the 
wind direction through the dropper shift. As a result, it can change the 
sea surface roughness as well as the momentum and heat fluxes. 

Ocean waves dissipate significantly when they propagating to the 
MIZ, which affect the surface roughness and wave-induced upper ocean 
mixing accordingly. Besides, the wave radiation stress acted on ice re-
duces the ice fraction in some areas (Fig. 15b). Those processes can 
indirectly alter the PL development. In addition, the nonlinear feedback 
processes make the role (positive or negative feedback) of the wave- 
current/ice interaction processes on the PL development varies with 
cases. 

In the study of Long and Perrie (2012), the increase of open water 
does not have a significant effect on the storm track. However, for the 
PL case simulated in this study, the changes in sea ice fraction do have 
some influences on the PL track. One possible reason is that the wind 
speed, as well as the surface heat flux, are intensive in this case and the 
surface heat fluxes are the fuel of the PL in its late development stage 
(Føre et al., 2012). The coupling processes impact on the PL simulation 
is mainly from the surface energy flux which can indirectly affect other 
processes. Different mechanisms, i.e., surface energy flux, condensa-
tional heating, upper-level potential vorticity forcing, may play a dif-
ferent role for different PL cases (Føre et al., 2011). The role of surface 
energy (and the coupling processes) on the development of PLs varies 
from case to case. 

6. Conclusions 

In this study, a PL over the Barents Sea during 18–21 December 
2002 is simulated using an atmosphere-wave-ocean/ice coupled system 
(UU-CM). The atmosphere-wave-ocean/ice interaction processes im-
plemented in the UU-CM include the sea-state-dependent air- and 
water-side momentum fluxes, sea-state-dependent TKE flux to the 
ocean, CSF, Stokes drift induced tracer and mass advection, Langmuir 
turbulence, wave dissipation and scattering by ice, and wave-induced 
radiation stress acted on ice. Based on five sensitivity experiments, the 
atmosphere-wave-ocean/ice coupling impact on the PL simulation is 
investigated. 

The SST data source is important for the PL simulation in terms of 
the PL track and intensity based on the comparison of the simulations 
using the SST from ERA5 and NEMO model. The PL induced high wind 
can change the ice fraction significantly and alter the precipitation near 
the ice edge. Compared with other coupling processes, atmosphere- 
ocean interaction processes have a relatively larger influence on the PL 
simulation in terms of the PL track, intensity and precipitation during 
the period that the baroclinic instability vanishes. When the PL is close 
to the ice edge, the atmosphere-ocean interactions increase the SST and 
enhances the PL intensity, which differs from previous studies that the 
atmosphere-ocean coupling has negative feedback on the development 
of cyclones through large heat fluxes. The positive feedback from the 
atmosphere-ocean interactions is mainly due to the warm surface water 
which is brought by the upper ocean mixing in the areas with shallow 
oceanic temperature inversions. The wave coupling processes enhance 
the SST warming in the area close to the ice edge which decreases the 
MSLP and increases the precipitation. 

From the case study, we conclude that the atmosphere-wave-ocean/ 
ice coupling processes are important for the PL simulation. Their role in 
different PLs needs to be future investigated. 
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