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Abstract
Marine heatwaves (MHWs) can cause devastating impacts in coastal marine ecosystems, particularly in shallow marginal 
seas, thereby making the understanding of the drivers of these events of paramount importance. Here, drivers for summer 
and winter MHWs are explored for the period 1980–2016 in the Baltic Sea, a mid-latitude marginal sea with a permanent 
haline water-column stratification located on the northwestern European shelf. It was found that summer MHWs are mainly 
forced by local meteorological conditions over the open water. They are caused by a dominant blocking over Scandinavia 
promoting anomalous strong shortwave downflux, calm winds, and low vertical mixing with colder sub-thermocline waters. 
Wintertime MHWs are linked to the advection of warm and moist air originating from the North Atlantic. These air masses 
lower the oceanic net heat loss at the sea surface primarily in the form of reduced latent and sensible heat losses. Vertical 
ocean dynamics are also affected during winter MHWs. This study finds a strengthened coastal up- and downwelling due to 
anomalous strong westerly winds during the time before MHWs culminate in their maximal surface extension.

1 Introduction

Periods of anomalous warm water temperatures can consti-
tute a serious threat for ecosystems (Post et al. 2009; Beger 
et al. 2014) with cascading effects into higher trophic organ-
isms such as marine mammals and seabirds (Huntington 
2009). Marine heatwaves (MHWs) are expected to occur 
more frequently and with greater intensity along with global 
warming (Qiu et al. 2021; Li and Donner 2022; Benthuysen 
et al. 2020; Hobday et al. 2016; Oliver et al. 2018). The 
Baltic Sea is a prominent example how anomalous warm 
waters can negatively influence the marine ecosystem and 
fishery economics. In recent years, the western Baltic Sea 
frequently experienced anomalous warm winters, which 
caused extraordinary early hatching of herring larvae in 
spring, resulting in a dramatic and potentially irrevers-
ible decline of the herring population (Polte et al. 2021). 
Moreover, there is strong evidence that the economically 
most important fish species in the Baltic Sea, i.e. cod has 

reached a tipping point because current exploitation levels 
do not account for the warming water masses along with 
climate change (Möllmann et al. 2021; Receveur et al. 2022). 
Moreover, in 2018, when central Europe was impacted by an 
extraordinary strong atmospheric heat wave (Kueh and Lin 
2020) the Baltic Sea experienced the largest hypoxic area 
throughout the worlds coastal seas (Meier et al. 2021; Krapf 
et al. 2022). Consequently, the recent extraordinary warm 
years strongly stimulated scientific research as well as the 
public awareness concerning MHWs in the Baltic Sea region 
(Suursaar 2020; Goebeler et al. 2022; Möllmann et al. 2021).

High latitude regions like the Arctic and the Baltic 
Sea have warmed up significantly faster than other world 
regions during the last four decades (Rantanen et  al. 
2022; Meier et al. 2022a, b) and thus increased the risk 
for MHWs. Furthermore, their perennial haline stratifica-
tion limits the downward heat transport to ocean interior 
by mixing. However, local driving mechanisms for MHWs 
in stratified sub-polar regions are not yet fully understood 
and moreover, may be diverse according to the specific 
oceanographic and climatic conditions of the region and 
with respect to the season. For example, diminishing sea 
ice may lead to an increased absorption of solar radiation 
but on the other hand, can promote an increased heat flux 
out of the ocean when more open seawater is exposed to 
the cooler atmosphere in particular during the cold season. 
A first general framework for analyzing the broad-scale 
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driver of MHWs was given in Holbrook et al. (2019) who 
found that MHWs often correlate with distinct phases of 
binary climate modes such as the North Atlantic Oscilla-
tion (NAO) or the El Nino Southern Oscillation.

So far, MHWs have been robustly evaluated and cat-
egorized on a global scale for the historical period and in 
future climate change projections in the framework of the 
Coupled Model Intercomparison project (Qiu et al. 2021) 
as well as in global hindcast studies or reanalysis data 
(Vogt et al. 2022). However, global assessments should 
not be rendered without caution on coastal seas which 
include many local processes not accounted for in global 
models. Regional high resolution studies are however still 
rare (Behrens et al. 2022) and the relevant processes trig-
gering MHWs varies with location and thus, can not be 
generalized.

The Baltic Sea, a marginal ocean basin located on the 
NW European shelf, is an excellent natural laboratory to 
study ocean–atmosphere interactions triggering MHWs. The 
Baltic Sea region is among the fastest warming oceans in the 
World (Meier et al. 2022b; Christensen et al. 2022; Dutheil 
et al. 2022) and a prominent example for record breaking 
temperatures (Meier et al. 2017). It is an estuarine sea with 
a surface area of approximately ∼ 420,000  km2 and a water 
body of ∼ 20,000   km3 with no direct connection to the 
open ocean (Fig. 1a). Oceanographic conditions range from 
almost fully marine in the southwest to nearly limnic condi-
tions in the north. Inflow of salt water is restricted to small 
channels with a maximum width of 200 m and up to 10 m 
depth between Denmark and Sweden. Sporadic saltwater 
inflows from the adjacent North Sea maintain a permanent 
haline stratification with a strong halocline at depths ranging 

Fig. 1  a RCA4-Euro-Cordex model domain including land eleva-
tion. b Ocean bathymetry of the ocean model for the Baltic Sea. Not 
shown is the extention over the North Sea. The red star indicates the 
monitoring station BY15. c Modelled multi-year (1980–2016) aver-
age seasonal cycle of water temperature profile at BY15. Note the 

temperature scale is cut off above 6 ◦ C and below 3 ◦ C in order to 
visualize the vertical thermal layering around the halocline. d Maxi-
mum winter (DJFM) temperature in the water column expressed as 
the difference to the surface temperature. Shown is an average over 
the years 1980–2016
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between 60 and 80 m. The presence of sea ice is restricted 
to the cold season.

For the analysis of atmospheric drivers and ocean feed-
backs, the days or weeks during which the MHWs develops 
are essential. Since the duration of MHWs is usually shorter 
than seasonal atmospheric modes (such as NAO), this study 
explores the role of synoptical weather patterns in the gen-
esis of MHWs using the concept of weather regimes (Grams 
et al. 2017).

Besides the atmospheric preconditioning, MHWs can be 
further shaped by internal ocean dynamics that control the 
vertical heat exchange. In particular the role of the mixed 
layer thickness has been emphasized recently (Elzahaby 
et al. 2022). In addition, a concise feature of haline strati-
fied seas like the Arctic and the Baltic Sea is the presence of 
a warm deep-water body overlain by a cold halocline surface 
layer. In the Baltic Sea such conditions are restricted to the 
cold season and are primarily the result of summer to winter 
vertical heat distribution: Intense solar radiation leads to a 
rapid warming of the surface layer and establishes a strong 
thermocline in June (Fig. 1c). Convectives mixing, and also 
wind mixing with the start of the storm season in autumn, 
export warm surface waters to deeper layers. Subsequent 
surface cooling over the winter months leads to incorpo-
ration of warm sub-halocline waters in the water column 
(Gröger et al. 2022b). As a result, the water temperature 
found around the halocline can be up to 4 ◦ C higher than 
at the surface (Fig. 1c, d). Overall, in the Baltic Sea, the 
halocline barrier leads to the characteristic feature with a 
cold intermediate layer in the warm season (e.g. Dutheil 
et al. 2023) and the presence of a deep warm water body in 
winter with a temperature maximum between 60 and 100 m 
depth (Fig. 1c). The role of deep warm water reservoirs as a 
potential heat source for MHWs has not been studied so far 
neither in the Baltic Sea nor elsewhere.

Finally, the Baltic Sea’s marked halocline layer, it’s 
intense air-sea thermal coupling (Gröger et al. 2015), the 
presence of sea ice, and its strong sensitivity to climate 
warming make this sea an ideal laboratory exemplary for 
sub-polar halocline marginal ocean basins.

2  Methods

2.1  Coupled ocean–atmosphere model

The hindcast data used in this study were produced with the 
coupled ocean–atmosphere model RCA4-NEMO (Gröger 
et al. 2015; Dieterich et al. 2019) which has been forced 
with ERA-Interim reanalysis data (Dee et al. 2011) for the 
period 1980–2016.

The atmospheric component is the Rossby Center 
regional Atmosphere model (RCA, Samuelsson et al. 2011). 

The model grid has a horizontal resolution of ∼ 24 km and 
vertically resolves the atmosphere by 40 levels. At the lat-
eral boundaries RCA4 was driven by 6-hourly temperature, 
humidity, and wind components derived from ERA-I. At 
the lower boundary ECOCLIMAP (Champeaux et al. 2005) 
was used to calculate energy and mass fluxes at the land-sea 
interface. For the open ocean of the Atlantic, the Arctic, and 
Mediterranean ERA-SST and sea ice fields were prescribed 
to calculate air-sea fluxes. For the North Sea and Baltic Sea, 
a 3D ocean general circulation model based on Nucleus 
NEMO-3.3 (Madec et al. 2017) was interactively coupled 
to RCA. NEMO communicates SST, sea ice, temperature, 
ice albedo, and sea ice fraction (Gröger et al. 2015). NEMO 
receives mass and energy fluxes derived from RCA and 
prognostically calculates water temperature and salinity, sea 
level, and ocean currents. NEMO is set up with a horizontal 
resolution of two nautical miles and resolves the water col-
umn by 56 levels, which range in thickness between 3 m at 
the surface, and up to 22 m near the seabed. The coupling 
time step with RCA4 is 3 h. At the northern and western 
lateral boundary to the North Atlantic sea surface height 
(SSH) was used to calculate volume in- and outflow. The 
SSH variations, and the temperature and salinity profiles 
along the open boundaries were derived from the ECMWF 
ocean reanalysis system ORAS4 (Balmaseda et al. 2013) and 
are modulated by 11 tidal components. Further details on 
RCA4-NEMO, the interactive air-sea coupling and compre-
hensive model validations are available from the literature 
(Gröger et al. 2015, 2021; Dieterich et al. 2019). The model 
has been used in numerous previous regional climate studies 
in Europe (Gröger et al. 2019, 2021, 2022a; Dieterich et al. 
2019; Meier et al. 2022a, b; Wåhlström et al. 2020, 2022).

2.2  Definition of marine heatwaves

MHWs are defined and categorized according to Hobday 
et al. (2016, 2018):

From the multi-year (1980–2016) daily SST time series: 

1. The calendar-day of the year (DOY, hereafter) mean cli-
matology (1979–2016) is calculated within an 11-day 
window centered around the respective DOY.

2. The DOY 90th percentile is calculated using the same 
window. No further running 31 day window smoothing 
was applied on the resulting DOY 90th percentile.

3. The difference (2) minus (1) is calculated.
4. Multiples of (3) are used to define thresholds for dif-

ferent the MHW categories for every calendar day and 
every grid cell.

5. The simulated daily SST time series (1980–2016) is 
evaluated. A category I MHW day is defined if the dif-
ference between the simulated daily mean SST minus (1) 
exceeds (3). A category II heatwave day is defined if the 
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difference between the simulated daily mean SST minus 
(1) exceeds (3) by a factor of 2 and so on.

6. Tor every day, the total area extent  (km2) of the ocean 
surface is calculated that was categorized as MHW.

7. Finally, for each year the seasonal maximum MHW 
extent for summer (JJASO) and winter (DJFM) is cal-
culated.

The calculation of daily percentiles and average daily clima-
tologies was done using the climate data operators toolbox 
(Schulzweida 2023).

2.3  Derivation of composite anomalies

Composite anomalies are created as: 

1. The calendar date of yearly maxima of respectively 
summer (JJASO) and winter (DJFM) MHW extent are 
extracted (Day Of Maximum Marine Heat Wave Extent 
= DOMHWE hereafter) resulting in 37 calendar dates 
(1980–2016) for summer and winter.

2. For each calendar date the preceding 30, 15, and 5-day 
periods are gathered resulting in a total sample size of 
37 × 30, 37 × 15, and 37 × 5 days.

3. The composite mean climatology is then multi-year 
(1980–2016) average of the 37 respective 30, 15, and 
5-day periods

4. A reference climatology is defined by the multi-year 
(1980–2016) average of the entire summer (JJASO) and 
winter (DJFM) season.

5. Composite anomalies were built by subtracting the com-
posite mean climatology from the reference climatology.

For the considered variables sea level pressure (SLP), 2 m 
air temperature (T2m), 10 m wind speed, ocean mixed layer 
thickness (MLD), downward solar radiation (DSWR), ther-
mal radiation (DLWR) the multi-year mean seasonal cycle 
was subtracted before processing.

Significance
A bootstrapped signal-to-noise ratio was performed to 

test the significance of the composite anomalies. The noise 
was estimated from in total 100 iterations where the calendar 
dates and hence, the preceding 30, 15, and 5-day periods 
were chosen randomly and not defined by the annual maxi-
mum MHW extent. The composite anomalies were consid-
ered significant when the signal to noise ration exceeded two 
standard deviations.

2.4  Classification of weather regimes

In order to define characteristic weather patterns we classi-
fied meteorological conditions by applying the concept of 

(Grams et al. (2017)). While it is not yet clear whether or not 
WRs represent real modes of physical variability (Hochman 
et al. 2021), they are a useful tool to categorize atmospheric 
patterns on a sub-seasonal scale (Fereday 2017). The method 
is based on the z500 geopotential height fields to define eight 
distinct classes of weather regimes (Fig. 2). An empirical 
orthogonal analysis is carried out in which the first 7 leading 
empirical orthogonal functions (EOFs) were retained. This 
results in seven different weather regimes which together 
explain ∼ 65% of the z500 geopotential height variance plus 
one “no regime” class for the residual (Fig. 2).

The detected WRs analyzed in the time preceding the 
DOMHWE. We focus on a period of T = 25 days before 
DOMHWE. Then each of the 25 days were assigned to the 
specific WR that prevailed at this time. After that, we cal-
culated for all the 25-day periods the occurrence frequency 
(F) of each specific WR.

D(j) = all T = 25 days before a MHW with j the number 
of MHW. R(k) = all days (1980–2016) associated to a WR 
with k from 1 to 8

We then subtracted the climatological frequency of WR 
occurrence (determined over the whole 1980–2016 period) 
from F(k) to calculate an anomaly (A). Thus, A(k) repre-
sents the deviation of WRs occurrence frequency before the 
triggering of a MHW event compared to the climatological 
mean state.

In addition, we also varied the length of period T before 
the MHWs from 10 to 40 days to estimate the uncertainty 
related to the choice of this parameter.

3  Results

3.1  Variability of heatwave extent

We investigated the atmospheric conditions that promote 
MHWs during their formation. Because of the higher ther-
mal inertia of the ocean compared to the atmosphere, MHWs 
can still exist when favorable atmospheric conditions already 
vanished. We therefore distinguish a formation phase and a 
decomposition phase of MHWs and roughly separate the 
two phases by the calendar day when the respective MHW 
reaches its maximal extent at the water surface (DOM-
HWE). Summer and winter MHWs are analyzed separately 
to account for the converse thermal layering of the water col-
umn between winter and summer (Fig. 1c) as well as for the 

(1)F(k) =

∑N

j=1
Length(D(j) ∩ R(k))

Length(R(k))
× 100

(2)A(k) = F(k) −
Length(R(k))

M
× 100
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opposite direction of net heat fluxes at the air–sea interface. 
For our purpose, we define the summer season from June to 
October when a thermocline effectively separates the thin 
warm surface layer from colder waters below. The winter 
season is defined from December to March when the Baltic 
Sea is well mixed down to the halocline separating colder 
surface waters from warmer sub-halocline deep waters.

The monthly mean variability of the MHWs surface 
extent together with the summer and winter daily maxi-
mum extent were analyzed (Fig. 3). Over the 37-year long 
period, we find several events with an extraordinary large 
monthly mean extent of > 300,000  km2 (or 3/4 of the total 
area). Most of these events occur in summer when the 
MHW extent is generally larger than in winter. Noteworthy 
is an apparent alternation of periods with predominantly 
low extents (e.g., before 1990 and periods when extents 
are larger (e.g., early 90ies, Fig. 3a). The frequency and 
duration of MHWs (Fig. 3b and c) can have a large impact 
for the life cycle of higher trophic species. For example the 

temperature window for the spawning of Baltic Sea Her-
ring could be shifted to earlier or later in the year during 
long lasting anomalous warm temperatures, which in turn, 
can have a big impact on its reproductive success (Polte 
et al. 2021). The average MHW duration varies between 
∼ 6 and 22 days (Fig. 3c) which lies in the range of typical 
weather systems moving over Europe.

3.2  Meteorological conditions promoting marine 
heatwaves

We here analyze the period 1980–2016 which encom-
passes 37 complete summer (JJASO) and 36 complete 
for winter (DJFM) seasons. In order to explore the envi-
ronmental conditions that drive these extended MHWs, 
we analyze the meteorological conditions during the time 
before the DOMHWE. In particular, we analyze three dif-
ferent time periods: 

Fig. 2  Atlantic-European weather regimes diagnosed from the 
regional atmosphere model RCA4. 500 hPa geopotential height 
anomaly (shading, in geopotential meters), and mean absolute 500 
hPa geopotential height (contours, every 40 geopotential meters) 
for all days attributed to one of the 7 weather regimes (a–g) and to 

no regime (h). ZO zonal regime, AR Atlantic Ridge, GL Greenland 
Blocking, AT Atlantic Trough, EuBL European Blocking, ScBL Scan-
dinavian Blocking, ScTr Scandinavian Trough, NoRe no regime. The 
regime frequencies are indicated in parenthesis
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1. a long-term period covering the preceding 30 days which 
reflect monthly mean conditions before the DOMHWE,

2. a mid-term period of 15 days roughly depicting the range 
of synoptical variability, and

3. a short-term period of 5-days reflecting the culmination 
phase right before the DOMHWE.

Since our analysis revealed consistent patterns over all 
considered periods, we here show only the results for the 
mid-term period and provide the long-term and short-term 
periods with the Suppl. Mat. S1.

3.2.1  Summer marine heatwaves

Figure 4 displays anomalies of key variables averaged over 
the mid-term period. The dominant pattern is a positive 
sea level pressure (SLP, Fig. 4a) anomaly over Scandinavia 
which is accompanied by an anomalous strong downward 
solar radiation (Fig. 4e). This leads to an enhanced heat 
absorption in the upper water layer of the entire Baltic Sea. 
The anomalous high SLP conditions in turn, are associ-
ated with a positive near surface air temperature anomaly 
(Fig. 4b) and sustain anomalous low wind speeds over the 
open sea areas (Fig. 4c). This pattern promotes a persistent 
stable atmospheric boundary layer as any instantaneous 
wind event would induce a strong upward mixing of colder 
sub-thermocline waters which increase the static stability 
again and so negatively feed back on wind speeds (Gröger 

et al. 2015). In turn, the reduced wind speeds translate in 
generally diminished vertical water mixing (Fig. 4d) clos-
ing the negative feedback loop. As a consequence, cold 
sub-surface waters are effectively thermally decoupled 
from ocean surface during summer MHWs.

3.2.2  Winter marine heatwaves

Meteorological conditions that trigger winter MHWs are 
marked by a dipole pattern with anomalous low SLP over 
the North Atlantic and high SLP over southern Europe 
(Fig. 4f). As a result the meridional pressure gradients are 
increased and in line with this, wind speeds are enhanced 
(Fig. 4g). Hence, along with the stronger winds, warm air 
masses from the Atlantic are advected towards northern 
Europe where a positive air temperature anomaly develops 
(Fig. 4h). This coincides with anomalous high downward 
thermal radiation (RDLS hereafter, Fig. 4j). These condi-
tions are consistent with the positive phase of the NAO. 
Hence, the higher RDLS and warmer air temperatures 
effectively reduce the wintertime oceanic heat loss at the 
air-sea interface. In addition, higher wind speeds increase 
the momentum transfer to the sea which exerts a more 
efficient mixing of surface waters with warm deep waters. 
All this feeds back positively to the SST and thus supports 
the development of MHWs.

Fig. 3  a Monthly mean spatial 
extent of MHWs from the 
hindcast simulation. Yellow 
and red filled curves denote 
moderate and strong MHW 
classes according to Hobday 
et al. (2018). The triangles con-
nected by the blue and purple 
lines indicate the calendar day 
of the yearly seasonal maxi-
mum extent for the respective 
season (blue = winter, purple = 
summer). b Average frequency 
of MHWs. c Average duration 
of MHWs (blue winter, red = 
summer)
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3.3  Weather regimes and marine heatwaves

So far, we identified the local atmospheric mean conditions 
forcing MHWs for the winter and summer season. Next we 
address the question if the identified mean conditions were 
the result of mainly stochastic variability, or if dominant 

patterns of recurring WRs exist that sustain the specific 
local conditions favorable for MHWs over the Baltic Sea 
and before the DOMHWE (Fig. 4).

Our results reveal a clear dominance of Scandinavian 
Blocking (ScBL) during summer and the Zonal Regime 
(ZO) during winter (Fig.  5). We further compared the 

Fig. 4  Summer composite anomalies for a sea level pressure, b near 
surface air temperature, c wind speed, d ocean mixed layer thickness, 
and e downward solar radiation. The anomalies represent mean condi-

tions over the last 15 days before the day of maximum MHW extent. 
Areas where the signal-to-noise ratio exceeds two standard deviations 
are hatched
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specific weather conditions that prevail under the identi-
fied ScBL and ZO regimes (Suppl. Mat. S2, Fig. S3) with 
the composites representing average conditions before the 
DOMHWE (Fig. 4). It is clearly demonstrated that the WR 
anomalies in SLP, T2m, MLD, DLWR, and DSWR (Suppl. 
Mat. S2, Fig. S3) exhibit the same spatial pattern seen in the 
mean composite anomalies (Fig. 4). Thus, the high consist-
ency between the two independent methods indicates that 
the identified WRs ScBL and ZO are the main driver of 
MHWs in the Baltic Sea.

With regard to the strong the events of MHW category II 
(Fig. 5, right panel) no WR is likely to occur >10%. The low 
likelihood is probably linked to the small number of strong 
events, which hampers robust statistics. It is likewise pos-
sible, that strong winter upwelling events, which often occur 
along the coasts, well-up warm sub halocline waters from 
the deep warm water body causing temporary very high SST 
anomalies of short duration and limited surface extent. It is 
plausible that such small events can occur independently 
from larger scale WRs.

By contrast, most other WRs are neither under- nor over-
represented before the DOMHWE or show even negative 

anomalies (e.g. Greenland Blocking, European Blocking, 
Fig. 5) indicating a lower risk for MHWs to develop. Nota-
bly, European Blocking and the Scandinavian Trough WRs 
are characterized be anomalous low SLP over eastern Europe 
(Fig. 2) and central Europe respectively. Such conditions of 
low pressure are associated with cloudy and rainy weather 
promoting unfavorable conditions for MHWs in summer.

3.4  Role of heat fluxes at the air‑sea interface 
in winter

Our results reveal that the mechanisms leading to extended 
MHWs completely differ with respect to the warm and cold 
seasons in the Baltic Sea. Thus, we can distinguish basically 
two classes of MHWs with respect to their forcing. Class 1 
MHWs are primarily driven by prevailing local meteoro-
logical conditions and are found during the warm season. 
They are marked by anomalous high radiative heat absorp-
tion from the atmosphere. The presence of the thermocline 
hampers the exchange with the colder deep water.

Class 2 MHWs occurs during winter and are controlled 
by external heat supply from the North Atlantic. In this case 

Fig. 5  WR frequencies preced-
ing MHW events in the Baltic 
Sea. The period considered 
for the color bars is of 25 days 
before a MHW event, and the 
error bars represent the maxi-
mum and minimum of this devi-
ation in a window comprised 
between 10 and 40 days before 
a MHW event. These deviations 
are calculated for the MHW 
classes Moderate and Strong. 
The deviation are calculated by 
season a summer JJASO and b 
winter DJFM. WR acronyms are 
explained in Fig. 2
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basically two heat sources can promote surface warming 
during the genesis of MHWs. (1) Advective transport of 
warm air masses from the North Atlantic and, (2) mixing 
with warmer waters from the deeper warm water body which 
is driven by the anomalous strong westerly wind field (Fig. 
S3b). Compared to summer, this points to a more complex 
situation with regard to the energy flow in winter. We there-
fore investigate heat fluxes from the two sources in more 
detail.

We start with an analysis of the anomalous heat fluxes 
at the ocean’s surface during MHWs (Fig. 6) compared to 
the climatological reference. Figure 6a indicates the total 

oceans’ heat loss at the air-sea interface is almost every-
where strongly reduced during the 15 days before the DOM-
HWE. The signal is general weaker along the coasts and in 
the westernmost Baltic (Kattegat) which likely reflects the 
lower heat content in these shallow regions whereas the heat 
loss is stronger reduced in deeper open ocean regions like 
e.g. the eastern central Baltic (Gotland Basin). However, 
the lowest signal is found in the northernmost basin (Both-
nian Bay) where the signal remains below the noise level, 
and thus, is not distinguishable from the natural variabil-
ity. In the northernmost bay around 65 ◦ N negative values 
indicate even an enhanced heat loss. In this area usually 

Fig. 6  Analysis of net heat fluxes averaged over the last 15 days 
before the DOMHWE during winter. a total heat flux diagnosed from 
the ocean model, b sensible heat flux, c latent heat flux, d longwave 
heat flux. Displayed are anomalies over 15 days before the DOM-

HWE compared to the climatological reference. Areas where the sig-
nal to noise ratio exceeds two standard deviations are hatched. Aver-
ages are shown over 36 MHWs. Positive (= red) fluxes indicate a 
reduced heat oceanic loss to the atmosphere
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stable ice conditions prevail, but during MHWs ice cover 
is anomalous low which promotes an enhanced heat flux to 
the atmosphere.

Overall, the reduced oceanic heat loss is mostly reflected 
by the strongly reduced sensible heat flux to the atmosphere 
(Fig. 6b). The found high gross influx of thermal radiation 
shown in Fig. 4j is mostly compensated by a corresponding 
outgoing thermal flux, so that thermal radiation contrib-
utes only a minor portion to the total anomalous net heat 
exchange during MHWs (Fig. 6d). Moreover, in the northern 
Baltic Sea the anomalous low sea ice cover and decreased 
ice thickness promotes an increased thermal radiative heat 
flux out of the ocean.

In the southern Baltic Sea a significant portion of the 
reduced heat loss is given by latent heat fluxes (Fig. 6c). This 
is related to the fact that the ZO regime leads to an enhanced 
advection of wetter air masses from the North Atlantic which 
increase the near surface humidity. The effect of elevated 
humidity on the dew point is larger than the effect of the 
higher air temperature in parallel, which ultimately results 
in lower evaporation and reduced latent heat flux during 
MHWs.

3.5  Ocean energy dynamics during winter marine 
heatwaves

The reduced heat loss to the atmosphere during winter 
MHWs has of course an impact on the vertical energy 
flow in the oceans’ interior. Contrary to summer when a 
strong thermocline effectively decouples the warm surface 
layer from the cold deep water, during winter strong winds 
promote vigorous mixing with the warm deep water body 
(Fig. 1c and d). To investigate this, we calculated linear 
trends of the mixed layer thickness over the 15 days before 
the DOMHWE (Fig. 7a). The trends are almost everywhere 
positive indicating that turbulent mixing accelerates. How-
ever, the trends do nowhere exceed 0.5 m/day correspond-
ing to a increase of the MLD by not more than ∼ 7.5 m. In 
addition to turbulent mixing, large-scale advective mixing 
is affected. Due to the anomalously strong westerly wind 
regime the overall water mass circulation is enhanced. To 
demonstrate this, we analyze the zonal overturning func-
tion 15 days before the DOMHWE and compare it to the 
reference state (7b). In agreement with the prevailing west-
erly wind regime the dominant feature is the E-W clockwise 
overturning cell. The maximum overturning function found 
at around 15 ◦ E and 20 m depth is increased by 48% before 
the MHW culminates. This increase is mainly wind driven 
by anomalous downwelling at the eastern and southern 
coasts as well as upwelling along the western coast. This is 
well reflected by the deepening of the mixed layer in the east 
and a thinning in the west (Fig. 4i).

4  Discussion

There are some aspects associated with our method that 
should be considered. The methodological separation of 
MHWs into a formation and a declining phase is based on 
the maximal spatial extension of the MHW. The maximal 
extension however, must be considered the net result of 
local increases and losses of daily MHW extent that will 
take place in parallel in different regions of the Baltic Sea. 

Fig. 7  a Winter linear trends of mixed layer thickness calculated over 
the last 15 days before the DOMHWE. b Top row: winter climatolog-
ical mean zonal overturning function north of 56 ◦ N. Positive values 
indicate clockwise circulation. Bottom row: Difference to the clima-
tological mean circulation during the 15 days before the DOMHWE. 
White number denotes the relative increase of the maximal overturn-
ing compared to the climatological reference. Areas where the signal 
to noise ratio exceeds two standard deviations are hatched
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Likewise, the onset of a MHW will differ from region to 
region. Therefore we found the analysis of meteorological 
conditions backward in time from the DOMHWE a reason-
able approximation to investigate the atmospheric conditions 
that force MHWs. Other proxies to identify a MHW forma-
tion phase may be useful as well, e.g. diagnosing the time 
span of maximal increasing rates of daily MHW extent etc, 
but were not tested in this study. That said, it is clear that 
favorable WR may still exist after DOMHWE though not 
being sufficient to increase the total MHW extent further. 
Moreover, due to the oceans inertia and effective heat capac-
ity the MHW can still exist long after the DOMHWE, while 
meteorological condition may already provide conditions 
that support the decline of MHW.

The identification of two distinct WRs respectively 
forcing winter MHWs (ZO) and summer MHWs (ScBL) 
demonstrates the theoretical possibility to predict MHWs 
in the Baltic Sea a few weeks or months in advance simply 
by analyzing meteorological data such as the geopotential 
height of 500 hPa. In fact, efforts for the operational forecast 
of WR are currently pursued by the European Center for 
Medium Range Weather Forecasts (e.g. https:// www. ecmwf. 
int/ en/ newsl etter/ 165/ meteo rology/ how- make- use- weath er- 
regim es- exten ded- range- predi ctions- europe, last accessed: 
21.10.2023) which could be likewise used to forecast the 
potential of wind energy production (Grams et al. 2017). We 
also note that other methods exist (and might be developed 
in future) that calculate WRs based on only 4 leading EOFs 
(e.g. Ferranti et al. 2014).

It has been suggested that MHWs can significantly affect 
marine ecosystems (Smale et al. 2019). The Baltic Sea can 
be considered exemplary for marginal seas with estuarine 
character to showcase such effects. Direct impacts of MHWs 
in the Baltic Sea were observed during the recent summer 
MHW 2018. Anomalous high temperatures up to 21 ◦ C were 
registered in coastal bottom waters that likely led to increased 
emissions of carbon dioxide and methane (Humborg et al. 
2019). Near to medium term forecasts of MHWs would also 
be desirable as the life cycle of many marine organisms is 
linked to the water temperature and consequently, anomalous 
high temperatures may negatively affect the marine ecosys-
tems. For example, it has been reported that anomalous warm 
winter temperatures can considerably weaken the reproduc-
tion of western Baltic Herring (Polte et al. 2021). Another 
prominent example is harmful cyanobacteria blooms in the 
Baltic Sea, the likelihood of which to develop increases with 
warmer temperatures (Neumann et al. 2012; Meier et al. 2017). 
These blooms are a threat in many aspects as they negatively 
affect the water quality and so can negatively affect human rec-
reation and aquaculture near the coasts, and stimulate oxygen 
deficiency in the open sea (Neumann et al. 2012). Currently, 
climate services to early detect such blooms are developed 
mainly employing real time satellite data and trend analysis at 

monitoring sites (Karlson et al. 2022), though these forecasts 
remain short term.

Finally, in the context of ongoing global climate warming, 
it is difficult to assess whether WRs will be equally important 
for MHWs in future climate as for the historical period. Taking 
the historical climate as a baseline to categorize MHWs, it is 
fairly likely that due to the thermodynamic climate response 
to greenhouse gases, which results in rising average water 
temperature, WRs will become less important. That means 
MHWs in the Baltic Sea will likely become independent from 
WRs because future mean temperatures come closer to the 
extremes diagnosed from the historical climate. However, cli-
mate models that are used to project global climate change in 
the framework of the Coupled Model Intercomparison Project 
should be tested if they can reproduce the relationship between 
WRs and MHWs as revealed by the hindcast simulation used 
in this study. This should be analyzed for other marginal seas 
as well since the relationship between atmospheric condi-
tions and MHWs will likely be different in other regions of 
the world ocean.
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