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1 Introduction 

1.1 Baltic Sea and Gulf of Finland as a Stratified Coastal System 
The Baltic Sea is a semi-enclosed, non-tidal marginal sea in northern Europe, 
characterized by strong horizontal and vertical hydrographic gradients. Its circulation and 
stratification are shaped by restricted water exchange with the North Sea, substantial 
freshwater input from rivers, and large-scale atmospheric forcing. Together, these 
processes maintain an estuarine-like overturning circulation, with a brackish surface 
layer overlying saltier water of North Sea origin. This vertical salinity structure forms a 
persistent halocline that restricts vertical mixing and deep-water ventilation across much 
of the basin (Döös et al., 2004; Leppäranta & Myrberg, 2009; Väli et al., 2013). 

The geometry of the Baltic Sea and its wide latitudinal extent produce marked 
differences between its sub-basins. Narrow basins with strong freshwater input, such as 
the Gulf of Finland (GoF), are particularly prone to strong lateral density gradients and 
seasonally varying vertical stratification. Situated at the eastern end of the Baltic Sea, the 
GoF is a narrow and elongated sub-basin that receives substantial freshwater input from 
the Neva River. This input maintains a pronounced along-basin salinity contrast in the 
upper layer, with the freshest waters in the east and progressively increasing salinity 
toward the Baltic Proper in the west (Ylöstalo et al., 2016). 

Circulation in the GoF is strongly controlled by wind forcing and density structure 
(Lilover et al., 2017; Suhhova et al., 2018). Long-term mean currents have low stability, 
and the circulation is therefore better described as variable and seasonally modulated 
rather than as a persistent mean flow (Elken et al., 2011; Westerlund et al., 2019). 

Vertical stratification in the GoF is strong, but the structure of the upper water column 
changes markedly from spring to summer. A shallow thermocline develops in the upper 
10–20 m during spring and strengthens through summer. Below the seasonal 
thermocline, winter-cooled water can remain trapped as a cold intermediate layer. 
Deeper in the water column, a permanent halocline typically lies between 40 and 80 m, 
separating the upper layers from more saline deep water of Baltic Proper origin 
(Leppäranta & Myrberg, 2009; Lips et al., 2017). By winter, surface cooling and wind-
driven mixing homogenise the upper water column, often down to 60–80 m, eroding the 
seasonal thermocline. Waters below the halocline are largely insulated from vertical 
mixing and respond mainly through wind-driven inflow and outflow events. Under 
sufficiently strong and persistent up-estuary winds, episodic circulation changes can 
enhance vertical exchange and temporarily weaken stratification (Liblik et al., 2013; Lips 
et al., 2017). 

Together, these characteristics make the GoF a strongly stratified and wind-sensitive 
coastal system, creating conditions favourable for the mesoscale circulation features 
discussed below and for smaller-scale motions that may develop within intensified 
frontal zones. 

1.2 From Mesoscale to Submesoscale 
Within this stratified and wind-forced setting, a range of mesoscale features emerges in 
the GoF. These include eddies (e.g., Zhurbas et al., 2008; Westerlund et al., 2019), 
meandering coastal currents (e.g., Maljutenko & Raudsepp, 2019; Stipa, 2004), and 
baroclinic fronts and associated jet currents driven by coastal upwelling (e.g., Lehmann 
& Myrberg, 2008; Lips et al., 2009). Together, these features organise regional 
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circulation, regulate exchange between coastal and offshore sea areas, and structure the 
upper-layer flow over spatial scales of tens of kilometres and timescales from days to 
weeks. 

Frontal structures are particularly prominent in the GoF (Pavelson, 2005). Owing to its 
elongated geometry and stratified water column, local wind forcing frequently generates 
coastal upwelling and downwelling events characterised by sharp baroclinic fronts and 
intensified currents (Lehmann et al., 2012; Lips et al., 2009; Myrberg & Andrejev, 2003). 
In addition, differential surface warming in shallow areas (Lips et al., 2014), wind-driven 
cross-shore inclination of pycnoclines (Liblik & Lips, 2017), and the spreading of riverine 
freshwater (Liblik et al., 2020; Lips et al., 2017; Stipa et al., 1999) create horizontal 
buoyancy gradients and associated vertical shear. 

The mesoscale circulation and frontal structures of the GoF therefore provide 
favourable conditions for the emergence of smaller-scale, ageostrophic motions. 
Submesoscale (SMS) processes typically occupy spatial scales from a few hundred metres 
to O(10 km) in the open ocean (Capet et al., 2008; Taylor & Thompson, 2023), but are 
expected to occur at somewhat smaller scales in the Baltic Sea (Väli et al., 2017) owing 
to its relatively high latitude, shallow depth, and layered structure of the water column. 
SMS activity is commonly enhanced in regions of mesoscale straining and frontogenesis, 
where lateral density gradients are sharpened and geostrophic balance is locally 
disrupted (e.g., Adams et al., 2017; Garcia‐Jove et al., 2022). This suggests that such 
processes may play an important role in Baltic Sea circulation and tracer dynamics (Lips 
et al., 2016). 

Dynamically, SMS motions occupy a transitional regime between geostrophic 
mesoscale flow and smaller-scale three-dimensional turbulence. Whereas mesoscale 
dynamics are characterised by small Rossby numbers (Ro ≪ 1) and large Richardson 
numbers (Ri ≫ 1), reflecting the dominance of rotational and buoyancy forces, SMS 
motions exhibit Rossby and Richardson numbers of order one. This indicates a reduced 
rotational constraint and an increased role of inertial and ageostrophic motions (Taylor 
& Thompson, 2023; Thomas et al., 2008). As a result, SMS flows can exhibit enhanced 
vertical vorticity and intensified vertical exchange relative to the mesoscale, providing an 
efficient pathway for transporting momentum, buoyancy, and tracers between the 
surface layer and the stratified interior (Callies et al., 2015). 

Idealised studies have identified several instability mechanisms through which 
mesoscale fronts can generate variability at submesoscales (Taylor & Thompson, 2023). 
A fundamental mechanism acting across both mesoscale and submesoscale ranges is 
baroclinic instability (Eady, 1949). At submesoscales, this process is commonly expressed 
as mixed-layer instability, whereby horizontal buoyancy gradients within the weakly 
stratified surface mixed layer generate SMS eddies that restratify the upper ocean and 
modify mixed-layer depth (Boccaletti et al., 2007; Fox-Kemper et al., 2008; Mahadevan 
et al., 2010).  

Other instability pathways may also become active in frontal environments. 
Symmetric instability can develop when baroclinic effects reduce the potential vorticity 
toward zero or negative values, for example under downfront winds (directed along the 
frontal jet) or surface cooling (Taylor & Ferrari, 2009; Thomas et al., 2013). It generates 
ageostrophic overturning circulations that enhance vertical exchange and can promote 
the subduction of surface waters along sloping isopycnals (Bosse et al., 2021; Pham et 
al., 2024). 
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These examples illustrate how mesoscale frontal structures can act as sources of SMS 
variability and associated vertical and lateral exchange. However, in realistic coastal 
environments, multiple processes may coexist and evolve rapidly under variable wind 
forcing and stratification, making it difficult to identify a single instability mechanism 
from observations alone. These mechanisms therefore provide a useful conceptual 
framework, while this thesis focuses primarily on how SMS activity is expressed in 
observed and modelled tracer structure and how it contributes to exchange in the 
stratified coastal environment of the GoF. 

1.3 Observational and Modelling Challenges 
Because SMS processes are intermittent, rapidly evolving, and embedded within 
mesoscale frontal systems, resolving their structure and impacts requires observations 
and numerical models with sufficiently high spatial and temporal resolution. 
Conventional ship-based measurements are therefore increasingly complemented by 
autonomous observing platforms, including gliders, drifters, and profilers, as well as 
towed vehicles and flow-through systems. These approaches have been used to capture 
SMS variability in the ocean (Rudnick & Cole, 2011; Swart et al., 2023) and in the Baltic 
Sea (Carpenter et al., 2020; Lips et al., 2016). However, observations remain limited by 
trade-offs between spatial coverage, temporal resolution, and sampling duration. 

Numerical models provide a widely used tool for investigating SMS dynamics and their 
broader circulation context. In the Baltic Sea, realistic high-resolution simulations have 
been used to examine the sensitivity of SMS variability to grid spacing (Gröger et al., 
2022), reproduce observed SMS processes and events (Chrysagi et al., 2021; Väli et al., 
2017), extend observational findings over larger spatial domains, and characterise the 
temporal and spatial variability of SMS intensity (Väli et al., 2024). Nevertheless, the 
limited availability of observations with sufficient resolution and coverage hinders robust 
validation and introduces uncertainty in the interpretation of modelled SMS features. 

Models operating at SMS-permitting resolutions have revealed a rich spectrum of 
variability and dynamical features at kilometre scales (Capet et al., 2008; Väli et al., 2017). 
By explicitly representing part of the SMS range, such models can capture fine-scale 
dynamics that are absent or parameterised in coarser simulations. This may affect not 
only the representation of local frontal processes, but also the simulated mesoscale and 
larger-scale circulation (Andrejev et al., 2004; Maljutenko & Raudsepp, 2019; Westerlund 
et al., 2019). Robust validation of SMS-permitting simulations is therefore essential, both 
for interpreting high-resolution model results and for improving parameterisations in 
coarser Baltic Sea models used for long-term and operational applications. 

Taken together, these challenges show that neither observations nor models alone 
are sufficient to fully characterise SMS variability in realistic coastal environments. A 
combined approach is needed to link basin-scale hydrographic conditions, mesoscale 
frontal environments, and fine-scale tracer variability under contrasting forcing 
conditions. Such a perspective is necessary to clarify how larger-scale atmospheric and 
hydrographic drivers shape the emergence of SMS motions, and how these motions 
contribute to the redistribution of thermohaline and biogeochemical tracers in the 
stratified coastal water column. 
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2 Motivation and Objectives 
Growing evidence shows that SMS processes are a widespread component of stratified 
marine environments, including the Baltic Sea (e.g., Carpenter et al., 2020; Gurova & 
Chubarenko, 2012; Lips et al., 2016). In the Baltic Sea, their effects may be especially 
important because of the system’s compressed dynamical range: shallow depth, 
presence of strong pycnoclines, and relatively small deformation scales reduce the 
separation between surface forcing, frontal adjustment, and the interior water column. 
As a result, comparatively small SMS motions may influence a large fraction of the water 
column. The GoF is particularly well suited for examining these processes, as rapidly 
varying winds act on a strongly stratified, freshwater-influenced basin where fronts form 
and are repeatedly redistributed by changing forcing. 

The aim of this thesis is to investigate the conditions under which SMS variability 
emerges, including the roles of mesoscale dynamics, atmospheric forcing, and 
stratification, and to assess how SMS processes contribute to tracer redistribution and 
exchange. 

This thesis relies primarily on high-resolution observations collected with an 
autonomous underwater glider in the GoF, complemented by numerical modelling that 
places the measurements in a broader dynamical context. Such a combined approach is 
essential, as observations are limited in spatial and temporal coverage, whereas models 
remain sensitive to resolution and parameterization choices. 
 
The specific objectives are as follows: 

 
• to demonstrate that high-resolution autonomous glider observations can 

reliably detect SMS variability through consistent physical tracer signatures 
(Paper I); 
 

• to characterize the horizontal and vertical organization of SMS variability in 
a shallow, stratified coastal sea (Paper II); 

 
• to examine how SMS activity is related to mesoscale density structure, 

including mesoscale fronts and coastal currents (Papers I, II); 
 

• to investigate how SMS processes drive tracer redistribution, including 
signatures consistent with subduction along sloping isopycnals (Paper II); 

 
• to assess the role of SMS processes in the Baltic Sea, with emphasis on their 

contribution to vertical and lateral tracer redistribution and energy transfer 
(Paper III). 
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Abbreviations 
CTD Senor measuring conductivity, temperature, and pressure 
GoF Gulf of Finland 
GPS Global Positioning System 
PV Potential vorticity 
RMS Root mean square 
SMS Submesoscale 
UML Upper mixed layer 
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3 Materials and Methods 

3.1 Glider Observations 
Observations were collected using a Slocum G2 autonomous underwater glider (MIA), a 
buoyancy-driven platform designed for operation to 200 m depth. In the Baltic Sea, a 
single set of alkaline batteries typically supports missions of up to one month, with 
energy consumption dominated by the buoyancy pump because of the shallow water 
depths. The glider was equipped with a pumped CTD (Sea-Bird), chlorophyll-a 
fluorescence and turbidity sensors (Wet Labs), and a dissolved oxygen sensor (Aanderaa). 
The sensors typically sample during both ascent and descent, operating at 0.5 Hz.  

The glider navigated between predefined waypoints and performed repeated dive–
climb cycles to prescribed inflection depths. Typical horizontal and vertical speeds for the 
glider are 0.35 and 0.10 m s⁻¹, respectively. Periodic surfacing provided GPS position fixes, 
and the glider used the offset between the estimated underwater position and the GPS 
position at surfacing to estimate drift and adjust its subsequent path toward the target 
waypoint. Surfacing also enabled two-way satellite communication for data transmission 
and mission updates. All deployments were assisted in piloting by the author, including 
regular monitoring of vehicle health, position, and current estimates, and adjustment of 
waypoints when required to maintain effective sampling, particularly under strong 
current conditions or near shipping lanes. 

Glider data were retrieved from onboard memory and processed by merging flight 
and science data streams and converting raw binary files using manufacturer-provided 
tools. A subset of variables relevant for scientific processing was extracted from the full 
dataset and combined into mission-level NetCDF files. 

3.1.1 Quality Control of Glider Data 
Raw glider data were quality controlled following procedures adapted from Argo quality-
control protocols (Wong et al., 2019), with standard quality-control flags applied to all 
science variables. Automated checks included range tests for time, position, pressure, 
and all measured variables (temperature, conductivity, turbidity, chlorophyll, and 
dissolved oxygen) based on sensor specifications, as well as surface-zeroing and stuck-
value tests for CTD data and air-bubble detection for conductivity. Spike detection for 
temperature and salinity followed the Argo protocol (Wong et al., 2019), while 
chlorophyll, turbidity, and dissolved oxygen were screened using a threshold-based spike 
test from D’Ortenzio et al. (2010). Surface chlorophyll measurements were additionally 
screened for isolated near-zero outliers that were inconsistent with adjacent 
observations and likely reflected measurement artefacts during surface intervals. 
Manual interventions were kept to a minimum. Profiles that appeared clearly 
questionable relative to adjacent profiles during subsequent processing were excluded 
from bin-averaged analyses. 

3.1.2 Sensor-Response Corrections 
Temperature and conductivity sensors exhibit finite response times, which can lead to 
misalignment with pressure when the glider transits strong vertical gradients. The 
resulting lag differs between ascents and descents due to the reversal of temperature 
and salinity gradients. In addition, heat storage within the conductivity cell introduces 
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small errors in inferred salinity (thermal lag), as temperature is measured at the cell 
exterior while conductivity is measured internally. 

Response-time and thermal-lag corrections were applied to minimise differences 
between consecutive profiles, following the approach introduced in Paper I by the author 
and further developed since. Response times shorter than the sampling interval were 
explored over 0–2 s at 0.1 s resolution. Rather than applying a simple linear time shift, 
response-time effects were corrected using a three-point least-squares lag filter after 
Fofonoff et al. (1974), with lag incorporated through regression-derived weighting. For 
the thermal-lag correction, response-time adjustments were first applied to temperature 
and conductivity. Combinations of the thermal-lag parameters 𝛼𝛼𝑡𝑡𝑡𝑡 (0.01–0.1, step 0.01) 
and 𝜏𝜏𝑡𝑡𝑡𝑡 (5–20 s, step 0.5 s) were then tested prior to salinity calculation.  

For each parameter configuration, pairs of consecutive profiles were compared by 
computing the area between profiles using the trapezoidal method around the depth of 
strongest vertical gradients. The median area across the dataset and its percentage 
change relative to the uncorrected case were used to assess performance. Optimal 
parameters were selected based on visual inspection, favouring configurations where 
further parameter changes yielded diminishing improvements. 

3.1.3 Glider Missions 
The glider missions presented here were conducted in the coastal GoF, where typical 
water depths range from approximately 40 to 100 m. During each dive–climb cycle, the 
glider reversed direction approximately 4 m below the surface and 5–6 m above the 
seafloor to avoid surface interference and bottom contact. Each sampling cycle typically 
comprised four individual dives, yielding repeated, high-resolution vertical sections along 
the transect. Mission details are summarised in Table 1, and sampling locations are 
shown in Figure 1. 

Table 1. Overview of glider missions presented in this thesis. 

Mission name Mission 
start 

Mission 
end 

Average 
transect 
length, 
km 

Sampled 
transects 

Profiles 
gathered 

Dive-
climb 
recorded 

Used in 
Paper(s) 

Mia20160504 4 May 
2016 

16 May 
2016 

26 8 837 dives 
only 

 

Mia20180507 9 May 
2018 

6 June 
2018 

18 28 4368 both I, II, III 

Mia20190521 21 May 
2019 

19 June 
2019 

4.5 96 3872 both II, III 

Mia20190719 21 July 
2019 

10 
August 
2019 

5.5 90 4140 both II, III 
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Figure 1. Map of the Baltic Sea (a), with the red rectangle marking the location of the study area 
shown in panel (b). The colormap indicates the bathymetry used in the model, while depth isolines 
in panel (b) are shown at 20 m intervals. Glider mission tracks from May 2016, May–June 2018, 
May–June 2019, and July–August 2019 are shown in purple, orange, blue, and green, respectively. 
Modified from Paper II. 

3.2 Model Setup 
Numerical simulations were performed using a three-dimensional nested setup of the 
General Estuarine Transport Model (GETM; Burchard & Bolding, 2002) to simulate 
circulation and temperature–salinity structure in the GoF. GETM is a hydrostatic, free-
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surface primitive-equation model employing vertically adaptive coordinates, which 
enhance resolution near boundaries and in strongly stratified layers (Gräwe et al., 2015; 
Hofmeister et al., 2010; Klingbeil et al., 2018). Vertical mixing was calculated using the 
General Ocean Turbulence Model (GOTM; Umlauf & Burchard, 2005) with a two-
equation k–ε turbulence model (Burchard & Bolding, 2001; Canuto et al., 2001). 

The high-resolution model domain covered the entire GoF with a uniform horizontal 
grid spacing of 0.125 nautical miles (approximately 232 m) and 60 adaptive vertical 
layers. Bathymetry was obtained from the EMODnet database and interpolated to the 
model grid. The model domain was connected to the Baltic Proper through an open 
western boundary, where temperature, salinity, velocity, and sea surface height were 
specified from coarser-resolution simulations (for details see Paper II). 

Atmospheric forcing was derived from the European Centre for Medium-Range 
Weather Forecasts atmospheric reanalysis dataset (ERA5, Hersbach et al., 2020) using 
bulk formulae Kondo (1975), and riverine freshwater input was prescribed from the Baltic 
Model Intercomparison Project (BMIP; Gröger et al., 2022) dataset, based on E-HYPE 
(Lindström et al., 2010) hindcast and forecast products (Väli et al., 2019).  

3.2.1 Model–Observation Consistency 
To assess whether the numerical model provides a physically consistent representation 
of the hydrographic structure, modelled temperature, salinity, and Brunt–Väisälä 
frequency fields were compared with glider observations (see Figs. 3–5 in Paper II). 
Overall, the model reproduces the observed patterns of variability in temperature and 
salinity and captures the characteristic vertical density structure of the GoF, including the 
development of the seasonal thermocline and the general structure of the cold 
intermediate layer. Although some biases are present, including an underestimation of 
salinity by about 0.4 g kg⁻¹ and an overestimation of cold intermediate layer temperature 
by 1.5–2 °C, the main stratification features relevant to SMS dynamics are reproduced 
reasonably well. 

Comparison of the vertical stratification structure shows generally good agreement in 
average UML depth across the missions, while the model tends to place the strongest 
stratification slightly shallower than observed, with the depth of maximum N2 
underestimated by about 2–5 m. The model does not always reproduce the full vertical 
complexity seen in the glider data, such as the occasional presence of multiple 
stratification maxima in the upper water column (Fig. 2), pointing to a simplified 
representation of fine-scale stratification. Nevertheless, the agreement in the dominant 
stratification features indicates that the model provides a suitable dynamical framework 
for interpreting the observed SMS variability. 
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Figure 2. Vertical stratification variability expressed as the squared Brunt–Väisälä frequency (N2) 
derived from glider observations (a, c) and model output (b, d) for May–August 2018 (a, b) and 
2019 (c, d). The glider data represent average profiles for each section within the selected area, 
based on observations collected along approximately 1 km of glider track, and thus form a 
composite vertical structure. The model data show average profiles within a 1×1 km window at 
each model output time. Black boxes indicate periods of two local maxima in N2: 21–30 May 2018 
(a) and 23–28 July 2019 (c). Modified from Paper II. 

3.3 Derived Quantities and Diagnostics 
A set of derived quantities and diagnostic measures was calculated to characterise 
stratification, frontal structure, and SMS variability. Buoyancy was calculated to provide 
a compact measure of density variability relevant for stratification and frontal dynamics. 
Buoyancy was defined as 

 𝑏𝑏 = − 𝑔𝑔
𝜌𝜌0

(𝜌𝜌 − 𝜌𝜌0), (1) 
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where 𝜌𝜌 is density and 𝜌𝜌0 a reference density of 1000 kg m-3. From buoyancy, the Brunt–
Väisälä frequency was computed to identify regions of enhanced stratification. The 
squared Brunt-Väisälä frequency was expressed over 2 m vertical intervals as  

 𝑁𝑁2 = 𝑏𝑏𝑧𝑧, (2) 
subscript indicating partial derivative. 

Horizontal buoyancy gradients were calculated from the buoyancy field to 
characterise the strength of lateral density contrasts. From the glider observations, 
along-transect buoyancy gradients were calculated as 𝑏𝑏𝑠𝑠 = 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
, using a horizontal step of 

5 km. For the model output, the horizontal buoyancy gradient magnitude was computed 
as 

 |∇ℎ𝑏𝑏| = �𝑏𝑏𝑥𝑥2 + 𝑏𝑏𝑦𝑦2, (3) 
where 𝑏𝑏𝑥𝑥 and 𝑏𝑏𝑦𝑦 denote the zonal and meridional buoyancy gradients, estimated using 
a centred finite-difference scheme with a horizontal spacing of 5 km. 

Isopycnal slopes were calculated from the depth variations of selected density 
surfaces along the section using a horizontal spacing of 5 km, with density surfaces 
defined on a σ-grid at 0.1 kg m−3 intervals. A linear regression was applied to the depth–
distance relationship of each isopycnal surface, and the slope was obtained from the 
fitted coefficient. This diagnostic was introduced to quantitatively characterize the 
frontal structure described in Paper I. 

The relative geostrophic velocity component was estimated from glider-derived 
hydrographic observations using the dynamic height method at a lateral scale of 5 km. 
The component normal to the glider transect was obtained from the geopotential slope 
of an isobaric surface as  

 𝑢𝑢𝑔𝑔 = − 1
𝑓𝑓
𝜕𝜕Φ
𝜕𝜕𝜕𝜕

, (4) 
where 𝑓𝑓 is the Coriolis parameter and Φ is geopotential, related to dynamic height by 
Φ = 𝑔𝑔𝑔𝑔. Dynamic height was calculated from the measured temperature and salinity 
profiles using a reference level of 80 dbar (IOC et al., 2010; McDougall & Barker, 2011). 

3.3.1 Dynamical Diagnostics 
The Rossby number was used to identify regions where ageostrophic motions become 
important. It was estimated from the model output as 

 𝑅𝑅𝑅𝑅 = 𝜁𝜁
𝑓𝑓
, (5) 

where the relative vorticity is 
 𝜁𝜁 = 𝑣𝑣𝑥𝑥 − 𝑢𝑢𝑦𝑦 (6) 

Spatial derivatives of 𝑢𝑢 and 𝑣𝑣, denoting the zonal and meridional velocity components, 
respectively, were computed using a centred finite-difference scheme with a horizontal 
grid spacing of 500 m. 

3.3.2 Potential Vorticity Diagnostics 
Potential vorticity (PV) provides a useful diagnostic for assessing the susceptibility of the 
flow to instabilities (Hoskins, 1974). In this thesis, PV was estimated using a simplified 
balanced form, appropriate away from the equator and under the thermal-wind 
approximation. In this form, PV is expressed as the balance between a stratification–
vorticity term and a baroclinic term associated with horizontal buoyancy gradients (e.g., 
Thompson et al., 2016; Buckingham et al., 2019; Johnson et al., 2020), yielding 

 𝑞𝑞 = (𝑓𝑓 + 𝜁𝜁)𝑁𝑁2 − 1
𝑓𝑓

|∇ℎ𝑏𝑏|2. (7) 
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Following Thompson et al. (2016), the along-transect buoyancy gradient is used as a 
proxy for the horizontal buoyancy gradient, and the relative vorticity is approximated 
from the along-transect derivative of the cross-transect geostrophic velocity as 

 𝜁𝜁𝑔𝑔 ≈
𝜕𝜕𝑢𝑢𝑔𝑔
𝜕𝜕𝜕𝜕

, (8) 
evaluated using a horizontal step of 5 km. The observational estimate of PV then 
becomes 

 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜 = �𝑓𝑓 + 𝜁𝜁𝑔𝑔�𝑁𝑁2 − 𝑏𝑏𝑠𝑠2

𝑓𝑓
. (9) 

This formulation assumes that the glider transect is approximately perpendicular to 
the frontal structure, so that the along-transect buoyancy gradient represents the cross-
front gradient and the cross-transect velocity captures the dominant shear. The 
hydrographic PV estimate therefore identifies potential locations of PV reduction under 
balanced-flow assumptions. 

To highlight departures from the leading-order background PV, 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜 was expressed in 
nondimensional form using 𝑓𝑓𝑁𝑁2 as the reference scale. This scale represents the PV 
expected for a stably stratified flow dominated by planetary vorticity, before the effects 
of relative vorticity and lateral buoyancy gradients (Pedlosky, 1996; Haine & Marshall, 
1998; Buckingham et al., 2019). The nondimensional PV was therefore calculated as  

 𝑞𝑞𝑛𝑛𝑛𝑛 = 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜
𝑓𝑓𝑁𝑁2

= 1 + 𝜁𝜁𝑔𝑔
𝑓𝑓
− 𝑏𝑏𝑠𝑠2

𝑓𝑓2𝑁𝑁2
. (10) 

The second term represents an observational estimate of the Rossby number, while 
the third term represents the reduction of PV by horizontal buoyancy gradients. Because 
the Rossby-number term is generally small, low or negative 𝑞𝑞𝑛𝑛𝑛𝑛 values mainly occur 
where horizontal buoyancy gradients are strong enough to offset the positive 
background PV. Since the nondimensionalisation uses positive scaling factors (𝑁𝑁2 > 0 
and 𝑓𝑓 ≠ 0), the sign of PV is preserved, and negative values continue to indicate 
conditions favourable for frontal instabilities. 

Given the assumptions in the observational estimate and the uncertainty associated 
with glider sampling, the 10th percentile of 𝑞𝑞𝑛𝑛𝑛𝑛 in the upper 0–30 m layer was used as a 
summary metric. This lower-tail measure highlights periods when low-𝑞𝑞𝑛𝑛𝑛𝑛 conditions 
were most pronounced, while reducing the influence of isolated noisy extrema. 

3.3.3 Tracer Diagnostics 
Spice was calculated to isolate along-isopycnal thermohaline variability and to provide a 
tracer-based measure of water-mass deformation associated with SMS stirring. 
Following the formulation introduced in Paper II by the author, spice was treated as a 
density-compensated tracer of lateral thermohaline variability and defined as the 
projection of temperature–salinity anomalies along isopycnals, 

 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛼𝛼∆𝑇𝑇 + 𝛽𝛽∆𝑆𝑆, (11) 
where 𝛼𝛼 and 𝛽𝛽 are the thermal expansion and haline contraction coefficients, 
respectively. The anomalies ∆𝑇𝑇 and ∆𝑆𝑆 were defined relative to the mean Conservative 
Temperature and Absolute Salinity along the same isopycnal within a surrounding 4 km 
window. For the observations, this was implemented as a moving window along the 
glider trajectory, whereas for the model it was calculated within a 4 × 4 km square around 
each grid point. Spice anomalies were scaled by a reference density to express them in 
density units, enabling direct comparison with buoyancy-related diagnostics. To 
characterise the intensity of lateral water-mass variability, root mean square (RMS) spice 
was calculated over density layers spanning the surface to the depth of the temperature 
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minimum. This combined temperature–salinity measure allows fine-scale thermohaline 
variability to be compared across both spring and summer missions, which is particularly 
relevant in the GoF where the relative roles of temperature and salinity vary seasonally. 

The magnitude of the vertical advective tendency of spice was calculated from the 
model fields and is defined as 

 𝐴𝐴𝑧𝑧(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) = �𝑤𝑤
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

�, (12) 

where 𝑤𝑤 is vertical velocity. This quantity represents the effect of vertical velocity acting 
on the vertical spice gradient (e.g., Meng et al., 2020; Zhu et al., 2024). It is used here as 
a measure of the intensity of vertical tracer redistribution associated with the subduction 
event suggested in Paper II. 

3.3.4 Spectral Analysis 
Wavenumber spectra of isopycnal temperature were computed to assess whether tracer 
variability exhibits scaling consistent with SMS dynamics. In addition to the spectra 
reported in Paper I, an analogous analysis was applied to the 2016 mission to include a 
second frontal case and to evaluate whether similar spectral structure was observed 
under comparable conditions. 

Because glider sampling is irregular in space and time, isopycnal tracer fields were 
mapped to uniform along-track spacing prior to spectral analysis. Temperature profiles 
were first averaged within density bins of 0.1 kg m⁻³ and then interpolated to a constant 
time step of 10 min for the 2018 mission and 20 min for the 2016 mission. These intervals 
corresponded to approximate horizontal spacings of 145 m and 270 m on average, 
respectively. For the 2018 mission, the analysed period was restricted to approximately 
two weeks to better isolate the frontal regime. 

Wavenumber spectra were computed using a Fast Fourier Transform and smoothed 
by averaging over 11 elementary frequency bands. The analysis focused on density layers 
whose median depths were within the upper 40 m, including the UML and thermocline. 
Spectral slopes were estimated over 10–1 km and, additionally, over 5–1 km, because 
the frontal-period spectra showed increased variability at 10–5 km, where mesoscale 
frontal structure and SMS-related tracer variability may overlap. 
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4 Results and Discussion 

4.1 Identifying Submesoscale Variability from Gliders 
SMS dynamics in the ocean are commonly associated with order one Rossby numbers 
(McWilliams, 2016; Taylor & Thompson, 2023) and are therefore frequently 
characterized using velocity-based diagnostics (e.g., Adams et al., 2017; Ramachandran 
et al., 2018). In glider observations, however, direct measurements of full velocity 
gradients or vertical velocity are not always available, depending on the sensor package. 
Nevertheless, observational studies have shown that glider data can provide robust 
signatures of SMS dynamics through hydrographic structure and derived diagnostics 
(e.g., Cole & Rudnick, 2012; Shang et al., 2023; Thompson et al., 2016). This section 
examines SMS variability identified from glider observations by analysing thermohaline 
structure, revealing filamentary tracer intrusions, and SMS-relevant diagnostics, with 
emphasis on their co-evolution. 

4.1.1 Structural Signatures 
The presence of SMS signatures in glider observations is demonstrated using repeated 
transects across a mesoscale frontal system in the GoF (Paper I). The observations reveal 
persistent fine-scale thermohaline variability, filamentary tracer intrusions, and spectral 
signatures consistent with active SMS dynamics.  

Figure 3 shows a representative glider section across a frontal structure, illustrating 
the characteristic thermohaline and spice signatures associated with SMS activity. 
Strongly tilted isopycnals indicate a sharp horizontal buoyancy gradient and an active 
frontal zone. Within this environment, coherent spice anomalies appear as adjacent 
positive and negative patches, revealing fine-scale thermohaline variability within the 
mesoscale front (Fig. 3a). These features reflect lateral contrasts between distinct water 
masses. In the present spring example, the pattern is clearly seen in temperature (Fig. 
3b, c), whereas in summer it is often more evident in salinity, depending on which 
variable contributes more to the vertical density structure. 

The intrusions exhibit an apparent vertical extent of at least 5 m and are horizontally 
confined to scales of about 2 km, consistent with expected SMS spatial scales in the Baltic 
Sea (e.g., Lips et al., 2016; Zhurbas et al., 2022). In rotating, stratified flows close to 
geostrophic balance, mesoscale strain and shear stretch passive tracers into elongated 
filaments whose vertical-to-horizontal aspect ratio is expected to approach 𝑓𝑓/𝑁𝑁 (Smith 
& Ferrari, 2009). Similar aspect ratio relationships have been reported in observational 
studies of fine-scale tracer structure, where filament slopes are broadly consistent with 
this theoretical scaling (e.g., Cole & Rudnick, 2012; Kolodziejczyk et al., 2018). Using the 
observed scales 𝐻𝐻 ≈ 5 𝑚𝑚 and 𝐿𝐿 ≈ 2 𝑘𝑘𝑘𝑘 gives 𝐻𝐻/𝐿𝐿 ≈ 0.003, while typical values near 
the pycnocline where the intrusion occurs (𝑓𝑓 ≈ 1.26 ∙ 10−4 𝑠𝑠−1, 𝑁𝑁 ≈ 0.03 − 0.04 𝑠𝑠−1) 
give 𝑓𝑓/𝑁𝑁 ≈ 0.003 − 0.004. For this example, the close agreement in aspect ratio 
supports the interpretation that the observed intrusion has the geometry expected for 
frontal tracer structures. Because SMS motions are expected to emerge within such 
frontal zones, the intrusion is consistent with SMS activity and represents an identifiable 
signature in glider-measured thermohaline fields. 
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Figure 3. Representative example of SMS-related thermohaline deformation observed by a glider 
crossing a mesoscale front. Panels showing (a) temperature, (b) salinity, and (c) spice, with density 
contours overlaid at 0.2 kg m-3 intervals, based on glider data from 21–22 May 2018. The area 
between ticks presenting latitude is approximately 5.5 km. Modified from Paper I. 

4.1.2 Diagnostic Evidence 
Individual SMS features are inherently transient and difficult to observe directly (e.g., 
Lévy et al., 2018), motivating the use of broader diagnostics that capture their integrated 
occurrence and evolution. Section 4.1.1 illustrated the structural signatures through 
which SMS presence can be identified in individual glider sections. In Paper I, these 
signatures were diagnosed using glider observations of thermohaline structure, 
buoyancy gradients, and associated temperature anomalies within an evolving 
mesoscale frontal system under weak atmospheric forcing.  

The mesoscale frontal system was identified from the pronounced tilt of the density 
field across the glider transect and the enhanced along-transect buoyancy gradient at 15 
m depth (Fig. 4d–f, 5d in Paper I). Sustained positive gradients after 21 May indicate that 
the frontal density contrast persisted throughout the study period, providing a stable 
background for smaller-scale variability. The front developed under persistent NE–E 
winds that drove surface waters offshore along the southern coast of the GoF and 
induced coastal upwelling. At the same time, a westward flow exceeding 20 cm s⁻¹ 
developed along the sloping density surfaces (Fig. 4d–f in Paper I), consistent with a 
geostrophic frontal jet associated with upwelling event (e.g., Lehmann & Myrberg, 2008). 

The emergence of the front on 21–22 May coincided with an asymmetric development 
of stratification across the section. On the denser side, stratification intensified through 
the combined effects of surface heating and mesoscale vertical motions associated with 
the frontal circulation (Fig. 5b in Paper I). On the lighter side, two stratification maxima 
developed (Fig. 5a in Paper I): an upper maximum associated with progressive surface 
heating and a deeper one likely linked to pre-existing haline stratification. Consistent 
with this shallow structure, the along-transect buoyancy gradient at 3 m depth differs 
from the deeper frontal gradient (Fig. 5c–d in Paper I). 

Smaller-scale variability embedded within the mesoscale front was examined using 
temperature deviations along isopycnals, calculated relative to the surrounding 4-km 
mean (Fig. 4g–i in Paper I). In spring conditions in the GoF, density variability is primarily 
controlled by salinity (e.g., Lips et al., 2014), so temperature anomalies along isopycnals 
provide an effective tracer of small-scale stirring. Adjacent positive and negative 
anomalies indicate counter-directed motions along the sloping isopycnals, consistent 
with downward displacement of warmer surface-influenced water and upward 
displacement of colder water from below. These anomalies emerged together with the 
frontal structure and, on 21–22 May, were co-located with the steepest isopycnal slope, 
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reaching peak deviations of 1.2 °C and −1.4 °C (Fig. 4h in Paper I). Their kilometre-scale 
organisation supports the interpretation of localized vertical exchange and ageostrophic 
motions within the frontal zone (e.g., Garcia‐Jove et al., 2022; McWilliams, 2016). 

To examine the co-evolution of multiple SMS-relevant indicators in a consistent way, 
the diagnostics used in Paper I are reformulated in this thesis as quantitative time series. 
This does not change their physical interpretation but allows their temporal evolution to 
be compared more directly. 

The frontal structure is represented by the mean isopycnal slope in the upper water 
column. Enhanced positive slopes during the last third of May indicate the persistence 
and strengthening of the front, while the marked decrease at the beginning of June 
signals reorganisation of the water column (Fig. 4a). The along-transect buoyancy 
gradient is represented by its average value in the 0–30 m layer. Its increase during the 
late-May frontal period complements the isopycnal-slope evolution and confirms the 
strengthening of the frontal density contrast (Fig. 4b). 

Fine-scale thermohaline variability is here summarized by RMS spice. RMS spice rises 
as the frontal structure becomes established in the glider sections and remains elevated 
through a series of recurrent peaks toward the end of May and beginning of June, during 
a period of changing wind forcing (Fig. 4a). The temporal correspondence between 
isopycnal slope, buoyancy gradient, and RMS spice indicates that enhanced fine-scale 
variability is linked to periods when the front is established and the background forcing 
is changing. 

Figure 4. Time series of diagnostics indicative of SMS activity derived from glider observations 
during the May–June 2018 mission. (a) Isopycnal slope (black; m km⁻¹), computed over a 5 km 
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horizontal scale, and RMS spice (blue; kg m⁻³), filtered with a 5 km moving window. Both variables 
were averaged over density layers spanning the surface to the depth of minimum temperature (~0–
30 m). A positive slope indicates that the isopycnal layer is elevated on the southern side of the 
section. (b) Along-transect buoyancy gradient computed over a 5 km horizontal scale (black; 10⁻⁶ 
s⁻²), and the 10th percentile of non-dimensional potential vorticity (orange), both evaluated over 
the upper 0–30 m layer. The black box in panel (a) marks the period when the glider-observed 
hydrographic structure indicated a front. Red and blue rectangles in panel (b) denote periods of 
enhanced equivalent heat flux associated with baroclinic and wind-driven processes, respectively. 

4.1.2.1 Dynamical Conditions 
In Paper I, several diagnostics were used to assess whether the observed frontal 
conditions were favourable for SMS processes. These included equivalent heat fluxes 
associated with wind-driven and baroclinic processes (Fox-Kemper et al., 2008; Thomas, 
2005; Thompson et al., 2016), PV, and estimates of the Obukhov length (Figs. 6–7 in 
Paper I). Although the observations did not allow unambiguous identification of specific 
instability mechanisms, the diagnostics identified two dynamically active periods. 

The first occurred during the initial appearance of the front around 22 May, when the 
strongest structural SMS signatures coincided with elevated equivalent heat fluxes 
associated with baroclinic restratification. Such restratification is consistent with the 
effects of baroclinic instability in frontal regions (e.g., Mahadevan et al., 2010). 

The second period occurred around 29 May and the beginning of June, when 
enhanced wind-driven equivalent heat fluxes coincided with reductions in PV. While this 
combination is broadly consistent with conditions that may favour SI, the Obukhov length 
estimates indicated that the direct influence of surface forcing remained shallow. 
Because the frontal structure extended below the UML, the overlap between the wind-
affected layer and the deeper baroclinic structure appears limited. Thus, the 
observations do not consistently support the combination of reduced PV and sufficiently 
strong surface forcing required for symmetric instability to develop at density fronts 
(Taylor & Ferrari, 2010; Thomas et al., 2013). 

In this thesis, these two periods are summarised using 𝑞𝑞𝑛𝑛𝑛𝑛, which highlights PV 
reductions associated with horizontal buoyancy gradients relative to the local 
background stratification. The 𝑞𝑞𝑛𝑛𝑛𝑛 time series shows reductions during the well-defined 
frontal period on 23–24 May and again at the beginning of June. 

The first reduction follows the baroclinic restratification peak identified in Paper I and 
coincides with enhanced wind-driven contributions (Fig. 6b in Paper I). This timing may 
suggest dynamical intermittency within the frontal zone, consistent with the view that 
frontal systems can reflect the combined influence of multiple mechanisms (e.g., 
Mahadevan et al., 2010). 

The early-June reduction occurs during a period of stronger surface-layer variability, 
when smaller-scale along-transect buoyancy gradients often differed from the deeper 
mesoscale frontal structure. In contrast to the earlier event, the buoyancy field was 
therefore less vertically coherent and more variable in the surface layer. This suggests a 
more surface-related adjustment of the frontal system, likely influenced by wind forcing 
(Thomas, 2005; Thomas & Ferrari, 2008). 

As a complementary diagnostic, the observational Rossby-number proxy, 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜, was 
then used to examine whether the dynamically active periods were also expressed in the 
geostrophic velocity structure sampled by the glider. Following Thompson et al. (2016), 
𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 was derived from the section-based approximation of relative vorticity (Eqs. 5 and 
8). Because this formulation represents only the geostrophic component of the flow, 



25 

𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 is not expected to reach order one values. Enhanced 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜, or increased moving-
window variance of |𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜|, therefore indicates stronger section-resolved variability of 
the geostrophic flow. 

Figure 5 compares 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 averaged over 0–10 m and 0–30 m to assess the vertical 
extent of this variability. During 22–23 May, the signal remains comparable across both 
depth ranges, suggesting variability extending through much of the upper water column. 
In contrast, the 28–29 May signal weakens markedly in the 0–30 m average, indicating a 
more surface-confined response. This supports the interpretation made from the 𝑞𝑞𝑛𝑛𝑛𝑛 
analysis: the earlier event was more vertically coherent, whereas the later event was 
more surface intensified. Together with the equivalent heat flux diagnostics, this contrast 
suggests that the two events may reflect different dominant adjustment pathways (e.g., 
Boccaletti et al., 2007; Fox-Kemper et al., 2008; Thomas & Lee, 2005). 

Figure 5. Observational Rossby number proxy (𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜) estimated from glider observations and its 
moving-window variance. The Rossby number proxy is shown for vertical averaging over 0–10 m 
(black) and 0–30 m (green), while the corresponding moving-window variance is shown in blue (0–
10 m) and orange (0–30 m). Red and blue rectangles denote periods of enhanced equivalent heat 
flux associated with baroclinic and wind-driven processes, respectively. 

4.1.2.2 Spectral Evidence 
Spectral slopes are commonly used to distinguish dynamical regimes because different 
turbulence theories predict different rates at which variance decreases toward smaller 
scales. For kinetic energy, predictions with k−3 are expected for interior quasi-geostrophic 
turbulence (Charney, 1971) and a k−5/3 for surface quasi-geostrophic dynamics (Blumen, 
1978). Tracer-variance spectra are often used as a complementary diagnostic to energy 
spectra. For tracers that behave passively on isopycnal surfaces, near-k−2 spectra are 
commonly interpreted as evidence of lateral stirring by frontal and SMS-related motions 
(Balwada et al., 2024; Callies & Ferrari, 2013; Cole & Rudnick, 2012). This differs from the 
flatter k-1 slope expected for passive tracer variance in the ocean interior under dominant 
quasi-geostrophic turbulence (Erickson et al., 2020). 

To assess whether the dynamically active frontal states identified from the time-series 
diagnostics were consistent with SMS-related tracer stirring, wavenumber spectra of 
along-isopycnal temperature were examined. Because internal waves mainly displace 
density surfaces rather than modify tracer structure along them, variance on isopycnals 
is expected to reflect horizontal stirring processes (Callies & Ferrari, 2013; Ferrari & 
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Rudnick, 2000). In Paper I, isopycnal-temperature spectra showed slopes close to -2 in 
both the surface layer and thermocline over spatial scales of 10–1 km. In this thesis, the 
analysis was restricted to the frontal period and extended to the 2016 mission as a 
second frontal case. During the frontal periods, the spectra showed increased variability 
at wavelengths of approximately 10–5 km, where mesoscale frontal structure and 
smaller-scale tracer stirring may overlap (Fig. 6a, d). The 5–1 km slopes therefore provide 
a more focused estimate of the smaller-scale part of the spectrum (transition from 
mesoscale to submesoscale).  

For the 2018 mission, the clearest correspondence with SMS-related stirring occurred 
in the density range 4.3–5.2 kg m-3, located at depths of approximately 10–25 m. In this 
layer, the isopycnals were strongly inclined and the averaged spectrum had a slope of -
1.9 (Fig. 6a, c). The upper density range showed a slightly steeper slope of -2.2, while 
below 25 m the spectra became slightly shallower in the 5.3–5.7 kg m-3 layer, with an 
averaged slope of -1.8. This suggests that the 2018 frontal signal was strongest in the 
upper stratified layer and weakened with depth. The 10–25 m layer also shows intrusion-
like features in both temperature and chlorophyll (Fig. 6b, c). Chlorophyll distribution 
shows a layer of slightly higher concentrations near the maximum density gradient, 
suggesting a connection to the near-surface front. 

A similar frontal setting was observed during the 2016 mission, but the vertical 
expression of the variability extended deeper (Fig. 6f). The upper density range had a 
flatter averaged slope of -1.8, whereas within the density ranges of 4.3–4.7 and 4.8–5.2 
kg m-3, corresponding approximately to depths of 15–25 m and 25–40 m, respectively, 
spectra showed slopes of -2.0 and -2.1 (Fig. 6d). These steeper slopes coincide with the 
inclined pycnocline and pronounced lateral buoyancy gradients, and with temperature 
and chlorophyll variability extending into and below the pycnocline (Fig. 6e, f).  

Thus, both frontal cases show spectral signatures consistent with SMS-related along-
isopycnal tracer stirring in subsurface layers, particularly where the pycnocline, 
horizontal buoyancy gradients, and tracer variability coincide. However, the vertical 
extent of this active layer differed between missions. In 2018, the variability was 
concentrated around the strong upper pycnocline, whereas in 2016 the frontal structure 
and associated tracer variability extended deeper under slightly weaker stratification. 
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Figure 6. Wavenumber spectra and hydrographic structure during frontal missions in 2018 and 
2016. Panels (a, d) show along-isopycnal temperature spectra for the 2018 and 2016 
missions, respectively, grouped into three σ-ranges shown in red, green, and orange. The red 
range corresponds to the upper density layer, extending to approximately 10 m in 2018 and 15 
m in 2016. The green range extends from the base of this upper layer to approximately 25 m, 
and the orange range corresponds to approximately 25–40 m. Thin lines show individual 
spectra, thick lines show mean spectra, and shaded envelopes indicate 95% confidence 
intervals. The dashed black line indicates a k-2 reference slope, and triangles mark 
wavelengths of 10, 5, and 1 km. Panels (b, c) and (e, f) show example temperature and 
chlorophyll distributions overlaid with σ-contours at 0.2 kg m-3 intervals from 2018 and 2016, 
respectively. 
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4.2 Spatial Structure of Submesoscale Variability 
After identifying SMS signatures in the glider observations, the analysis was extended to 
the surrounding mesoscale density field to examine the dynamical setting in which SMS-
permissive conditions developed. Paper II presented characteristic events from May to 
August, with similar wind-forcing patterns identified in both analysed years, 2018 and 
2019 (Fig. 7 in Paper II). These forcing regimes produced upwelling, downwelling, and 
mesoscale advection events that were repeatedly associated with order one Rossby 
numbers and intensified horizontal buoyancy gradients, indicating the formation of SMS-
permissive fronts and filaments. Upwelling-favourable northeasterly–easterly winds led 
to coastal upwelling along the southern coast, where strong lateral density gradients 
coincided with regions of order one Rossby number (Fig. 7a, c, e). During strong 
downwelling-favourable southwesterly to westerly wind events, regions with order one 
Rossby numbers extended across much of the gulf rather than remaining confined to 
narrow frontal zones, indicating more widespread SMS-permissive conditions (Fig. 7b). 
During periods with southerly to southwesterly winds, mesoscale eddy activity and 
westward intrusion of low-salinity water were associated with strengthened lateral 
density contrasts and regions of elevated Rossby number (Fig. 7d, f). 

The association between forcing-driven mesoscale structures and SMS diagnostics 
suggests that atmospheric forcing helps organise the density field in which SMS activity 
can develop in the GoF. The wind regimes identified here are characteristic of the Baltic 
Sea and help sustain pronounced mesoscale variability in the region (e.g., Kikas & Lips, 
2016; Liblik et al., 2022). This regional context is consistent with previous Baltic Sea 
observations showing that SMS processes may be important during changing wind-
forcing conditions, particularly during the development and relaxation of coastal 
upwelling and downwelling events (Lips et al., 2016). More broadly, ocean observations 
show that mesoscale fronts and eddy edges can host complex thermohaline structures 
and instability-prone SMS conditions (Adams et al., 2017). 
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Figure 7. Overview of surface hydrographic and dynamical conditions in the GoF during spring–
summer 2018–2019, illustrating the variability of SMS-relevant fields. Example dates characterizing 
the evolving dynamical background are shown in (a–c) first row: 24 May 2018, 23 June 2018, and 
24 May 2019, and in (d–f) second row: 5 June, 31 July, and 14 August 2019. For each date, panels 
from top to bottom display surface (0–3 m) Conservative Temperature (°C), Absolute Salinity 
(g kg−1), velocity (m s−1), Rossby number, and squared horizontal buoyancy gradient modulus (s−4). 
The black box marks the 10×10 km study window. Modified from Paper II. 
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4.2.1 Horizontal Structure of Submesoscale Indicators 
The forcing-driven fronts and filaments identified in the model provide the mesoscale 
context for the glider observations. In Paper II, this connection was examined using three 
glider missions spanning different spring–summer forcing conditions. Spice was used as 
the main tracer-based measure of SMS variability, while model-derived Rossby number, 
Richardson number, and horizontal buoyancy gradients described the surrounding 
dynamical field.  

Because the glider sampled only a narrow section through the mesoscale density field, 
RMS spice was compared with surface Rossby number to assess whether tracer 
variability coincided with nearby dynamically active regions. RMS spice derived from 
glider observations and model output showed good qualitative agreement. Elevated 
values tended to occur during periods of enhanced surface Rossby number (Fig. 8). 
However, the correspondence was not one-to-one, suggesting that tracer signal can 
persist or be advected away from regions of instantaneous dynamical activity (Lévy et 
al., 2018). During the spring–early summer transition, when surface buoyancy flux was 
positive and the seasonal thermocline was developing, the glider missions showed 
predominantly coupled behaviour between elevated RMS spice and surface Rossby 
number (Fig. 8). Examples in Figure 10 of Paper II illustrate elevated RMS spice in regions 
of low Richardson number associated with elongated frontal structures and the 
periphery of an eddy, suggesting that the tracer signal was closely linked to active frontal 
dynamics. 

In contrast, the summer mission, when stratification was well established and surface 
forcing was more variable, illustrates partial decoupling between tracer-based and 
dynamical indicators (Fig. 8c, d). Enhanced RMS spice and patches of low Richardson 
number appeared within the study area (Fig. 10 in Paper II), whereas the regions of order 
one Rossby number and intensified horizontal buoyancy gradients occurred south of the 
study area, within the coastal current region formed during the upwelling event (Fig. 7e). 
Thus, the glider sampled enhanced tracer variability adjacent to the dynamically active 
region. This spatial arrangement is consistent with the tracer signal remaining linked to 
nearby frontal dynamics, even when dynamical indicators peak outside the sampled 
region, because SMS motions can redistribute tracer anomalies within frontal systems 
(e.g., Archer et al., 2020; Hosegood et al., 2017). This case is discussed further in Section 
4.3.  

Taken together, these examples show that the horizontal expression of SMS variability 
is not uniform but depends on the surrounding mesoscale setting and the seasonal state 
of the water column. The spring and summer cases suggest that tracer-based signatures 
can either coincide with or become offset from the strongest dynamical indicators, 
implying that the observed spice patterns reflect both the instantaneous dynamical 
setting and the history of tracer redistribution within the mesoscale flow. The role of 
vertical stratification in shaping these different expressions is considered further in the 
following section. 
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Figure 8. RMS spice in spring–summer 2018–2019, calculated over the density range extending 
from the surface to the depth of minimum temperature (approximately the upper 0–30 m). Panels 
(a, c) show the latitude–time distribution of RMS spice from the glider missions. Panels (b, d) show 
the corresponding model diagnostics within a 10×10 km study window: RMS spice in black and RMS 
surface Rossby number in orange. Modified from Paper II. 

4.2.2 Vertical Structure of Spice Variability 
Paper II reveals a pronounced seasonal contrast in the vertical distribution of spice 
variability. During the spring–early summer missions, spice maxima are located near the 
base of the UML, at densities shallower than the maximum vertical density gradient (Fig. 
9a, b). By summer, the spice maximum shifts below the UML to densities immediately 
beneath the strongest density gradient, within the seasonal thermocline (Fig. 9c). This 
apparent shift is interpreted as part of the seasonal evolution of stratification and 
forcing. 

The strengthening and deepening of stratification from May to August are illustrated 
by the evolution of the Brunt–Väisälä frequency (Fig. 2). Although the timing differs 
between years, the development of seasonal stratification coincides with enhanced spice 
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variability (Figs. 2a, c and 8a, c). This co-occurrence may indicate that, as the water 
column becomes increasingly layered, redistributed temperature and salinity contrasts 
leave a clearer spice signal. It may also reflect the development of horizontal gradients, 
driven in spring partly by differential warming of shallow coastal and offshore areas (Lips 
et al., 2014) and influenced by persistent riverine freshwater advection (Lips et al., 2017; 
Stipa et al., 1999). Such gradients can create favourable conditions for SMS activity. 

The spring–early summer missions were both characterized by positive surface heat 
flux during the seasonal development of stratification. Under these conditions, 
horizontal buoyancy gradients can develop while intermittent weakening of wind forcing 
prevents continuous erosion of variability near the base of the UML. The spice maximum 
near the UML base may therefore indicate a transition layer that is less exposed to wind-
driven mixing, allowing SMS activity to develop there (Johnston & Rudnick, 2009). This 
interpretation is also supported by Fig. 3 in Paper III, where scanfish sections show 
intrusions of water with different temperature and salinity properties above inclined 
pycnoclines. 

In summer, the relevant background state is different. The seasonal thermocline is 
already established, and the water column is strongly layered. Upwelling- and 
downwelling-favourable winds are frequent in the GoF during summer (Kikas & Lips, 
2016), tilting and displacing the thermocline and thereby creating strong horizontal 
buoyancy gradients. More generally, wind-dependent pycnocline inclination is a 
common feature across the GoF (Liblik & Lips, 2017), even when surface temperature 
and salinity gradients are weak.  

Horizontal buoyancy gradients are exposed to variable forcing, with surface heat flux 
no longer persistently positive and airflow over the GoF becoming more persistent than 
in May–June (Keevallik & Soomere, 2014). This may allow the existing gradient field to 
be repeatedly modified, helping to sustain conditions favourable for SMS activity. Sloping 
isopycnals provide pathways for tracer redistribution (e.g., Erickson & Thompson, 2018; 
Freilich & Mahadevan, 2021), consistent with the summer spice maximum being located 
within the pycnocline. This interpretation is also supported by Paper III, where scanfish 
sections show intrusions of water with different temperature and salinity properties 
along inclined pycnoclines.  

The vertical organisation of spice variability inferred from the glider observations is 
broadly reproduced by the model results (Fig. 9a–c). The contrasting vertical structure 
suggests that SMS variability is shaped by different seasonal settings. In a broader 
seasonal context, the modelled monthly evolution of spice shows a systematic transition 
from spring to summer conditions (Fig. 9d–g). From May to August, the strengthening 
and deepening of stratification are accompanied by a progressive shift of spice maxima 
toward higher densities, indicating that tracer variability follows the seasonal 
development of the pycnocline. During summer, elevated spice intensities also span a 
broader density range, reflecting the thickening and intensification of the stratified layer. 

Selected months, such as June 2018 and August 2019, exhibit secondary near-surface 
spice maxima in addition to the deeper dominant signal. This feature may be related to 
vertically layered stratification. The May 2018 and July 2019 observations illustrate such 
layering, with several local maxima in Brunt–Väisälä frequency indicating multiple 
stratified interfaces (Fig. 2a, c) during periods of elevated spice variability (Fig. 8a, c). In 
this setting, the deeper seasonal pycnocline can host the main spice maximum, while 
additional near-surface gradients, generated for example by surface heating or 
freshwater advection, may support secondary spice maxima in the upper layer.  
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This suggests that the vertical expression of SMS variability is shaped by the 
interaction between horizontal buoyancy gradients, vertical stratification, and forcing 
within the evolving seasonal water column. Similar vertical spice structures between 
missions may indicate comparable redistribution pathways. However, differences in 
spice magnitude should be interpreted cautiously across spring and summer conditions, 
because the available temperature–salinity contrasts and density gradients differ 
seasonally. Weaker spice variability in spring therefore does not necessarily imply weaker 
SMS-related redistribution. 

Figure 9. Vertical distribution of spice variability expressed as the standard deviation of spice. 
Panels (a–c) show spice variability from glider observations (black dots) and model output (white 
circles) for each glider mission period. Solid and dashed black lines indicate the average depth of 
the UML and the depth of minimum temperature derived from observations and model output, 
respectively. Green lines denote the average depth of the maximum Brunt–Väisälä frequency. 
Panels (d–g) show the monthly standard deviation of modelled spice from May to August for 2018 
(dashed lines) and 2019 (solid lines). The same reference depths shown in panels (a–c) are indicated 
by black and green horizontal lines. From Paper II. 
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4.3 Linking Mesoscale Forcing and Tracer Organisation 
Building on the analysis of the timing and spatial expression of SMS variability, the focus 
now shifts to the physical pathways through which mesoscale forcing generates fine-
scale tracer structure. To address this, Paper II analysed the modelled late-summer 
upwelling period of 23–31 July 2019 as a case study of mesoscale-to-submesoscale 
coupling.  
By 31 July, extensive coastal upwelling had developed, as seen in the surface 
temperature and salinity fields (Fig. 7e). The resulting horizontal buoyancy gradients 
were accompanied by a strong westward coastal current and order one surface Rossby 
numbers near the coast, indicating a mesoscale environment favourable for SMS activity. 

Daily vertical transects resolved the evolving hydrographic structure during this period 
(Figs. S1–S9 in Paper II). Following the strengthening of easterly winds after 25 July, a 
coherent coastal current developed by 26 July, accompanied by enhanced subsurface 
variability in temperature and salinity. By 29 July, the upwelling signal was clearly 
expressed in the transects as marked surface cooling and strongly tilted isopycnals 
indicative of frontal sharpening, while order one Rossby numbers remained largely 
confined to the coastal current and were comparatively weak offshore (Fig. 11 in Paper 
II).  

During 27–28 July, the subsurface spice field broadly mirrored the pattern of elevated 
Rossby number, although spice variability extended across a wider part of the section 
(Figs. S5–S6 in Paper II). Thereafter, the spatial correspondence between Rossby number 
and spice weakened, suggesting a transition from active SMS generation toward tracer 
redistribution, with anomalies advected and subducted along sloping isopycnals within 
the established mesoscale frontal framework (e.g., Freilich & Mahadevan, 2021; 
Hosegood et al., 2017; Spall, 1995). 

To complement the daily-transect analysis, I present period-mean fields for 26–31 
July, representing the phase after establishment of the coherent coastal current and 
frontal structure (Fig. 10). This reformulation does not alter the interpretation but 
expresses multiple SMS-relevant diagnostics consistently across the analysed period and 
highlights persistent co-evolving patterns.  

The period-mean Rossby number identifies a vertically coherent core near 59.625° N, 
extending to about 30 m depth, coincident with the strongest isopycnal tilt (Fig. 10a, c). 
Such alignment of elevated Rossby numbers with strongly sloping isopycnals is typical of 
frontal zones where ageostrophic circulations intensify (e.g., Garcia‐Jove et al., 2022; 
McWilliams, 2019). 

To link this dynamical setting to tracer redistribution and to illustrate the role of 
vertical motions expected to be enhanced at fronts (e.g., Tarry et al., 2022; Taylor & 
Thompson, 2023), I additionally examine the period-mean magnitude of the vertical 
advective tendency of spice that highlights persistent zones where vertical motions act 
on strong vertical spice gradients. A near-surface maximum appears between 59.625 and 
59.65° N, coinciding with elevated Rossby number, while a broader maximum occurs 
farther offshore around 59.67–59.675° N at 10–15 m depth, reaching about 1.2 × 10⁻⁵ kg 
m⁻³ s⁻¹ (Fig. 10b).  

The full period mean reflects an evolving redistribution pattern. More specifically, the 
event appears to evolve from an earlier surface-intensified phase, when the near-surface 
maximum is strongest and spice remains more closely aligned with elevated Rossby 
number, toward a later phase in which the subsurface tracer-restructuring signal 
strengthens and becomes more prominent within the established frontal circulation. 
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Along-transect RMS spice is consistent with this, showing that the strongest fine-scale 
tracer variability is confined to the same frontal/current structure, with lower values on 
both the coastal and offshore sides (Fig. 10c). 

The associated vertical velocities are of order 10 m d⁻¹. Although this lies toward the 
lower range of reported SMS vertical velocities, it is still consistent with energetic SMS 
motions and with indirect estimates from other stratified environments (e.g., Capet et 
al., 2008; Zhang et al., 2021). In the Baltic Sea, higher instantaneous velocities occur in 
high-resolution simulations (Chrysagi et al., 2021), but the estimates presented here are 
period means based on one snapshot per day and therefore miss instantaneous peak 
velocities. Smaller vertical velocities are also realistic in stratified coastal environments, 
as SMS dynamics depend on mixed-layer depth (Callies et al., 2015; Erickson & 
Thompson, 2018). Deep mixed layers contain large reservoirs of potential energy 
available for SMS instabilities (e.g., Fox-Kemper et al., 2008), whereas the shallow 
summer mixed layer in the GoF (~13 m; Liblik & Lips, 2011) limits the vertical extent of 
frontal circulations and thus the associated vertical velocities (Erickson & Thompson, 
2018). 

The spatially non-uniform pattern of the vertical advective tendency of spice reflects 
an evolving event and suggests that vertical tracer restructuring is concentrated within 
specific parts of the frontal/current system. As the event progresses, the increasingly 
prominent subsurface signal remains associated with the observed region of elevated 
spice variability, consistent with tracer transport within the frontal circulation (e.g., 
Archer et al., 2020; Freilich & Mahadevan, 2021; Yoshikawa et al., 2012). Because frontal 
tracer transport can be localized and follow sloping isopycnals that outcrop in the mixed 
layer, this pattern supports subduction as a likely three-dimensional pathway for 
transferring tracers into the pycnocline, with its efficiency influenced by atmospheric 
forcing (Mahadevan et al., 2020; Pham et al., 2024; Yoshikawa et al., 2012). Overall, the 
composite analysis reinforces the interpretation from Paper II that the observed tracer 
variability and the dynamical indicators are linked through the same frontal/current 
system along the transect. 
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Figure 10. Period-mean dynamical and tracer diagnostics for the upwelling period of 26–31 July 
2019 along the meridional transect at 25.25° E. Panels show (a) the magnitude of the Rossby 
number, and (b) the magnitude of the vertical advective tendency of spice. Panel (c) shows along-
transect isopycnal slope and RMS spice, averaged from the surface down to the depth of minimum 
temperature.  

4.4 Pathways for Tracer Redistribution 
In this thesis, SMS variability in the GoF is interpreted as a manifestation of processes 
that redistribute tracers both laterally and vertically within an evolving mesoscale 
buoyancy field. Horizontal buoyancy gradients provide the frontal setting for such 
processes (Taylor & Thompson, 2023). Mesoscale frontal flows are approximately in 
geostrophic and hydrostatic balance, so horizontal buoyancy gradients are linked to 
vertical shear through thermal-wind balance. As frontogenesis sharpens the front, 
horizontal buoyancy gradients intensify, the frontal zone narrows, vertical shear in the 
along-front jet strengthens, and relative vorticity increases. When this sharpening 
proceeds faster than the balanced flow can adjust, ageostrophic circulations emerge, 
identified, e.g., by the Rossby number approaching order one (Hoskins, 1982; Hoskins & 
Bretherton, 1972; McWilliams, 2016). 

This behaviour is reflected throughout the thesis by the repeated association of order 
one Rossby number, enhanced buoyancy gradients, sloping density surfaces, and 
subsurface tracer variability at submesoscales. Together, these features indicate frontal 
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environments where ageostrophic motions become dynamically relevant and can modify 
tracer distributions across and along density surfaces. In such settings, along-isopycnal 
stirring of tracers is a recurring pathway for tracer redistribution, associated, e.g., with 
restratification near the UML base and with local subduction or intrusion of tracer 
anomalies into the stratified interior. 

For passive tracers along isopycnals, spectra approaching k-2 are commonly 
interpreted as evidence of SMS-related lateral stirring (Balwada et al., 2024; Callies & 
Ferrari, 2013). In this thesis, such redistribution appears most evident where sloping 
density surfaces, horizontal buoyancy gradients, and larger-scale lateral tracer gradients 
coincide. Within fronts, inclined density surfaces provide pathways along which 
temperature, salinity, spice, or chlorophyll anomalies can be stretched and redistributed 
(e.g., Erickson et al., 2016; Freilich & Mahadevan, 2021). The expression of this along-
isopycnal stirring depends on the vertical structure of the front, as suggested by the 
contrasting 2018 and 2016 frontal cases (see Section 4.1.2.2). 

Under strong positive surface heat flux and weak or intermittent wind forcing, typical 
of the spring and early summer period, wind-driven mixing is reduced, and horizontal 
buoyancy gradients can persist near the lower part of the UML. Under these conditions, 
SMS-related restratification may contribute to tracer reorganisation near the UML base 
during the development of the seasonal thermocline. This is consistent with studies 
showing how lateral buoyancy gradients can shape vertical tracer structure (e.g., 
Mahadevan et al., 2010). 

Wind forcing provides an important control on these redistribution pathways by 
modifying the frontal buoyancy field and determining where SMS-favourable conditions 
develop in the GoF (Kikas & Lips, 2016; Liblik & Lips, 2017; Lilover et al., 2017). In the late-
summer upwelling case, this thesis suggests SMS subduction as one possible pathway 
through which tracer anomalies are transferred into the pycnocline and stratified interior 
along sloping isopycnals. The persistence of wind forcing may be important in this 
context because it can keep the frontal buoyancy field dynamically active while tracer 
anomalies are redistributed horizontally and vertically.  

Overall, the results indicate that tracer redistribution in the GoF depends on how 
horizontal buoyancy gradients, sloping density surfaces, and wind forcing interact within 
the seasonally stratified water column. 

4.5 Implications for the Baltic Sea 
Figure 11 synthesizes the frontal geometry of the southern GoF, illustrating how 
oppositely sloping thermocline and halocline layers (Liblik & Lips, 2017), together with 
the coastal current and frontal circulation, can provide pathways for restratification near 
the UML base and tracer transfer into the pycnocline. In this setting, mesoscale frontal 
structure provides the background within which SMS processes redistribute tracers 
between the surface layer and the stratified interior. Paper III places this GoF-based 
interpretation in a broader Baltic Sea context, identifying SMS dynamics as a basin-
relevant component of circulation that contributes to both tracer redistribution and 
energy transfer across scales. 

From a tracer perspective, the results suggest that SMS dynamics can couple lateral 
and vertical redistribution in stratified coastal conditions, linking surface–interior 
exchange (e.g., Su et al., 2018; Yu et al., 2019) with coastal–offshore transport (e.g., 
Fadida et al., 2026; Kubryakov et al., 2023). Because strong horizontal buoyancy 
gradients are common in the Baltic Sea, SMS processes can develop within mesoscale 
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frontal and coastal-current systems. In this setting, Paper II suggests subduction, 
associated with persistent frontal tilting and vertical shear, as one possible frontal 
pathway for tracer exchange. The broader relevance of this mechanism is supported by 
other Baltic Sea observations, which show that intrusions of water with contrasting 
temperature and salinity properties frequently occur along inclined pycnoclines (Lips et 
al., 2016; Paper III). 

Such pathways are relevant not only for physical tracers, but also for biogeochemical 
structure, as SMS-related lateral and vertical fluxes may influence nutriclines, redoxcline, 
and subsurface chlorophyll-a maxima (Paper III). In the GoF, where nutrients are often 
depleted after the spring bloom as the seasonal thermocline develops (Lips et al., 2011), 
this may affect biological variability (Lips & Lips, 2010), including through subduction of 
chlorophyll-rich surface waters into the lower seasonal thermocline (e.g., Erickson et al., 
2016; Lips & Lips, 2010; Lips et al., 2010; Lips & Lips, 2014). 

SMS dynamics in the Baltic Sea appear to exhibit a seasonal cycle in which both vertical 
and lateral tracer redistribution depend on stratification and mixed-layer depth (e.g., 
Erickson & Thompson, 2018; Yu et al., 2019). The vertical distribution of spice variability 
likewise followed the evolving stratification of the water column from spring to summer 
(Paper II). Joint probability density functions of relative vorticity and strain rate 
presented in Paper III show that SMS processes occur more frequently in the GoF and 
the Northern Baltic Proper, and that intense SMS activity is more common in winter than 
in summer. However, Väli et al. (2024) identify the southern GoF as a region where 
surface kinetic energy can remain elevated during summer, emphasizing the role of wind-
driven coastal currents and upwelling fronts in maintaining surface-intensified dynamics 
under strongly stratified conditions (Väli et al., 2017, 2024). 

Recognizing SMS dynamics as a basin-relevant component of circulation extends the 
classical view of energy transfer across scales by emphasizing feedbacks and instabilities 
within the SMS range. In the Baltic Sea, compressed dynamical scales may enhance the 
relative importance of these processes: in a shallow basin, upper- and bottom boundary 
layer dynamics can affect a comparatively large fraction of the water column, especially 
along sloping topography where flow–bottom interactions generate additional buoyancy 
gradients and instability pathways (e.g., Capó et al., 2023; Gula et al., 2015; Wenegrat & 
Thomas, 2020). 

Paper III proposes that, in addition to internal waves, SMS processes form a distinct 
pathway for energy transfer across scales (Fig. 12). Their presence is associated with 
flatter wavenumber spectra of potential energy (slope −2 rather than −3), indicating 
enhanced retention of buoyancy variance at submesoscales, and with steeper tracer 
variance spectra (slope −2 rather than −1), reflecting active tracer redistribution. This 
interpretation is consistent with independent results from the GoF (Paper I; Paper III; 
Lilover et al., 2025; Lips et al., 2016). Together, these findings imply that energy transfer 
in stratified coastal seas cannot be described solely as a downscale cascade mediated by 
internal waves. 

The results presented here highlight density-gradient-driven pathways such as 
restratification and subduction, illustrating how SMS motions redistribute both energy 
and tracers across the stratified water column. Their existence and role are emphasized 
here without attributing them to specific instability mechanisms, which lie beyond the 
scope of this thesis. A defining feature of these pathways is that energy transfer does not 
necessarily follow a single irreversible route toward dissipation but can be redistributed 
across scales in ways that vary seasonally (Balwada et al., 2022; Canuto et al., 2018; 
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Naveira Garabato et al., 2022; Yang et al., 2021). Neglecting them may therefore alter 
the predicted distributions of temperature, salinity, density, and tracers, influencing both 
mixing rates and the large-scale organisation of water masses in stratified coastal seas 
(Fox-Kemper et al., 2008; Mahadevan, 2016; Su et al., 2018; Taylor & Thompson, 2023). 

These findings highlight the relevance of sub-grid parameterisations in coarse-
resolution ocean and climate models, where SMS dynamics are not explicitly resolved. 
Because SMS processes couple horizontal density gradients with vertical stratification, 
parameterisations should account for this coupling rather than treating lateral and 
vertical mixing independently. This coupling drives tracer and energy redistribution along 
sloping isopycnals, a pathway not represented in schemes based solely on a classical one-
way cascade. 

Figure 11. Conceptual three-dimensional view of water-column temperature across the Gulf of 
Finland on 31 July 2019. The horizontal view spans 59.50–60.20°N and 24.50–25.30°E, while the 
vertical section follows a meridional transect along 25.30°E. The stratified structure reveals 
oppositely sloping thermocline and halocline layers and a pronounced frontal zone along the 
southern coast. Hypothetical contours schematically indicate key features, including the coastal 
current, mesoscale and submesoscale eddies, frontal zone, subduction, and restratification near the 
base of the upper mixed layer. 
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Figure 12. Schematic illustration of energy-transfer pathways across spatial scales. (a) Classical 
view in which mesoscale energy is transferred toward dissipation primarily via internal gravity 
waves. (b) Expanded framework including submesoscale processes, which introduce additional, 
dynamically active pathways for energy redistribution. In this view, energy extracted from 
mesoscale density gradients is temporarily retained, converted, and redistributed within the SMS 
range before contributing to dissipation. The schematic emphasises pathways rather than specific 
instability mechanisms. Modified from Paper III. 
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5 Conclusions 
This thesis provides a characterisation of SMS variability in a shallow, stratified coastal 
sea, with emphasis on its links to mesoscale dynamics and atmospheric forcing. By 
combining high-resolution glider observations, spectral analysis, and model-derived 
dynamical diagnostics, it relates observed tracer structure to its dynamical context and 
shows how SMS variability in the Baltic Sea can be interpreted in terms of physical 
pathways of tracer redistribution. 
 
The principal conclusions of this thesis are as follows: 
 

• High-resolution autonomous glider observations provided indirect evidence for 
SMS activity, as they resolved both mesoscale frontal structures and kilometre-
scale tracer features consistent with SMS-related redistribution. This shows that 
standard glider sensor packages can identify SMS imprints in tracer variability 
and background density structure, even when the full velocity field is not 
observed. 

 
• For the mesoscale frontal structure observed in late spring 2018, equivalent 

heat flux estimates suggested that wind-driven Ekman transport across the 
front made the strongest diagnosed contribution to frontal imbalance, while 
baroclinic effects were likely also present during front formation. Rossby 
number analysis based on glider data supported this interpretation by 
distinguishing surface-confined variability from variability extending through 
much of the upper water column. 
  

• Larger-scale atmospheric forcing shaped when and where SMS-permissive 
conditions developed by modifying mesoscale density structure. Upwelling, 
downwelling, and mesoscale advection were repeatedly associated with 
intensified buoyancy gradients and regions of order one Rossby number, 
indicating that wind-driven regimes characteristic of the Baltic Sea can sustain 
mesoscale conditions favourable for SMS development. 
  

• The vertical distribution of spice variability changed with the evolving water-
column structure, indicating that the layer where lateral thermohaline 
anomalies were retained shifted seasonally. In spring, the spice maximum 
occurred near the base of the UML, above the maximum vertical density 
gradient, whereas in summer it shifted toward the maximum vertical density 
gradient and occupied a broader density range within the thermocline. 
  

• Spice variability and surface Rossby number were closely coupled during the 
spring-early summer glider missions, suggesting active frontal dynamics within 
the study area. During the late-summer upwelling event, however, elevated 
spice variability was spatially offset from the region with pronounced order one 
Rossby number. This offset was consistent with SMS-related subduction within 
the mesoscale frontal system, where sloping density surfaces provided potential 
pathways for along-isopycnal tracer redistribution. Modelled vertical advection 
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of spice supported this interpretation by identifying persistent zones where 
vertical motion acted on subsurface spice gradients. 

 
• The SMS signatures identified in this thesis suggest several connected forms of 

frontal tracer redistribution in the GoF, whose expression depends on the 
interaction among horizontal buoyancy gradients, stratification, and wind 
forcing. Along-isopycnal stirring within sloping frontal surfaces was the most 
likely pathway, supported by both the tracer spectra and fine-scale 
thermohaline features resolved by the glider. Indirectly, the results suggest 
SMS-related vertical reorganisation near the UML base and subduction into the 
pycnocline. 

 
• The occurrence of k−2 spectral slopes of isopycnal temperature in both the 

surface layer and thermocline suggests that SMS-related along-isopycnal 
stirring extended into subsurface layers. This supports the interpretation that 
SMS-related redistribution is relevant within the stratified GoF water column. 
  

• More broadly, the results suggest that SMS processes may provide a pathway 
through which mesoscale frontal circulation contributes to vertical and lateral 
tracer redistribution in the Baltic Sea. 

  
In conclusion, the thesis suggests that SMS processes can link frontal adjustment with 
tracer redistribution in the stratified Baltic Sea water column. 
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Abstract 
Submesoscale variability in the Baltic Sea: occurrence and 
role in the redistribution of physical tracers 
As a transitional regime between quasi-geostrophic flow and three-dimensional 
turbulence, submesoscale (SMS) processes mediate horizontal and vertical tracer 
exchange. Although SMS processes have been studied extensively in the open ocean, 
their expression and significance in shallow, strongly forced basins such as the Baltic Sea 
remain comparatively understudied. 

SMS motions typically span 200 m–20 km in the ocean but are expected at smaller 
scales in the Baltic Sea (<10 km) because of its high latitude, shallow depth, and layered 
structure. Strong horizontal buoyancy gradients, which provide the frontal setting 
required for SMS activity, are common due to freshwater input and persistent salinity 
contrasts. Differential warming and cooling between coastal and offshore areas further 
generate horizontal variability. Circulation is also strongly influenced by wind, and in 
narrow basins such as the Gulf of Finland, upwelling and downwelling events are 
frequent. 

These characteristics provide favourable conditions for widespread SMS activity, 
motivating investigation of the conditions under which SMS variability emerges. The 
central aim of this thesis is to examine the roles of mesoscale dynamics, atmospheric 
forcing, and stratification in shaping SMS variability, and to assess how SMS processes 
contribute to tracer redistribution and exchange. 

This thesis combines repeated high-resolution glider observations across frontal and 
stratified regions with a realistic high-resolution simulation. The observations are used 
to analyse fine-scale thermohaline variability and filamentary tracer intrusions, apply 
spice as a tracer diagnostic, and characterize the dynamical regime using along-isopycnal 
temperature spectra. This is complemented by model-derived diagnostics that provide 
standard dynamical indicators of SMS activity. 

The results show that SMS variability in the Gulf of Finland is structured both 
horizontally and vertically. Larger-scale atmospheric forcing regulates when and where 
SMS activity emerges by shaping horizontal buoyancy gradients and mesoscale 
structures. SMS-related tracer redistribution persists under stratified conditions, but its 
vertical expression changes seasonally with the evolving water-column structure. During 
the late-summer upwelling event, SMS subduction is interpreted to explain the spatial 
offset between tracer-based and dynamical indicators, suggesting that along-isopycnal 
tracer transport can contribute to coastal–offshore exchange. Consistent near-k-2 slopes 
of along-isopycnal temperature spectra in the surface layer and thermocline further 
support the presence of active SMS dynamics below the surface. 

Overall, the thesis identifies SMS processes as pathways that couple lateral and 
vertical tracer redistribution within evolving mesoscale buoyancy structures. These 
processes contribute to multiscale coastal circulation and energy transfer in the Baltic 
Sea, underscoring the need for sub-grid parameterisations of SMS pathways in coarse-
resolution ocean and climate models.  
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Lühikokkuvõte 
Submesomastaapi muutlikkus Läänemeres: esinemine ja roll 
vee füüsikaliste omaduste ümberjaotamises 
Submesomastaap kirjeldab vahepealset dünaamilist režiimi kvasi-geostroofilise 
kahemõõtmelise voolu ja kolmemõõtmelise isotroopse turbulentsi vahel, kus protsessid 
vahendavad trasserite horisontaalset ja vertikaalset vahetust ning ümberjaotumist. Kuigi 
submesomastaapseid (SMM) protsesse on avaookeanis palju uuritud, on nende 
avaldumine ja tähtsus madalates, keeruka vertikaalse struktuuriga basseinides, mida 
mõjutab oluliselt atmosfääri mõju muutlikkus, endiselt võrdlemisi vähe uuritud. 

Võrreldes ookeaniga (200 m–20 km), esinevad SMM protsessid Läänemeres 
mõnevõrra väiksemas mõõtkavas (<10 km), tulenevalt mere suhteliselt kõrgest 
laiuskraadist, väikesest sügavusest ning tugevalt kihistunud struktuurist. Tugevad 
horisontaalsed tihedusgradiendid, mis loovad SMM-aktiivsuseks vajaliku frontaalse 
keskkonna, on Läänemeres tavalised suure magevee sissevoolu ja püsivate 
horisontaalsete soolsuskontrastide tõttu. Ranniku- ja avamerealade erinev soojenemine 
ja jahtumine tekitab täiendavat horisontaalset muutlikkust. Tsirkulatsiooni mõjutab 
oluliselt ka tuul ning kitsastes basseinides, näiteks Soome lahes, on süvaveekerke ja 
pealisvee sukeldumise sündmused sagedased. 

Need iseärasused loovad soodsad tingimused SMM protsesside arenguks, ajendades 
uurima, millistel tingimustel SMM-muutlikkus kujuneb. Käesoleva väitekirja keskne 
eesmärk on selgitada, kuidas mesomastaapne dünaamika, atmosfääri mõju ja 
kihistumine kujundavad SMM-muutlikkust ning kuidas SMM-protsessid panustavad 
trasserite ümberjaotumisse ja vahetusse. 

Käesolev väitekiri ühendab kõrglahutuslikud glideri mõõdistused frontaalsetes ja 
kihistunud piirkondades realistliku kõrglahutusliku simulatsiooniga. Vaatluste põhjal 
analüüsitakse väiksemastaapset termohaliinset muutlikkust ja trasseri käitumist 
kasutades spice’i ning iseloomustatakse dünaamilist režiimi piki isopükne arvutatud 
temperatuurispektrite abil. Analüüsi täiendavad mudelipõhised dünaamilised näitajad, 
mida kasutatakse standardsete indikaatoritena SMM aktiivsuse jaoks. 

Tulemused näitavad, et SMM muutlikkus Soome lahes on struktureeritud nii 
horisontaalselt kui ka vertikaalselt. Suuremõõtmeline atmosfääriline mõju reguleerib, 
millal ja kus aktiivsus avaldub, kujundades horisontaalseid tihedusgradiente ja 
mesomastaapseid struktuure. SMM seotud trasserite ümberjaotumine püsib kihistunud 
tingimustes, kuid selle vertikaalne väljendumine muutub sesoonselt koos veesamba 
struktuuri arenguga. Hilissuvise süvaveekerke sündmuse ajal tõlgendatakse SMM 
subduktsiooni trasseripõhiste ja dünaamiliste indikaatorite ruumilise nihke võimaliku 
seletusena, mis viitab sellele, et piki isopükne toimuv trasseritransport võib panustada 
ranniku ja avamere vahelisse vahetusse. Piki isopükne arvutatud temperatuurispektrite 
ligikaudu k-2 kalded pinnakihis ja termokliinis toetavad omakorda aktiivse SMM 
dünaamika olemasolu ka pinnast allpool. 

Kokkuvõttes näitab väitekiri, et SMM protsessid seovad trasserite horisontaalset ja 
vertikaalset ümberjaotumist arenevates mesomastaapsetes struktuurides. Need 
protsessid panustavad Läänemere rannikumere tsirkulatsiooni ja on olulisel kohal 
mastaapide vahelises energia ülekandes, rõhutades vajadust arvestada SMM 
protsessidega madala lahutusega ookeani- ja kliimamudelite parametriseeringutes. 
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Modern research methods enable unfolding the structure of the water column

with higher resolution than ever, revealing the importance of submesoscale.

Submesoscale processes have intermediate space and time scales of <5 km and

a few days in the Baltic Sea. A glider mission was conducted in the Gulf of Finland in

May 2018. The appearance of a mesoscale front as a response to the persisting

NE–E winds was observed. Within the front, smaller scale features at a lateral scale

of a km were apparent. The tracer patterns indicated the presence of two adjacent

motions – cold (warm) water penetrating upward (downward) on the lighter

(denser) side of the front. We suggest they were traces of ageostrophic

secondary circulation emerging while the loss of the upwelling-favorable forcing

arrested the strengthening of the front. The analysis showed favorable conditions

for the baroclinic and wind-driven instability. Such circulations could work to

equalize the differences in cross-front direction, affecting the stratification and

acting against the persistence of the mesoscale front. The spatial spectra of

isopycnal tracer variance revealed the depth-dependence of the spectral slopes

at the lateral scales of 1–10 km in the upper part of the water column. The differing

of the slopes in the density layers associated with the mesoscale front indicates

that frontal dynamics contribute to the energy cascade.

KEYWORDS

glider, horizontal buoyancy gradient, submesoscale, stratification, Baltic Sea

1 Introduction

The growth in the resolution capabilities of ocean observations has unfolded a rich

structure on lateral scales of a kilometer (Karimova and Gade, 2016; Lips et al., 2016;

Carpenter et al., 2020). This scale, referred to as submesoscale, forms by the interplay between

atmospheric forcing and mesoscale motions. Turbulent motions associated with atmospheric

forcing mix the surface layer in the vertical and mesoscale horizontal flows advect water

masses introducing lateral variability (Ferrari and Boccaletti, 2004). Dynamically ocean’s

submesoscale is defined with order one Rossby and balanced Richardson number expressed

respectively as Ro = z
f and Rib =

f 2N2

b2y
, where z is vertical vorticity, f Coriolis frequency, N2

vertical buoyancy gradient and by horizontal buoyancy gradient (Thomas et al., 2008).
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Therefore, by definition, submesoscale is active in regions of strong

horizontal buoyancy gradients, strong vorticity, and weak vertical

stratification. However, observations have shown that energetic

submesoscale can be triggered throughout the ocean (Thompson

et al., 2016; Yu et al., 2019b).

Comprehending the nature of submesoscale proposes a challenge

as the dynamics is neither fully two- nor three-dimensional. Although

being constrained by geostrophic and hydrostatic momentum balance

to some extent, submesoscale flows can break this balance to show a

forward energy cascade (McWilliams, 2016). Fronts are recognized as

one of the primary sources of submesoscale motions (Thomas et al.,

2013; Garcia-Jove et al., 2022). Fronts are known to be subject to

frontogenesis (Lapeyre et al., 2006), frictional forces (Thomas and

Ferrari, 2008), baroclinic instability (Boccaletti et al., 2007), and

baroclinic submesoscale instability (Fox-Kemper et al., 2008;

Thomas et al., 2013). Frontal submesoscale efficiently transfers

energy to small-scale diapycnal mixing and dissipation through

induced submesoscale flows, resulting in modified stratification.

Therefore, the horizontal variations are closely related to the

changes in the vertical structure.

Frontogensesis is a process that leads to the local intensification of

the horizontal buoyancy gradient, requiring an acceleration of the along-

front velocity to hold the geostrophic balance in the cross-front

direction. An ageostrophic secondary circulation emerges to

compensate for the acceleration. The overturning circulation is

directed from the anticyclonic (light) to the cyclonic (dense) side of

the front as the relative vorticity near the surface intensifies.

Downwelling (upwelling) results from the conservation of potential

vorticity that requires the horizontal flow to be convergent (divergent)

on the dense (light) side of the front (Spall, 1995). We refer the reader to

Figure 3 of Spall (1995). While the up- and downwelling rates are high

(Yu et al., 2019a), returning of the water parcels to their original depth

away from the fronts takes longer. Meanwhile, the external forcing has a

chance to interact with the upper ocean, meaning that, in the real ocean,

the horizontal buoyancy gradient is simultaneously subject to frictional

forces, which can lead to modifications in the heat fluxes (Thomas,

2005). The wind generates Ekman currents that de- or restratify the

water column, depending on the orientation between the wind and the

baroclinic geostrophic flow along the front. Downfront (upfront) winds

are aligned with (oriented against) the frontal jet, driving denser (lighter)

fluid over lighter (denser) (Thomas and Ferrari, 2008). We refer the

reader to Figure 1 of Thomas and Ferrari (2008).

Downfront winds reduce the potential vorticity in the Ekman

layer but can additionally induce secondary circulations that extract

potential vorticity from the pycnocline (Thomas, 2005). The mixed

layer deepens as a result. When the potential vorticity turns negative,

the flow becomes unstable (Hoskins, 1974) and symmetric instability

can develop if the mixed layer is deeper than the Ekman layer

(Thomas et al., 2013). Produced slantwise overturning cell at the

base of the front (Taylor and Ferrari, 2009) pushes the system toward

zero potential vorticity (Thomas et al., 2013). Thus, the stratification

is modified by a combination of restratification by frontal circulation

and surface forcing induced mixing of the density profile by

convection. If the front persists while being marginally stable to

symmetric instability, baroclinic instability can restratify the water

column through the generation of secondary circulation by releasing

potential energy (Boccaletti et al., 2007).

A large part of the insight into the submesoscale processes has

been achieved thanks to numerical simulations (Boccaletti et al., 2007;

Thomas et al., 2008; Mahadevan et al., 2010), while observations are

challenging due to the processes’ ephemeral nature (Yu et al., 2019a).

However, focusing on the regions where the environment favors the

presence of submesoscale flows, recent glider observations have well

demonstrated fine-scale water column structure. For instance, Pietri

et al. (2013) sampled an upwelling system and discussed a driving

mechanism that could explain observed submesoscale variability

compatible with cross-frontal cells. Further, Pérez et al. (2022)

analyzed submesoscale instabilities in a warm core ring and showed

the core to be susceptible to gravitational instability and the periphery

to symmetric instability under favorable downfront wind forcing.

While in the ocean, the use of gliders is common, only a few studies

have been conducted using gliders in the Baltic Sea (Karstensen et al.,

2014; Meyer et al., 2018; Carpenter et al., 2020; Liblik et al., 2022).

Observations by towed and autonomous devices (e.g., Lips et al., 2016;

Carpenter et al., 2020) have indicated the presence of submesoscale

activity, but the analysis of their nature is lacking.

Understanding the dynamics of the submesoscale allows for

improving numerical models to which a physically complex

environment like the Baltic Sea proposes a challenge (e.g., Tuomi

et al., 2012). In the Baltic Sea, the water column has a layered structure

that forms due to the atmospheric forcing and input of fresh river

water and saltier North Sea water. Although, in general, the sea is

shallow, the depth varying from a few tens of meters to a hundred

meters determines the characteristic structure of the water column.

The thermohaline structure can have one, two, or three layers.

Halocline is persistent at 50–70 m in most of the deeper areas (e.g.,

Alenius et al., 2003; Liblik and Lips, 2017), and the seasonal

thermocline usually develops above 20 m during spring (e.g.,

Alenius et al., 1998; Liblik and Lips, 2017). The presence of

submesoscale flows and features has been often indicated together

with rich mesoscale variability (Kikas and Lips, 2016; Zhurbas et al.,

2019). Numerous upwelling and downwelling events, fronts, and

eddies are characteristic features of the Baltic Sea (Pavelson et al.,

1997; Myrberg and Andrejev, 2003; Lehmann et al., 2012). In this

study, we use high-resolution glider observations that reveal multi-

scale variability of the water column.

A glider mission was conducted in the Gulf of Finland during the

formation of the seasonal thermocline. The hypothesis that energetic

submesoscale occurs within the mesoscale lateral density gradient

under certain atmospheric forcing was tested. The study provided

evidence of the frontal submesoscale processes and enabled their

preliminary characterization. To our knowledge, the present

investigation is the first attempt to study submesoscale processes in

a repeated coastal-offshore transect in the Baltic Sea. The paper is

organized as follows: Section 2 introduces the observational data and

used methods; Section 3 describes the wind forcing and the observed

water column structure concerning both the mesoscale and the

submesoscale ranges; Section 4 discusses the observed features and

their relation with the wind and the stratification; the last section

summarizes the work.
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2 Data and methods

2.1 Glider observations

The geographic area and season suggest the potential presence of

larger-scale horizontal buoyance gradients. Salinity increases from

east to west due to the large river discharge at the eastern end of the

gulf (Ylöstalo et al., 2016) and a cross-shore temperature gradient

could form due to faster warming in shallow areas (Lips et al., 2014;

Lips and Lips, 2017). Furthermore, pycnoclines have varying cross-

shore inclination depending on the local wind forcing (Liblik and

Lips, 2017).

The data set analyzed in the study was gathered from 9 May to 6

June 2018 using an autonomous underwater vehicle – the Slocum

G2 Glider MIA deployed in the Gulf of Finland slope area at 59.57°

N–25.05° E, Baltic Sea (Figure 1). The glider collected

oceanographic data along the 18 km long transect (S–N direction,

sampled 26 times). The Slocum glider can perform YOs without

reaching the surface. The mission set-up determined the glider to

perform 4 YOs between surfacings (i.e., a cycle). The vehicle started

turnaround either 4 m before the surface or 6 m before the seafloor.

The glider moved at a horizontal speed of 0.32 ± 0.09 m s-1. The

average distance between the profiles near the surface was 287 ±

39 m (it reduces with depth due to the sawtooth-shaped sampling

trajectory), and a profile took 7.8 ± 0.5 min to complete at a

characteristic depth of 80–90 m. Therefore, the glider completed a

cycle approximately in an hour after covering about a

km horizontally.

Temperature and conductivity (salinity) profiles were collected

with a pumped Seabird conductivity-temperature-depth recorder

(CTD; model G-1451). Technical specifications of the sensors set

the accuracy for pressure 0.1% of the full range (0–200 m), for

temperature 0.002°C, and for conductivity 0.01 mS cm-1. The CTD

had a sampling rate of 0.5 Hz, and both descending and ascending

profiles were recorded. Altogether over 4000 CTD profiles were

gathered and analyzed. The raw data was quality controlled, and

the coefficients to account for the response time of the sensors and the

thermal lag were defined to minimize differences between two

consecutive CTD profiles (Appendix). The typical vertical

resolution of the raw CTD data was around 0.2 dbar. The half YOs

were bin-averaged to a uniform 0.5 dbar vertical grid and arranged as

profiles, meaning an average time and coordinates were attributed to

a half YO. While the glider data has time-varying orientation in

horizontal direction, for this analysis, each transect was interpolated

on a regular grid with a latitudinal step of 0.0018° (if not specified

otherwise). The horizontal step, equal to 200 m, was slightly larger

than the distance between half YOs generally (median 135 ± 56 m)

and thus, the interpolated fields were smoother. Note that this median

distance between half YOs corresponds to the horizontal distance

between the midpoints of the half YOs.

FIGURE 1

Map of the study area in May 2018. The overlaid plot shows the bathymetry (EMODnet digital terrain model) of the deployment area highlighted by a red
rectangle. Black dots indicate the glider inflections on the surface. The green square shows the position of the ERA5 grid point used for the wind data.
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2.2 Velocity

Velocity calculations from the glider observations are limited.

Absolute geostrophic velocity can be produced using the

hydrographic data and the additional information from the depth-

averaged current, which is estimated over a cycle based on dead

reckoning and GPS fixes at the surface. The relative geostrophic

velocity components were calculated using the dynamic method

based on the geostrophic relationships

vg = − 1
f
∂ f
∂ x

ug = − 1
f
∂ f
∂ y

where the geopotential, f, is proportional to dynamic height, D, as

f=gD
Coriolis parameter is noted with f and gravitational acceleration

with g. Therefore, the horizontal pressure gradient is presented

through the geopotential slope of an isobaric surface. The relative

geostrophic velocity is evaluated using a dynamic height anomaly

relative to a reference pressure. The dynamic height that depends on

the density of the seawater was determined from the measured

temperature and salinity profiles according to McDougall and

Barker (2011) (IOC et al., 2010).

The relative geostrophic velocity component was estimated from

the glider CTD data at a lateral scale of 5 km. The choice of reference

level (85 dbar) was based on the lowest variability (i.e., standard

deviation) of density along isobars, interpreted as the effect of the

baroclinic velocity field becoming negligible there. To involve

shallower profiles in the geostrophic velocity estimations, the

stepped no-motion level method described in Rubio et al. (2009)

was used. While the 2D nature of the glider data allows us to estimate

only the across-transect component of the geostrophic velocity, the

depth-averaged velocity components were rotated to be compatible

with cross- and along-transect components. On average, the transect

was tilted 14° to the left from the S–N axis. As the glider orientation

was relatively stable along the path, the approach of using an average

tilt was adopted for simplicity.

2.3 Horizontal and vertical gradients

Buoyancy is expressed as by = g(1 − r
r0
), where r0 is reference

density of 1003 kg m-3. Along-transect buoyancy gradients, by =
∂ b
∂ y ,

with a step of 5 km, were calculated to characterize the observed

mesoscale frontal structure. Note that the notation y stands for the

along-transect component and notation x for the across-transect

component from here on. The stratification of the water column

was characterized by the squared Brunt-Väisälä frequency (vertical

buoyancy gradient) N2 = − g
r
∂ r
∂ z , where r is density and ∂ r

∂ z its

vertical gradient.

2.4 Smaller scale variability

The analysis of smaller scale variability focused on temperature

variations on the isopycnal surfaces. At the same density surfaces,

water properties act as passive tracers, and the effect of internal waves

is assumed negligible (Rudnick and Cole, 2011). The smaller scale

signal was defined as the deviations from the smoothed isopycnal

temperature field (moving average of 4 km). The length scale was

chosen based on the internal Rossby deformation radius, which is

typically 2–4 km in the Gulf of Finland (Alenius et al., 2003). The

deviations visualize the patterns created by the smaller scale motions,

including the submesoscale range.

2.5 Submesoscale analysis

2.5.1 Submesoscale instabilities
Potential vorticity can be used to identify the potential for flow

instabilities. Potential vorticity with the opposite sign of the Coriolis

parameter indicates the unstable flow (Hoskins, 1974). Glider

sampling capabilities limit the calculation of potential vorticity.

Following Thompson et al. (2016), the potential vorticity can be

expressed as

q = (f + z )N2 −
b2y
f

Vertical vorticity, z, is given here by the along-transect gradient of

the across-transect velocity. Cross-transect velocities and along-

transect density variations make the dominant contribution only if

the glider transect is perpendicular to the front, highlighting the main

assumption for this estimate of potential vorticity. The buoyancy

gradients are underestimated in the glider measurements if the front

is crossed at an angle different from the perpendicular orientation

(Thompson et al., 2016). Therefore, the poor representation of the

submesoscale instabilities because of the observational biases should

be considered. In this study, neither the position of the front nor the

crossing angle can be estimated.

The instability types are identified by the balanced Richardson

angle

fRib = tan−1 ( − Ri−1b )

One could expect −90°<fRib<fc , where fc = tan−1( − 1 − z
f ) and

0<Rib<1 near strong horizontal buoyancy gradients, meaning the

dominance of symmetric instability (Thomas et al., 2013). We refer

the reader to Figure 1 of Thomas et al. (2013) for further relations of

fRib in case of different submesoscale instabilities. Symmetric

instability is favored under destabilizing atmospheric forcing.

However, the upper mixed layer needs to be deeper than the

convective layer for overturning motions to dominate over

convective mixing induced by surface forcing (Taylor and

Ferrari, 2010).

Without knowing the angle between the wind vector and the

geostrophic shear, the ratio of the convective layer depth, h, to the

mixed layer depth, H, cannot be estimated. However, Obukhov

length, Lo, can be used along with the convective layer to analyze

the depth where symmetric instability can be expected. The wind

stress dominates the turbulence between the surface and Lo, and the

combination of the surface and wind-driven buoyancy fluxes from Lo
to the convective layer depth (Taylor and Ferrari, 2010). Thus, Lo.

implies the presence of the symmetric instability region if it is small
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compared to H. Lo is expressed as

Lo =
U3
*

kB

where k is the von Karman constant and U* friction velocity

found from wind stress, tw, and reference density as

U* =

ffiffiffiffiffiffi
tw
r0

r

(Taylor and Ferrari, 2010). Net surface buoyancy flux, B, is

expressed as

B =
gaQs

r0Cp
+ gb(E − P)Ss

where Cp the specific heat of seawater, a and b are the thermal

expansion and saline contraction coefficients evaluated respectively

from the surface temperature and salinity, and Ss is the surface salinity

(Buckingham et al., 2019). The net surface heat flux, Qs, is the sum of

the net short-wave and long-wave radiation, and the sensible and

latent heat fluxes. The net freshwater flux comes from subtracting

precipitation, P, from evaporation, E. Positive values correspond to

stabilizing conditions.

The study period was characterized by the formation of seasonal

thermal stratification, meaning the upper mixed layer developed near

the surface. We defined it as the minimum depth where rz≥r1
+0.25 kg m−3 was satisfied (rz is the density at depth z and r1 at

1 m). However, this shallow upper mixed layer does not characterize

the water layer where the submesoscale circulations associated with

the mesoscale front would rise if present. Thus, the upper boundary of

the cold intermediate layer (CIL), defined as a water layer of <3°C, was

used as H. The CIL boundaries were set as the average density at 3°C

and the upper boundary corresponded to 4.4 kg m-3. The depth of the

upper mixed layer further helps to estimate the ratio of the convective

layer depth to the mixed layer depth because stronger stratification

acts to impede the vertical mixing.

2.5.2 Wind-driven and baroclinic instability
Baroclinic submesoscale instability affects potential vorticity by

returning it to a neutrally stable state (q< 0 ! q = 0), but horizontal

buoyancy gradient may be subject to other physical processes that

change the stratification and can also modify potential vorticity to be

positive through the processes (Thompson et al., 2016). The

relaxation of isopycnals back towards the horizontal occurs over a

period of days, providing a reservoir of potential energy (Boccaletti

et al., 2007) and potential for surface wind stress to induce

overturning circulations through horizontal Ekman flows (Thomas

and Ferrari, 2008). Downfront (upfront) winds have a destratifying

(restratifying) effect. Secondary circulations generated through the

release of potential energy by baroclinic instability act to restratify the

water column. The possibility for the emergence of wind-driven and

baroclinic instability can be estimated from the related buoyancy

fluxes that can be expressed respectively as equivalent heat fluxes

QEk = −
bytx
f

Cp

ag

QBCI = 0:06
b2yH

2

f

Cpr0
ag

The parametrizations are published respectively by Thomas

(2005) and Fox-Kemper et al. (2008) but adopted for the glider

data by Thompson et al. (2016). Negative QEk reduces the

stratification and corresponds to downfront wind orientation.

However, QBCI is always a positive quantity. Note that QBCI

relies on the simulation-derived coefficient, which may not be

optimal in other regions. Here, the surface values for by and a
correspond to 3 m depth to exclude the possible contamination

from waves and/or surface glider maneuverer. We acknowledge that

as only the along-track glider data is used to calculate the equivalent

heat fluxes, the angle at which the glider crosses the horizontal

buoyancy gradient can bias the results. While QBCI is mainly

underestimated, QEk can be affected in both ways. QEk is well

underestimated if the horizontal buoyancy gradient is captured

poorly and a large along-front component present in reality is

missed, or well overestimated if the wind is interpreted to have a

larger along-front component than it actually has (Thompson

et al., 2016).

2.6 Wavenumber spectrum

The dominating contribution to the energy fluxes at the

submesoscale range in the transfer of energy from large to

dissipative scales has remained debatable. We calculated the power

spectrum of isopycnal temperature in the wavenumber domain,

composing the data as a function of cumulative distance. Isopycnal

temperature fields on a regular grid were constructed due to irregular

sampling in both space and time. First, the temperature profiles were

averaged in density bins (step 0.1 kg m-3), and then interpolated on a

grid with a constant horizontal step of 150 m. Averaging in advance

allowed us to reduce the effect of spatial and temporal smoothening

due to interpolation, which tends to bias spectra towards steepening

(e.g., Wortham and Wunsch, 2014). Before taking Fast Fourier

Transform, the linear trend was removed and Hanning window

applied. The smoothed power spectrum was obtained using 31

elementary frequency bands for averaging. The number of

elementary frequency bands can be equalized with the degrees of

freedom to find confidence limits (95%).

The wavenumber spectra of isopycnal temperature were

calculated in the density range of 3.6–6.0 kg m-3 with a step of

0.1 kg m-3 (covered depths from 3–50 m). The spectral slopes were

estimated between the spatial scales of 1–10 km. The resolved

horizontal length scale was not separated because the short data

series limit the resolution of the spectrum and the scales where the

transition between distinct dynamics occurs are not known. The

glider sampled the 18 km long section repeatedly and thus, the lower

wavenumbers than the one corresponding to 10 km were disregarded.

The submesoscale in the Baltic Sea can be expected to be active

around 1–2 km. The spectrum at <1 km was not analyzed due to

greater uncertainties at smaller scales (Nyquist frequency corresponds

to the spatial scale of 0.3 km).
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2.7 Surface forcing

Atmospheric forcing is presented through wind, net surface heat

flux, and freshwater flux. Parameters defining heat exchange between

the atmosphere and the sea surface were extracted on the product grid

cells that covered the study area (59.50–59.75° N, 25.00–25.25° E) for

May–June 2018 from European Centre for Medium-Range Weather

Forecasts atmospheric reanalysis data set (ERA5 hourly data on single

levels from 1979 to present, horizontal resolution of 0.25°×0.25°,

Hersbach et al., 2020; Hersbach et al., 2022). Hourly u- and v-

components of wind at 10 m height, mean surface net short-wave

and long-wave radiation flux, mean surface latent and sensible heat

flux, mean total precipitation rate, and mean evaporation rate

were used.

The net freshwater flux is converted to an equivalent heat flux as

also used by Giddy et al. (2021)

Qf = r0Cp
b
a
Ss(E − P)

Wind components taken from the nearest cell to the glider section

(59.75° N, 25.25° E) were smoothed by a Gaussian low pass filter for

6 h. Wind stress is expressed as

t = cdra Uaj jUa

where cd is the drag coefficient (1.2 · 10
-3; Large and Pond, 1981),

ra the air density (1.2 kg m-3), and Ua stands for wind speed. The

cumulative wind stress (in N m-2 h) is the product of wind stress and

its duration, demonstrating the impact of the wind during a

longer period.

3 Results

3.1 Surface forcing

Winds and buoyancy fluxes drive mixing in the near-surface

layers and affect the development of stratification. In general, wind

speed during the study period was <4.5 m s-1 (Figure 2). At the

beginning of the glider mission, E winds prevailed, being relatively

strong on 9–12 May and subsiding afterwards (to an average of 2.5 m

s-1). On 18–19 May, stronger northerly winds occurred for a short

period, while the last third of May was characterized by alternating E

and W winds. The W winds were stronger, on average, 5.4 ± 2.0 m s-1

compared to E winds of 3.8 ± 0.9 m s-1. The strong W–NW winds

started to prevail on 1 June. The cumulative wind stress perpendicular

to the glider transect (approximately positive towards E) picks up the

three distinct periods during the mission – from the beginning until

19 May, wind forcing was to W, after that until 31 May, forcing varied

between E and W, and from 1 June, it was to E (Figure 2).

3.2 Thermohaline structure

The mission was conducted during the formation of the seasonal

thermocline. The distributions of temperature, salinity, density, and

geostrophic velocity were constructed (Figure 3 shows the composite

plots of the upper 25 m from the beginning, middle and end of the

mission, 10 days apart). During the mission, the sea surface (0–4 m)

temperature increased from 6.7 to 15.2°C, and the salinity decreased

from 5.3 to 4.2 g kg-1. The decrease in salinity indicates the advection

of fresher water, which possibly originates from the eastern part of the

gulf. The temperatures below the developing seasonal thermocline in

the CIL were around 2°C, and the thermocline, characterized by the

maximum temperature gradient of about 3°C dbar-1, was observed at

10–15 m by the beginning of June.

3.3 Horizontal buoyancy gradient

The mesoscale front was defined as an evident inclination in the

density distribution, extending over the sampled transect. The

horizontal (across-shore) buoyancy gradient formed as a response

to the moderate NE–E winds that dominated for ten days prior to 19

May (Figure 2). The NE–E winds force surface waters to move

offshore along the southern coast of the Gulf of Finland. Deep

water rises in turn, tilting the pycnocline. Figure 4 shows the

structure of the water column during the appearance of the front in

the study window (~2.5-day period). The variability of buoyancy over

FIGURE 2

Wind forcing during the study period in May–June 2018 based on hourly data extracted from ERA5. Wind speed is shown in black and direction in blue,
and cumulative wind stress in magenta. Shadowing indicates the orientation of the glider (light shows movement to N and dark to S).
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the sampled section was small on 20–21 May, apart from the small

area at the southern end of the transect, which indicated denser water

rising (Figure 4A). However, a westward flow compatible with the

geostrophic frontal jet appeared to be developing (Figure 4D). The

frontal jet in thermal wind balance flows in the same direction as the

wind. The buoyancy increased from south to north at 15 and 25 m

depth on 21–23 May, indicating the presence of a horizontal

buoyancy gradient (Figures 4B, C). The strong westward flow with

velocities over 20 cm s-1 spanning over the inclined density

distribution suggested the presence of the frontal jet (Figures 4E, F).

FIGURE 4

(A–C) Buoyancy along the glider transect at 3, 15, and 25 m depth on 20–23 May 2018. (D–F) Temperature distributions (black contours with a step of 1°
C) as a function of depth (0–25 m) overlaid with white contours marking the relative geostrophic velocity (positive values show eastward movement)
with a step of 2.5 cm s-1 on 20–23 May 2018. The sampling timeline is at the top of the columns. The left side of a subplot is located closer to the coast
and presents the southern part of the section. The area between ticks presenting latitude is about 2.7 km. (G–I) Temperature deviations as a function of
pressure along the glider section on 20–23 May 2018. Black contours mark potential density anomaly with a step 0.1 kg m-3. (J–L) Isopycnal
temperature distributions (black contours with a step of 1°C) along the glider section on 20–23 May 2018.

FIGURE 3

Temporal changes in temperature (A–C, black contours with a step of 1°C) and salinity (D–F, black contours with a step of 0.5 g kg-1) distribution as a
function of depth (0–25 m) along three glider sections in May–June 2018 (~10 days apart). The distributions are overlaid with red contours marking
potential density anomaly with a step of 0.1 kg m-3. The sampling timeline is at the top of the columns. The left side of a subplot is located closer to the
coast and presents the southern part of the section. The area between ticks presenting latitude is about 2.7 km.
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The appearance of the front in the measurement window could be

related to the stronger winds from N–NW on 19–20 May, meaning

the generation of the front was not captured. The mesoscale front

reaching the surface was not observed. Figure 5C shows smaller scale

horizontal buoyancy gradients near the surface. They often had the

opposite sign (a decrease of buoyancy from south to north) and were

probably related to the fresher water advected into the study area. The

mesoscale front persisted until June (Figure 5D), despite rather weak

upwelling-favorable conditions alternating with the wind from the

opposite direction in the last third of May. It is supported by the

geostrophic velocities that exhibit persistence of the negative

(westward) flow core. All measured temperature and salinity

distributions with density distributions and geostrophic velocities

are found in Supplement 1.

3.4 Vertical buoyancy gradient

Horizontal variations are closely related to the vertical structure.

Figures 5A, B illustrates the change in the vertical stratification in the

northern and southern part of the transect, compatible with the

lighter and denser side of the front, respectively. The beginning of the

mission was characterized by weak haline stratification (N2 = 0.001 –

0.002 s-2). The near-surface thermal stratification started to develop

on 15–16 May. The appearance of the front on 21–22 May promoted

the strengthening of the stratification on the denser side of the front

because of the interaction between surface heating and vertical

motions associated with the mesoscale front. The stratification was

significantly stronger on the denser side of the front than on the

lighter side, where actually two pycnoclines were observed after the

appearance of the front.

The pycnoclines weakened and strengthened daily on both sides

of the front. Pycnoclines on the lighter side appeared to be forced to

merge episodically, indicating the alternating of the forcing and/or

processes in favor and against the persistence of the front. We suggest

that the weakening of the upwelling-favorable forcing arrested the

strengthening of the front. Instead of collapsing abruptly, the front

hosted ageostrophic frontal processes that equalized the differences in

the cross-front direction by slowing the development of the

stratification on one side of the front and promoting it on the

other. The uniform stratification formed by 3 June over the course

of a day, coinciding with the vanishing of the mesoscale front in the

study area. Compared to the denser side of the front, the stratification

remained slightly weaker on the lighter side.

FIGURE 5

(A, B) Temporal changes in N2 on the lighter and denser side of the mesoscale front in the upper 25 m, respectively. The lighter side is compatible with
the position in the northern part of the glider transect (59.7242° N), and denser side with the position in the southern part (59.6252° N). Positions are
11 km apart. Note that one colored bar corresponds to about 1 km horizontal distance around the chosen position. To better illustrate the data, the
distance correspondence in time is amplified about 5 times (bar width is increased). On average, the plotted distance was sampled in 1.4 ± 0.3 h. The
movement of the glider between the southern and northern position can be deduced from subplots (B–D) that show along-transect horizontal
buoyancy gradient as a function of time and latitude at 3, and 15 m depth, respectively. Positive gradient shows the increasing buoyancy along the
sampled transect from S to N.
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3.5 Observed submesoscale pattern

To demonstrate the evolving smaller scale dynamics in the

background of the mesoscale front, we analyzed the smaller scale

thermohaline variability during the appearance of the horizontal

buoyancy gradient. Isopycnal temperature distributions contrast

water mass characteristics and/or visualize local diapycnal mixing

spots. Figure 4K shows an intrusion manifested as a two-way

intersection at 59.675° N – a cold water patch (around 3°C)

penetrates through several isopycnal layers from 4.1 to 3.7 kg m-3

and a warm water patch (around 8°C) penetrates from 3.3 to 3.7 kg m-

3. A similar pattern was observed at 59.65–59.675° N on the following

day (Figure 4L), but not the day before (Figure 4J). Therefore, this

structure emerged simultaneously with the appearance of the front in

the measurement window.

Figures 4G–I demonstrates the smaller scale variations in the

temperature by showing the deviations from the surrounding mean

(4 km). Two adjacent temperature deviations with opposite signs

characterizing the pattern indicated that the observed pattern

consisted of two motions in opposite directions. Focusing on the

described pattern, the deviations revealed extrema of 1.2°C and -1.4°C

at 59.675° N on 21–22 May (Figure 4H). The extrema were larger on

the following day (1.3°C and -2.1°C at 59.65–59.675° N, Figure 4I).

The sign of the deviation indicated the water to originate from either

shallower or deeper layers assuming that higher temperatures had

their origin at the sea surface.

3.6 Submesoscale analysis

The last third of May was characterized by the persistence of the

mesoscale front as well as the development of seasonal thermal

stratification and the upper mixed layer, where the smaller scale

horizontal buoyancy gradients formed. The diurnal cycle of net

surface heat flux had a maximum of 400–500 W m-2 (Figure 6A).

The freshwater flux was insignificant compared to it. Previously

described tracer patterns, which consisted of warmer water

plunging down and colder water penetrating upward, were mapped

repeatedly on the background of the mesoscale front. From here on,

those intrusions are referred to as a submesoscale pattern.

The structure of the submesoscale patterns suggests that they were

traces of cross-front ageostrophic secondary circulation that is known

to be generated while a horizontal buoyancy gradient is subject to

baroclinic submesoscale, wind-driven and/or baroclinic instability. To

identify whether the conditions favored the growth of different

instabilities, the potential vorticity, and the equivalent heat fluxes

related to restratification processes energized by surface wind forcing

or the release of potential energy by baroclinic instability were

calculated. Although the heat fluxes demonstrate the impact on the

stratification, the elevated values also suggest the potential presence of

frontal circulations.

The most pronounced submesoscale patterns captured during

21–23 May could be resulted from different physical processes. The

period of the appearance of the mesoscale front in the study window

FIGURE 6

Equivalent heat fluxes associated with restratification processes during the study period in May–June 2018: (A) surface heat flux (black) and freshwater
flux (green), (B) submesoscale overturning due to wind-driven processes (blue) and due to mixed layer baroclinic instability (red). (C) Component of wind
stress perpendicular to the glider section as a function of time and latitude.
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coincides with the most significant episode of the equivalent heat flux

related to baroclinic instability (Figure 6B), suggesting the pattern in

Figure 4H to result from the frontal circulation generated through the

release of potential energy by baroclinic instability. The equivalent

heat flux related to wind-induced instability episodically also had

comparable magnitudes (Figure 6B). However, this estimate is more

likely to be more biased than the estimates suggesting baroclinic

instability events. The negative equivalent heat flux from the surface

wind forcing suggests destabilization of the water column and

possible generation of the overturning circulation, extracting

potential vorticity from the pycnocline. The water column structure

captured on 23–24 May can be found in Supplement 1.

Downfront winds make the flow susceptible to symmetric

instability by reducing potential vorticity. Figure 6C shows the

component of wind stress perpendicular to the sampled transect,

indicating downfront (upfront) orientation if positive (negative). The

unstable flow is characterized by negative potential vorticity.

Figure 7A demonstrates the dominance of positive potential

vorticity that is in agreement with the development of the seasonal

thermocline (relatively strong stratification) near the surface, but a

stronger negative signal is found in the second half of the mission.

Although the variety of instabilities can develop when q< 0, the fRib
criteria suggested the presence of only symmetric instability (i.e., 0<

Rib< 1 and −90°<fRib<fc ). The balanced Richardson number, which

was always positive, showed the largest potential for symmetric

instability in association with the mesoscale front on 23–24 May

(elevated values at 5–10 m, Figures 7B, C). However, the Obukhov

length was comparable with the depth of the upper mixed layer and

the boundary of the CIL, meaning the criteria –H< z< -h was probably

not satisfied. Although potential vorticity was reduced notably in the

upper mixed layer in June, the relatively large Obukhov length

suggested the convective layer depth to be similar in magnitude to

the mixed layer depth, making the generation of symmetric instability

still unlikely.

The analysis suggests that the conditions favored the generation

of the wind-induced and baroclinic instability, supporting the

assumptions for the prevalence of the submesoscale despite the

limitations: 1) the calculations relied on the assumption that the

glider sampled perpendicular to the horizontal buoyancy gradient; 2)

neither the position of the horizontal buoyancy gradients nor the

angle at which the glider sampled is known; 3) poorly resolved

individual submesoscale features, while sampling at an angle, can

go unnoticed due to not satisfying the conditions of the analysis.

Further conclusions should be made with caution as several

assumptions were made (see section 2.5).

3.7 Wavenumber spectrum

Spatial variability of isopycnal temperature was analyzed in the

upper part of the water column. The weakening of spectral energy on

deeper isopycnals refers to the decrease in the temperature variability

FIGURE 7

(A) Potential vorticity, q, and (B) balanced Richardson number, Rib, during the study period in May–June 2018. The Obukhov length (black), the depth of the
upper mixed layer (green), and the boundary of the CIL (cyan) are shown with potential vorticity. We have emphasized respectively q< 0 and 0< Rib< 1 in solid
blue. (C) The percentage of balanced Richardson angle in the range of –90° to determined critical angle of -45° in the upper 25 m per sampled transect.
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with depth (Figure 8). The slopes were estimated for the length scale

from 1–10 km, and the individual s-layers characterized by similar

spectral slopes were averaged. The slopes for averaged spectra in the

density ranges of 3.6–3.9 (3–10 m), 4.3–4.6 (10–20 m), 4.9–5.2 (15–25

m), and 5.7–6.0 (35–50 m) kg m-3 were -2.14, -1.72, -1.84, -1.20,

respectively. The slope was the gentlest on the isopycnals positioned

in the CIL (5.7–6.0 kg m-3). The slope near -1 suggests the

applicability of the interior-quasigeostrophic theory and the

domination of large-scale motions. Upper layers exhibit clearly

steeper slopes, suggesting depth-dependence. The atmospheric

forcing dominates in the uppermost layers, and energetic smaller

scales stir the generated variability relatively efficiently. However, the

trend of shallower spectral slopes with increasing depth did not

express in the layers associated with the mesoscale front. This

indicates the activity of frontal processes and their contribution to

the energy flux.

Constantly changing stratification affects the spectra but the

extent of it is unknown. Additionally, rather short data series limit

the spectral analysis. For that reason, the emphasis is more on the

dynamics than the certain values of the slopes, which were near k-2 in

the upper part of the water column though. The observations support

the suggestion that the submesoscale flows emerge within the

mesoscale front revealed as the enhanced tracer variability in this

layer compared to the variability in the layers above or below.

4 Discussion

Modern measuring vehicles such as gliders provide in situ data

with sufficient spatial and temporal resolution to resolve the

submesoscale successfully. The shallow depths in the Baltic Sea

enable sampling at high resolution – profiles separated by 150 m on

FIGURE 8

The wavenumber spectrum of isopycnal temperature of glider mission in May–June 2018. Thin lines present spectra along individual isopycnal surfaces
(with a step of 0.1 kg m-3) in the density ranges of 3.6–3.9 (red), 4.3–4.6 (green), 4.9–5.2 (blue), and 5.7–6.0 (orange) kg m-3 with the shadowing
showing the 95% confidence limits. Thick lines demonstrate the averages of the individual spectra. Black dotted lines show the slopes of -1, -5/3, and -2.
From left to right, the black triangles are located at wavenumbers corresponding to 10 km and 1 km.
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average are sampled under 10 min in the characteristic depth of about

100 m. Therefore, spatial scales of 1–10 km around the average

Rossby radius (2–4 km; Alenius et al., 2003) are well resolved. In this

study, we analyzed a month-long glider mission carried out in May–

June 2018 and investigated the structure of the water column during

the formation of the seasonal stratification. We elucidate the

appearance of the mesoscale front in the study area, show the

development of the stratification on both sides of the front, and

characterize the associated elevated smaller scale variability. This data

set provides a unique opportunity to resolve individual submesoscale

features and analyze the potential mechanisms leading to their

formation. We aim to demonstrate the occurrence of active

submesoscale in the Baltic Sea under certain atmospheric forcing

and hydrographic conditions.

4.1 Observed variability and possible drivers

The structure of the frontal submesoscale processes has remained

theoretical despite the effort that has been devoted to observing the

smaller scale variations. Although recent observational studies well

support the presence of the frontal instabilities in the quiescent open-

ocean environment, in the Subantarctic region, as well as near

boundary currents (e.g., Callies et al., 2015; du Plessis et al., 2017;

Yu et al., 2019b), few provide the information on the projection of

submesoscale flows in the measurements (Pietri et al., 2013; de

Verneil et al., 2019; Pérez et al., 2022). For instance, de Verneil

et al. (2019) have demonstrated the orientation of fine-scale

phytoplankton patches to be consistent with an ageostrophic

secondary circulation generated by frontogenesis, providing, thus,

the evidence on submesoscale flows modifying the vertical dynamics

of phytoplankton.

According to the dynamical characterization, the coastal sea

provides favorable conditions for the submesoscale processes. The

transition to the open sea favors the colliding of water masses whether

through the meeting of different flow structures or coastal processes

like upwelling events, promoting, therefore, the formation of larger

and smaller scale horizontal buoyancy gradients. By observing the

coastal-offshore area at the end of spring 2018, we captured the

appearance of the mesoscale front. The horizontal buoyancy gradient

formed due to the wind-induced upwelling forced by the prevailing

NE–E winds during the first ten days of the survey.

Simultaneously with the appearance of the mesoscale front, a

pronounced submesoscale pattern emerged. The pattern showed

upwelling of cold water on the lighter side of the front

accompanied by downwelling of warm water on the denser side.

The temperatures indicated the origin of the water from deeper or

shallower layers, respectively, and, thus, suggested the presence of two

adjacent movements in different directions. We suggest the presence

of ageostrophic secondary circulation with a width of a couple of km

on the profile of the mesoscale front between 5–10 m (Figure 3B). To

support this suggestion, we attempt to infer the driving mechanisms

that could explain the observed submesoscale activity.

A secondary circulation emerges in the form of an overturning

cell as the front is subject to baroclinic, wind-induced, and/or

baroclinic submesoscale instability. The submesoscale analysis

revealed the large potential role of baroclinic instability on 21–22

May, suggesting that the observed submesoscale features resulted

from the secondary circulations generated through the release of

potential energy stored in the horizontal buoyancy gradient. The

baroclinic instability can act together with surface frontogenesis

(Lapeyre et al., 2006) but the surface signature was not observed in

the study window. Additionally, the position of the captured feature

on top of the mesoscale front is not compatible with frontogenetic

secondary circulation that tends to subduct water below the front

(Spall, 1995). Baroclinic instability occurs over a period of days

(Boccaletti et al., 2007), indicating the possible interaction with the

wind-induced instability. The analysis showed the effect of downfront

winds that would counteract the restratification on the following days.

On 22–23 May, the slope of the isopycnals was relaxed, and a few m

deep upper mixed layer had formed (Figure 4F). Destabilizing

atmospheric forcing can also favor symmetric instability. However,

this is unlikely because the upper mixed layer needs to be deeper than

the convective layer for overturning motions to dominate over

convective mixing induced by surface forcing (Thomas et al., 2013).

The evolution of smaller scale variability in the background of the

mesoscale front suggests the presence of several dynamical processes.

Similar tracer patterns with various extent and intensity were mapped

repeatedly until the end of the month, but the limitations of the glider

observations complicate the interpretations. Fronts are a dynamical

phenomenon and the 2D nature of the glider measurements prevents

following the evolution of the front. In addition, observational biases

should be considered when inferring the dynamical mechanism

because of the adoptions for the glider data assuming the sampling

perpendicular to the horizontal buoyancy gradient (Thompson et al.,

2016). Further, the captured features are subject to soothing due to the

effect of time-space aliasing.

4.2 Impact of wind

Horizontal variations are related to atmospheric forcing and to

stirring by larger-scale flow fields. In the Baltic Sea, inclined

pycnoclines and coastal upwelling events that appear as a response

to winds are frequent (Lehmann et al., 2012; Liblik and Lips, 2017).

The Gulf of Finland, a sub-basin of the Baltic Sea, is elongated in the

W–E direction. The moderate winds blowing along the gulf are

common (Keevallik and Soomere, 2014). The NE–E winds favor

upwelling events near the southern coast of the gulf. A corresponding

development of hydrographic fields was captured as a mesoscale front

in the glider measurement window in May 2018. Although E and W

winds alternated after 19 May, the mesoscale front persisted until

early June.

The wind has a role in allowing the submesoscale flows to arise

due to the disturbance of the balance when the external forces

reduce and/or change. We have indicated that on 21–22 May,

baroclinic instability appeared to develop during the temporary

decrease in wind stress. Interpreting the orientation of the wind

with respect to the geostrophic shear is challenging, but a rough

estimate would be that the front was oriented approximately in the
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W–E direction at the sampling site. The sampled section

positioned approximately along the S–N axis and the inclination

in the density distribution that could be manifested as a front was

observable. In accordance with this assumption, the wind

changing from E to W direction indicates that mostly the wind

had the component either up- or downfront. Thus, this variability

of the wind would cause the alignment between the front and the

wind direction to be lost or gained episodically (Mahadevan

et al., 2010).

4.3 Impact on the stratification

The horizontal buoyancy gradients affect the stratification

directly through the submesoscale processes. While the

stratification is generated and destroyed through diabatic

processes and frictional forces, frontal submesoscale can convert

gradients from horizontal to vertical (McWilliams, 2016). Lateral

variability introduced by the advection of water masses favors the

appearance of horizontal buoyancy gradients and, in turn, suggests

the emergence of the submesoscale. The glider observations revealed

the complex structure of the water column. Atmospheric forcing

acting on the sea surface contributed to the formation of the upper

mixed layer and seasonal thermal stratification. The appearance of

the mesoscale front created favorable conditions for the

stratification to strengthen more rapidly in the southern part of

the sampled transect as the mesoscale dynamics raised the

isopycnals near the surface. We observed the stratification

changing daily and developing differently on the denser and

lighter side of the front (compatible with the southern and the

northern part of sampled transect, respectively; Figures 5A, B).

While the denser side was characterized by the strong stratification

near the surface, two pycnoclines were observed on the lighter side.

We propose that the mesoscale front hosted ageostrophic frontal

processes as the upwelling-favorable forcing weakened. The

submesoscale circulations equalized the differences in the cross-

front direction by slowing the development of the stratification on

one side of the front and promoting it on the other. The overturning

circulation induced by baroclinic instability slides dense water under

light, acting to slump the front from the horizontal to vertical

(Boccaletti et al., 2007). Thus, the baroclinic instability acted toward

restratification on 21–22 May. The wind increased on the following

days, suggesting the possible interaction with wind-induced

instabil i ty. The overturning circulations acting toward

restratification appeared to be dominating but the temporary return

of the NE–E winds supported the persistence of the front. Two

pycnoclines were observed on the lighter side of the front again on

27 May. However, the front appeared to shift toward the open sea

(northern part), suggesting that partly the frontal circulations

managed to restratify the water column. The presence of the

submesoscale flows within the horizontal buoyancy gradient could

have contributed to the development of the seasonal stratification.

The effect of the submesoscale can be especially important during

seasonal warming because stratification events can occur more

rapidly than solely surface heating could drive (du Plessis et al.,

2019). Enhanced stratification favors primary production (Swart

et al., 2015).

4.4 Spectral analysis

While measuring submesoscale flow fields is challenging, the

underlying dynamics can be deduced by investigating the variability

of tracer fields along the same density surfaces (Callies and Ferrari,

2013; Jaeger et al., 2020). Submesoscale flows can cause substantial

heterogeneity in tracer distribution because of their dynamics, which

by its nature should connect fully two- and three-dimensional

motions (McWilliams, 2016). Submesoscale processes have gained

more attention in the Baltic Sea only in recent years, though (Lips

et al., 2016; Carpenter et al., 2020). Lips et al. (2016) have presented

the spectrum of an active tracer in the sub-surface layers (note that the

tracer variance along the isobaric surfaces was evaluated). The spectra

showed slopes closing to -2 at 1–10 km during periods of high

variability of temperature due to upwellings. The discrepancy from

-3 that is predicted by quasigeostrophic theory (Charney, 1971) was

interpreted as the contribution of the ageostrophic submesoscale

processes to the energy cascade.

The studies from the ocean environment are well presented (e.g.,

Cole and Rudnick, 2012; Callies and Ferrari, 2013; Kunze et al., 2015;

Jaeger et al., 2020). However, the processes setting the spectra have

remained obscure. In the open ocean, the -2 slope independent of

depth has been reported at the submesoscale range (Cole and

Rudnick, 2012; Callies and Ferrari, 2013). The main contribution to

the energy at the submesoscale comes possibly from unbalanced

flows. The characteristics of the Baltic Sea (e.g., the shallow depth,

strong stratification, seasonality, negligible tidal forcing) distinguish

the sea from the ocean, forming a dynamically complex environment

(Tuomi et al., 2012). There are some studies carried out in the

stratified environment. Kunze et al. (2015) found tracer variance

spectra sloping with a k-2 at the horizontal length scale 0.03–10 km in

the seasonal pycnocline at 20–60 m depth. Evident fronts were not

observed at every study site, though. On the other hand, Jaeger et al.

(2020) showed steep slopes (k-3) at 1–10 km in the stratified upper

75 m. Above 10 km scales the spectral slope was closer to -2. They

proposed that ageostrophic dynamics could cascade variance in the

pycnocline more rapidly than predicted. We, however, found gentler

spectral fall-off in the layers associated with the mesoscale front

compared to the layers above. This indicates that frontal

submesoscale preserves tracer variability longer than the turbulence

in the upper layers. The short data series acts as both an advantage

and a disadvantage in this study while allowing us to analyze one

specific situation but prevents broader conclusions. We will test this

suggestion in a future study by incorporating a wide range of glider

data sets from different seasons.

Observational spectra are independent of predictions and, thus,

extensive data collections contribute to shaping understanding of the

energy cascade. The observations have revealed the discrepancies

from the quasigeostrophy, but often the limitations prevent

identifying the reasons. We conclude that the contribution of the

ageostrophic frontal effects is likely in the upper part of the water

column (0–25 m in the Baltic Sea). The depth-dependence may be

related to the stratified environment as it was noticed here and by

Jaeger et al. (2020). Flatter spectral slopes in the deeper part of the

water column coincide with stirring by two-dimensional

homogeneous turbulence that leads to a tracer spectrum following

k–1 (Callies and Ferrari, 2013).
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5 Conclusions

Mostly the presence of submesoscale phenomena in the Baltic Sea

has been demonstrated using numerical modeling (e.g., Väli et al.,

2017), and observational studies are scarce. This is the first study

analyzing individual submesoscale features in a coastal-offshore

transect of the Baltic Sea. The glider measurements gathered at the

end of spring 2018 revealed smaller scale features within the

mesoscale front. Submesoscale tracer patterns, characterized by two

adjacent motions showing the upwelling on the lighter and

downwelling on the denser side of the front, were captured. We

proposed they were traces of the frontal submesoscale circulations, as

the analysis suggested favorable conditions for the baroclinic and

wind-induced instability. The frontal submesoscale acted against the

persistence of the front. The constant presence of submesoscale

variability in the background of the front indicates active

submesoscale flows in the Baltic Sea. In addition, the role of the

submesoscale processes appeared to increase under reduced wind

stress. This result emphasizes the need for further studies, as the

classical expectation is that strong vertical mixing occurs through

turbulence when wind speeds are high.

6 Appendix

Minimizing instrumental error is important when the analysis

focuses on the small-scale variability. Gliders are known to provide

high spatial resolution in the vertical but only in one horizontal

direction. Small errors in profile-to-profile measurements modify the

data artificially. In this study, all applied corrections rely exclusively

on the glider data and assume that compared consecutive profiles

correspond to the same water mass. Consecutive profiles refer to the

profiles that are the closest to each other in space (the parts of profiles

with a "∧" or "∨" shape, Figure 9E) because the largest errors associate
with the strong gradients. The Baltic Sea is strongly stratified – the

upper (lower) pycnocline coincides with the thermocline (halocline).

First, temperature and conductivity sensors are subject to

response time. While transiting through strong vertical

FIGURE 9

(A, B) Examples of raw (yellow) and corrected (response time, red) temperature profiles respectively over the water column and the thermocline depth
range in case of descend-ascend (highlighted with blue in E) and ascend-descend (highlighted with red in E). (C, D) Examples of raw (cyan) and
corrected (thermal lag, blue) salinity profiles respectively over the halocline depth range and the water column in case of descend-ascend and ascend-
descend. (E) An example of a cycle shown as a time series of pressure. Green highlights the consecutive profiles. Overlaid blue shows the parts of
profiles with a "∨" shape, and red a "∧" shape.
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gradients, the water properties can change quicker than the sensor

is capable of registering, resulting in the misalignment of the

measurement with pressure. The lag is in opposite direction for

a descend and an ascend because of the transition direction, for

example first from warmer to colder (fresher to saltier) water and

then reversely. Next, the conductivity cell’s capacity of storing heat

causes small errors in inferred salinity. The effect is referred to as

thermal lag. Measured temperature corresponds to the ambient

temperature of the conductivity cell, but conductivity is measured

inside the cell. To obtain accurate salinity estimate, measured

temperature is reassessed. The temperature inside the conductivity

cell is evaluated by subtracting the correction, Ttl, from the

temperature readings, T. The correction is found using the

relation:

Ttl(n) = −bTtl(n − 1) + a½T(n) − T(n − 1)�

Coefficients a and b are determined by

a =
4fnatlttl
1 + 4fnttl

b = 1 −
2a
atl

where fn is the sampling frequency, atl amplitude of the temperature

error, and ttl relaxation time constant (Mensah et al., 2009).

A linear time shift was applied to temperature and conductivity

according to the estimated data misalignment with pressure. A similar

method with varying shifts has been presented by Bishop (2008), and

Garau et al. (2010) have shown the concept of minimizing the area

between two profiles. The time shifts were varied from 0 s to 3 s by 0.1

s steps. The mean area (trapezoidal method) were calculated between

two consecutive profiles at the depth range of 20 m around the depth

of the strongest gradient. The median of the area was found for each

time shift and the optimal time shift was chosen based on the lowest

one under the assumption of lowest discrepancy between profiles. In

this study, the temperature was re-aligned by 1.4 s and conductivity

by 1.1 s (Figures 10A, B).

We show the quality of the correction based on temperature.

Figures 9A, B shows the examples of corrected temperature profile.

Full profile is shown for the case descend-ascend (shape "∨"), and the

depth range of the upper pycnocline for the case ascend-descend (shape

FIGURE 10

(A, B) The change in the median of the mean area between profiles as response time correction was applied respectively for temperature and
conductivity. The optimal time shift is shown with magenta star. (C, D) The change in the median of the mean area between profiles as thermal lag
correction was applied with respect to the one calculated based on the raw data (magenta). The median value decreases at first as atl increases. Colored
lines correspond to ttl values from 10 to 12 s with 0.5 s step. The optimal combination of atl and ttl were chosen near minimal median value (D).
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"∧") to better demonstrate the agreement between the corrected profiles.

Figures 11A, B shows the discrepancy between two consecutive profiles

shown in Figures 9A, B. The profiles show better agreement in case of

ascend-descend because the data in the thermocline range is measured

with little time separation. Figures 11E, F shows the histogram of

discrepancies for all the compared profiles. The skew present in the

discrepancies between raw profiles is removed after shifting despite

comparing descend with ascend or the opposite.

To compensate for the thermal lag of the CTD, combinations of

atl (from 0.025 to 0.1 by 0.025) and ttl (from 9 to 14 s by 0.5 s) were

applied to the temperature data to derive salinity. The optimal

coefficients were chosen by comparing temperature-salinity

diagrams similarly as was done for response time. The median

value of the mean area was expected to be smaller than the ones

calculated based on the raw data (Figures 10C, D). In this study, the

satisfying result was obtained in the case of atl = 0.0625 and ttl = 11.5s.

Figures 9C, D shows examples of corrected salinity profile. Note that

now the zoomed plot is the case descend–ascend. Figures 11C, D

shows the discrepancy between two consecutive profiles shown in

Figures 9C, D. The profiles show better agreement in case of descend-

ascend because the data in the halocline range is measured with little

time separation. Figures 11G, H shows the histogram of discrepancies

for all the compared profiles. The discrepancies between profiles were

improved after calculating salinity with reassessed temperature.
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FIGURE 11

(A–D) The discrepancy respectively between two consecutive temperature and salinity profiles as shown in Figures 9A–D). The dashed line in the upper
part of the water column highlights the thermocline range (B) and in the lower part the halocline range (C). (E–H) The histogram of discrepancies
respectively for all the compared temperature (raw in yellow and corrected in red) and salinity (raw in cyan and corrected in blue) profiles in case of
descend-ascend and ascend-descend.
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Abstract. Submesoscale (SMS) processes in a stratified

coastal environment of the Gulf of Finland (Baltic Sea) were

investigated using glider missions and a realistic simulation

with a grid spacing of 0.125 nautical miles. The study period

covered the transition from developing to established sea-

sonal stratification. SMS variability, defined as small-scale

anomalies of temperature and salinity cancelling each other’s

contribution to density (spice), was concentrated around the

base of the upper mixed layer (UML) in spring and within

the seasonal thermocline in late summer. We suggest that this

shift was caused by the changes in surface heat flux and wind

forcing. Both observations and simulations revealed events

of high SMS variability, which can be related to background

mesoscale dynamics and changes in wind forcing. We exam-

ined the event in which elevated spice in the subsurface layer

did not coincide with the high Rossby number O(1) in the

surface layer but instead appeared offshore of a coastal baro-

clinic current. Sloping isopycnals and intensified vertical ve-

locities pointed to active SMS subduction. We propose that

frontal instabilities, likely related to flow–topography inter-

actions, drive the lateral and downward transport of surface

waters, contributing to tracer redistribution below the ther-

mocline.

1 Introduction

Submesoscale (SMS) flows, occupying the intermediate hor-

izontal scale of ∼ 1 km (Taylor and Thompson, 2023), are

increasingly recognized as critical drivers of vertical ex-

changes of heat, carbon, and nutrients in the upper ocean,

with important implications for stratification, biogeochem-

ical cycling, and ecosystem productivity (e.g., Mahadevan,

2016). These processes bridge the energy transfer between

larger, geostrophically balanced motions and microscale

turbulence, making them central to upper-ocean dynamics

(Capet et al., 2008; Naveira Garabato et al., 2022).

The ocean is a vast dynamic system driven by winds, tides,

and density gradients due to temperature and salinity differ-

ences. These forces generate motion across a wide range of

spatial scales, from large-scale geostrophic currents to small-

scale turbulent mixing. Traditionally, upper ocean turbulence

has been understood as a combination of mesoscale quasi-

geostrophic eddies, internal waves, and microscale three-

dimensional turbulence. Mesoscale dynamics, with charac-

teristic horizontal scales of O(10–100) km in the ocean and

O(5–20) km in the Baltic Sea, are characterized by small

Rossby number (Ro = U
f L

, Ro � 1) and large Richardson

number (Ri = N2H 2

U2 , Ri � 1), reflecting dominance of ro-

tational and buoyancy forces (Taylor and Thompson, 2023).

Here, U is a characteristic horizontal velocity scale, L and

H are horizontal and vertical length scales, f is the Coriolis

parameter, and N is the Brunt–Väisälä frequency. In contrast,

SMS dynamics are characterized by Ro O(1) and Ri < 1, in-

dicating a dynamic regime where rotation, stratification, and

inertial forces all play important roles (Thomas et al., 2008).

The weaker rotational constraint allows SMS processes to

generate strong vertical velocities (e.g., Chrysagi et al., 2021;

Tarry et al., 2022).

Recent advances in observational technology, particularly

the use autonomous gliders, have significantly improved our

ability to detect SMS structures. With their high spatial res-

olution and adaptive sampling capabilities, gliders are well

suited to capturing the smaller-scale variability associated

with SMS processes. For example, Jhugroo et al. (2020)

identified low-salinity SMS features driven by riverine input
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in a New Zealand shelf sea, which could intensify local strati-

fication and displace a well-mixed surface layer up to 100 km

offshore before being entrained by regional currents. Simi-

larly, Bosse et al. (2021) used gliders to sample frontal zones

in the northwestern Mediterranean Sea, revealing strong ver-

tical motions and subduction events. In the Baltic Sea, studies

such as by Carpenter et al. (2020) and Salm et al. (2023) have

begun to reveal the role of SMS dynamics in shaping wa-

ter column structure and vertical exchanges. However, given

the region’s complex stratification and ecological sensitivity,

further glider-based studies are needed to resolve SMS pro-

cesses and their biogeochemical implications in more detail.

This study focuses on the Gulf of Finland (GoF), an elon-

gated sub-basin of the Baltic Sea – a semi-enclosed, brack-

ish, shallow marginal sea in Northern Europe that stretches

from 54 to 66° N. The sea has limited water exchange with

the North Sea, and the input of fresh river water is large. The

Neva River, the largest freshwater source, discharges at the

eastern end of the GoF. Meanwhile, saltier water is trans-

ported into the gulf through its western border, creating a

pronounced horizontal salinity gradient across the gulf.

The flow field in the GoF, which governs the freshwater

transport and shapes both horizontal and vertical salinity gra-

dients, is significantly influenced by the wind (Lilover et al.,

2017; Westerlund et al., 2019). Prevailing along-gulf winds

can establish a wind-driven circulation pattern, with currents

along the wind near the coasts and counter-flows in the cen-

tral gulf (Lips et al., 2017; Elken et al., 2011). These circu-

lation patterns enhance transverse salinity gradients. Along-

gulf winds also promote upwelling and downwelling events

along the northern and southern coasts (Kikas and Lips,

2016; Lehmann et al., 2012). The summer upwelling events

are typically associated with substantial temperature gradi-

ents at the sea surface (Lips et al., 2009; Uiboupin and

Laanemets, 2009), and due to the strong horizontal and ver-

tical salinity gradients and the development of jet currents

along the upwelling fronts, also lead to pronounced salin-

ity redistribution (Suursaar and Aps, 2007). Frontal struc-

tures and hydrographic variability associated with coastal up-

welling serve as indicators of enhanced vertical mixing (Lips

et al., 2009) and the emergence of SMS features, such as fil-

aments and eddies (Väli et al., 2017).

During spring and summer, a seasonal thermocline typi-

cally forms at depths of 10–30 m. Beneath this layer – and

throughout the water column during the remainder of the

year – vertical stratification is predominantly controlled by

salinity. The quasi-permanent halocline lies below 60 m on

average (Liblik and Lips, 2017). In winter and early spring,

shallow haline stratification can also develop because of

freshwater advection (Liblik et al., 2020; Lips et al., 2017). In

the GoF, the vertical salinity gradient has an equally impor-

tant role alongside temperature in shaping the density strat-

ification of the water column, highlighting a key difference

from general open ocean conditions.

Building on previous observational evidence of SMS fea-

tures in the GoF (Salm et al., 2023), this study aims to fur-

ther investigate the role of SMS processes in this stratified

coastal environment using a combination of observational

and numerical tools. The appearance of SMS features associ-

ated with the development of a mesoscale front and changing

wind forcing was documented based on mission data from

spring 2018 (Salm et al., 2023). Here, we extend the analysis

to all three missions conducted in the same area in spring–

summer 2018–2019.

We examine tracer variability, specifically spice, which

represents temperature and salinity variations that compen-

sate for each other in density (Rudnick and Cole, 2011). We

propose that scale-specific spice at horizontal scales of a few

kilometers can be used as an indicator of SMS activity, espe-

cially in conditions when temperature and salinity contribute

comparably to density stratification. In the GoF, this is ap-

plicable in late spring and summer, when both thermal and

haline stratification are significant. Although spice can po-

tentially be advected over some distance, the rapidly chang-

ing, wind-driven circulation in the GoF (Lilover et al., 2017)

limits the transport of SMS features, thereby justifying a lo-

calized analysis. Ultimately, spice reveals anomalies and spa-

tial gradients along isopycnals, where SMS processes often

act. It serves as a proxy for SMS intensity capturing variabil-

ity without being masked by vertical excursions of isopycnal

surfaces, i.e., internal waves.

We focus on the upper half of the water column, where

SMS activity is most prominent and glider data are more

densely sampled, allowing more robust analysis. Our study

is limited to the spring–summer period, when seasonal strat-

ification develops and becomes well established. This time

window allows us to focus on our main objective of under-

standing SMS generation under stratified conditions.

To complement and expand upon glider observations,

we employ a high-resolution numerical model with SMS-

permitting horizontal grid spacing (∼ 232 m), enabling us

to characterize the dynamical background and infer SMS

activity beyond the limited scope of in situ measurements.

For meaningful SMS analysis, model data were averaged

over a 10 × 10 km study window (“time series box”; 59.67–

59.76° N, 25.06–25.25° E; see Fig. 1). This averaging ac-

counts for the potential spatial and temporal displacement of

SMS features, which are highly sensitive to small changes in

initial conditions, model resolution, and parameterized pro-

cesses. By situating glider observations within a wider model

domain, the analysis accommodates these discrepancies and

captures how background mesoscale conditions modulate

SMS activity, thus enabling more robust interpretations of

physical variability.

The following hypotheses are considered in this study.

First, we suggest that SMS variability is modulated by both

atmospheric forcing, particularly surface heat flux and wind

stress, and the background (larger-scale) hydrographic struc-

tures, including mesoscale frontal gradients. Second, we pro-

Ocean Sci., 21, 2555–2577, 2025 https://doi.org/10.5194/os-21-2555-2025



K. Salm et al.: Forcing-dependent submesoscale variability and subduction in a coastal sea area 2557

Figure 1. Map of (a) the Baltic Sea and (b) the study area. The red rectangle in panel (a) indicates the location of the study area shown

in panel (b). Depth isolines in panel (b) are shown with a step of 20 m. Glider missions from May–June 2018, May–June 2019, and July–

August 2019 are shown in orange, blue, and green, respectively. The larger magenta box marks the “time series box” chosen for the modelled

data, while the smaller magenta box indicates the area common to all missions (59.72–59.73° N 25.05–25.15° E), used for comparing glider

and model data. The positions of ERA5 grid points used for extracting radiation data are shown by cyan squares and wind data by the magenta

square. The colormap shows the bathymetry used in the model.

pose that topographically or forcing-induced instabilities of

baroclinic coastal currents create favourable conditions for

SMS subduction, enabling offshore and downward transport

of tracers. To test these hypotheses, we use glider data and

high-resolution simulations to characterize temporal, verti-

cal and horizontal distributions of SMS features and ex-

plore associated dynamical forcing. These complementary

approaches allow us to link observed variability at the sub-

mesoscale with the underlying physical mechanisms and

evaluate the role of SMS processes in stratified coastal en-

vironments.

The paper is organized as follows: Sect. 2 introduces the

observational datasets, the numerical experiment, and the

analysis methods; Sect. 3 presents the results, focusing on

the spice variability and the SMS-permitting events; Sect. 4

discusses the implications of our findings for SMS activity in

coastal stratified seas; Sect. 5 concludes with a summary of

key results and their broader relevance.

2 Data and methods

2.1 Glider observations

Although originally conducted for different research objec-

tives, three glider missions in the GoF, Baltic Sea (Fig. 1),

collectively provide a dataset for this study. The field cam-

paigns took place from 9 May to 6 June 2018, from 21 May

https://doi.org/10.5194/os-21-2555-2025 Ocean Sci., 21, 2555–2577, 2025
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to 19 June 2019, and from 21 July to 10 August 2019, during

which an autonomous underwater vehicle, the Slocum G2

Glider MIA, collected oceanographic data along predefined

transects. In May–June 2018, an 18 km long transect was

sampled 26 times, and in 2019, 4.5 and 5.5 km transects

were each sampled over 90 times. In total, over 12 000 pro-

files were gathered. These transects were oriented across the

southern coast of the GoF, capturing cross-shore variability.

The glider profiled the water column from the surface down

to depths of 80–100 m, depending on the position. While un-

der the surface, the glider started to turn around either 4 m

before the surface or 5–6 m before the seafloor. Raw data

were quality controlled following procedures adapted from

Argo quality control protocols (Wong et al., 2025). Correc-

tions for sensor response time and thermal lag were applied

to minimize differences between two consecutive CTD pro-

files, following the approach described by Salm et al. (2023).

Up- and downcasts were bin-averaged to a uniform 0.5 dbar

vertical grid and arranged as profiles. For the analysis, the

data fields were interpolated onto a regular grid with a time

step of 10 min, corresponding to an average horizontal dis-

tance of 130 m.

2.2 Model setup

We used a three-dimensional nested setup of the General

Estuarine Transport Model (GETM; Burchard and Bold-

ing, 2002) to simulate the circulation and the temperature

and salinity distributions in the GoF. GETM is a primitive-

equation, free-surface, hydrostatic model with built-in verti-

cally adaptive coordinates (Gräwe et al., 2015; Hofmeister et

al., 2010; Klingbeil et al., 2018). Such a grid is a general-

ization of sigma layers with the potential to enhance vertical

resolution near boundaries and in layers with strong strati-

fication and shear (Klingbeil et al., 2018). Previous studies

have shown that the total variation diminishing (TVD) ad-

vection scheme, combined with the superbee limiter, reduces

numerical mixing in simulations (Gräwe et al., 2015). Verti-

cal mixing in the GETM was calculated by coupling it with

the General Ocean Turbulence Model (GOTM; Umlauf and

Burchard, 2005). More precisely, the two-equation k–ε tur-

bulence model (Burchard and Bolding, 2001; Canuto et al.,

2001) was used in the simulation.

The entire GoF was the high-resolution model domain,

with a uniform horizontal grid spacing of 0.125 nauti-

cal miles (approximately 232 m) and 60 adaptive layers in

the vertical. Original bathymetry was obtained from the

EMODnet database (http://summary.emodnet-hydrography.

eu/data-products, last access: 1 June 2025) with a resolu-

tion of 1/16 arcmin (approximately 150 m). Bathymetry data

were averaged to the model resolution, and missing values

were interpolated using the nearest neighbour (NN) tech-

nique.

The high-resolution simulation with an open western

boundary at the GoF entrance was performed starting on

3 December 2017. The initial temperature and salinity fields

and boundary conditions were taken from coarse-resolution

simulations covering, respectively, the entire Baltic Sea with

a grid step of 1 nautical mile (see Väli et al., 2024 for more

details) and the Baltic Proper (including the GoF) with a grid

step of 0.5 nautical miles (see Zhurbas et al., 2018 and Li-

blik et al., 2020, 2022 for more details). As all setups use

adaptive coordinates, we first interpolated the profiles from

the coarse-resolution model to a fixed 5 m vertical resolution

before spatial interpolation to the high-resolution model grid

using the NN method. If needed, the profiles were extended

to the bottom of the high-resolution grid to compensate for

the bathymetric differences. The model run started from a

motionless state with zero sea surface height and current

components. Previous studies by Krauss and Brügge (1991)

and Lips et al. (2016b) have shown that the spin-up time for

the Baltic Sea model under atmospheric forcing is less than

10 d. For the boundary conditions, the temperature, salinity,

and current profiles, as well as sea surface height, all with a

1 h temporal resolution from the 0.5 nautical mile resolution

simulation, were used. The same model setup was used by

Siht et al. (2025), where further details and validation results

are presented. Some quantitative information on model per-

formance regarding stratification and SMS variability, which

are the focus of the present paper, are given in Sect. 3.1.

The atmospheric forcing at the sea surface (the momen-

tum and heat flux) was calculated from the European Cen-

tre for Medium-Range Weather Forecasts atmospheric re-

analysis dataset (ERA5, Hersbach et al., 2020) by utilizing

wind components and other relevant parameters (air temper-

ature, total cloudiness, relative humidity, sea level pressure)

for bulk formulae by Kondo (1975). All meteorological pa-

rameters were interpolated bi-linearly to the model grid. The

riverine freshwater input to the Baltic Sea was taken from

the dataset produced for the Baltic Model Intercomparison

Project (BMIP; Gröger et al., 2022) based on the E-HYPE

(Lindström et al., 2010) hindcast and forecast products by

Väli et al. (2019). There were 91 rivers in the dataset, of

which 13 were in the GoF.

2.3 Submesoscale analysis

While air-sea fluxes, turbulent mixing, and advection intro-

duce variability in the seawater properties, the dynamical

processes act quickly to remove density differences. Spice –

the combination of temperature and salinity variations that

cancel each other’s contribution to density – is the resid-

ual signal that remains (Rudnick and Ferrari, 1999). Spice

was defined as the sum of the temperature anomalies, �T ,

scaled by the thermal expansion coefficient, α, and the salin-

ity anomalies, �S, scaled by the haline contraction coeffi-

cient, β, as shown in Eq. (1):

spice = α�T + β�S. (1)
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Figure 2. Example sections of (a) spice, (b) temperature, and (c) salinity with overlaid density contours, based on glider data from 24–

25 May 2018. The white dashed line indicates the upper mixed layer depth.

The coefficients were calculated according to McDougall and

Barker (2011). In this study, anomalies refer to the differ-

ences between the measured or modelled Conservative Tem-

perature or Absolute Salinity and their average values along

an isopycnal, calculated over a surrounding area of 4 km. For

the observations, this was implemented as a moving window

along the glider trajectory; for the model, it was computed

over a 4 × 4 km square. The chosen length scale is consis-

tent with the internal Rossby deformation radius in the GoF,

which is typically 2–4 km (Alenius et al., 2003). The choice

of a 4 km averaging scale offers a practical balance between

resolving SMS structures and suppressing high-frequency

noise. A smaller averaging scale may exaggerate variabil-

ity and obscure persistent features, while a larger averaging

scale poses a risk of smoothing out key SMS signals. Thus,

4 km averaging preserves the essential gradients and anoma-

lies linked to SMS dynamics without compromising inter-

pretability. Figure 2a shows an example of spice derived from

the observations. The patches of positive (negative) spice in-

dicate regions with higher salinities and temperatures (lower

salinities and temperatures) compared to the average val-

ues in the surrounding 4 km on the same isopycnal surface.

Spice effectively highlights smaller-scale (SMS) variability

that may be challenging to discern from the vertical sections

of temperature and salinity alone (Fig. 2b and c).

The average spice intensity was defined as the root mean

square of spice from the sea surface to the depth of minimum

temperature. The UML depth was determined as the mini-

mum depth where ρz ≥ ρ3 +0.25 kg m−3 was satisfied (ρz is

the density at depth z and ρ3 at 3 m). The strength and posi-

tion of the pycnocline, primarily associated with the seasonal

thermocline, were analysed based on the maximum squared

Brunt–Väisälä frequency (N2) and its corresponding depth.

The vertical buoyancy gradient was estimated as N2 = bz,

calculated over 2 m vertical intervals. Buoyancy was defined

as Eq. (2):

b = − g

ρ0
(ρ − ρ0) , (2)

where ρ0 is the reference density of 1000 kg m−3.

Quantities indicative of the SMS regime, such as the

Rossby number (Ro), balanced Richardson number (Ri),

and horizontal buoyancy gradient, were calculated based on

the model data. Ro and Ri were estimated, respectively, as

Eq. (3):

Ro = ζ

f
, (3)

and Eq. (4):

Ri = f 2N2

|∇Hb|2 . (4)

ζ = vx − uy is the vertical component of relative vorticity,

f is the Coriolis frequency, and |∇Hb| =
√

b2
x + b2

y hori-

zontal buoyancy gradient modulus. Centred finite-difference

scheme was used to calculate the parameters from the model.

Horizontal and vertical steps for estimating gradients were

500 and 2 m, respectively.

Wind data and parameters defining heat exchange between

the atmosphere and the sea surface were extracted on the

ERA5 product grid cells covering the study area (59.50–

59.75° N, 25.00–25.25° E; see Fig. 1). The wind components

in the analysis were smoothed by a Gaussian low-pass filter

for 6 h to reduce high-frequency noise and highlight relevant

forcing scales.

3 Results

3.1 Stratification and spice from observations and
model

To present temporal evolutions of stratification and spice in

the study area and enable direct comparison, we averaged

both model and observational data over the same spatial re-

gion. We selected a common area covered in all missions

(59.72–59.73° N 25.05–25.15° E, Fig. 1) and averaged the

consecutive profiles within this region for each transect. This

area corresponds to approximately 1 km of glider track, along

which about ten profiles were typically obtained. The model

profiles were averaged over a 1 × 1 km area located within

the same overlapping region.
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Temporal developments of temperature and salinity dis-

tributions, stratification, and spice from the simulation and

glider observations are shown in Figs. 3–6. A three-layered

structure of the water column, consisting of a warm sur-

face layer (upper mixed layer, UML), a cold intermedi-

ate layer (CIL), and a saltier deep layer, was observed and

simulated. Observed patterns of variability in temperature

and salinity distributions were well simulated by the model

(Figs. 3 and 4). In absolute values, salinity was underesti-

mated by 0.4 g kg−1, while CIL temperatures were overesti-

mated by approximately 2 °C in 2018 and 1.5 °C in 2019 in

the model. In general, the model replicated the characteristic

vertical density structure of the water column in the GoF and

the development of the seasonal thermocline (Fig. 5). How-

ever, when characterizing the vertical structure and stratifica-

tion of the water column, we point to some discrepancies.

The observed and modelled UML depths were in close

agreement during Missions I (7 ± 3.7 and 7 ± 3.1 m) and

II (13±4.4 and 13±3.7 m) but diverged more in Mission III,

with an observed average depth of 10 ± 4.4 m compared to

6±2.6 m in the model. The depth of the CIL was reasonably

well captured by the model in Missions I and III, with aver-

age observed and simulated depths of 22±5.0 and 24±5.5 m,

and 43 ± 5.2 and 41 ± 6.0 m, respectively – both within the

uncertainty of the estimates. However, a significant discrep-

ancy was evident in Mission II, where the model placed the

CIL approximately 10 m shallower than observed (29±5.1 m

vs. 39 ± 5.5 m).

The observed and simulated depths of the maximum N2

were, respectively, 10 ± 5.9 and 8 ± 4.0 m during Mission I,

20 ± 7.5 m and 15 m ± 4.1 m during Mission II and 14 ±
4.8 and 9±3.2 m during Mission III. These differences, rang-

ing from approximately 2 to 5 m, indicate a systematic un-

derestimation of the depth of the strongest stratification in

the upper water column by the model. Partly, this could be

related to an overall weaker salinity gradient in the model

compared to observations. For instance, in the first half of

Mission II (spring 2019), the strongest vertical density gra-

dient, as indicated by the maximum N2, was determined by

the vertical salinity distribution, as indicated by the glider

data, whereas the model placed it shallower where the sea-

sonal thermocline began to develop. Furthermore, the model

did not capture the presence of occasionally observed two

local maxima of N2, e.g., on 21–30 May 2018 and 23–

28 July 2019 (Fig. 5). On both occasions, glider observa-

tions revealed two distinct stratification peaks: respectively,

at 7 ± 2.7 m with the maximum N2 of 0.0026 ± 0.0005 s−2

and at 19±4.2 m with 0.0016±0.0003 s−2, and at 6±2.8 m

with 0.0023 ± 0.0007 s−2 and at 19 ± 2.5 m with 0.0023 ±
0.0003 s−2. The model showed a single stratification maxi-

mum of approximately 0.0017 ± 0.0003 s−2 at 6 ± 2.6 m on

21–30 May 2018 and 0.0041 ± 0.0008 s−2 at 5 ± 1.0 m on

23–28 July 2019. These discrepancies suggest that the model

underrepresents the vertical complexity of stratification in the

upper water column, the point that will be discussed in the

Discussion section.

The halocline was generally weaker in the model during all

missions (Fig. 5). However, as our focus is on the seasonal

thermocline, we do not analyse this further and assume its

impact on the upper-layer variability is minimal.

According to both the measurements and the simulation,

spice intensity was highest during the summer 2019 mission

(Fig. 6a–c), coinciding with the period of strongest vertical

gradients in temperature, salinity, and density, and the most

intense stratification (Figs. 3–5). The results, specifically the

vertical distribution patterns of spice, were generally con-

sistent between the model and observations; however, the

model tended to underestimate the maximum spice intensi-

ties during spring missions. Nevertheless, both datasets point

to a potential relationship between the development of strat-

ification and SMS variability (processes). During the spring

missions (May–June 2018 and 2019), spice maxima were lo-

cated around the base of the UML. They occurred at shal-

lower depths (corresponding to lower densities) than the

depth of the maximum vertical density gradient. In contrast,

during the summer mission (July–August 2019), the spice

peak shifted to greater depths, situated beneath the UML and

immediately below the strongest density gradient.

To extend this analysis, we present monthly average strat-

ification parameters and vertical distributions of spice from

model output for May through August 2018 and 2019

(Fig. 6d–g). The density range between the UML and the

CIL increased from spring to late summer, indicating a deep-

ening and strengthening of the pycnocline. Both the UML

depth and the depth of the maximum density gradient shifted

toward lower densities over the season, except in July–

August 2018, when this trend was less pronounced. In May

of both years, the maximum spice was at lower densities than

those corresponding to the UML depth and the depth of the

maximum density gradient. From June to August, the spice

maxima aligned more closely with the density of the maxi-

mum vertical density gradient, suggesting a seasonal deepen-

ing of spice variability. Elevated spice intensities were spread

over a broader density range over the summer months, re-

flecting the seasonal development of the pycnocline.

Further, in June 2018 and August 2019, a secondary lo-

cal maximum of spice intensity was detected closer to the

sea surface at low densities, indicating enhanced variability

in the upper layer during these periods. This suggests that

while the primary spice variability deepens with the season,

episodic events can still induce significant variability in the

upper layers.

Comparing the two years, 2019 exhibited a more pro-

nounced seasonal progression in spice distribution, with a

clearer deepening and broadening of the spice-rich layer

from May to August. In contrast, 2018 showed a less consis-

tent pattern, particularly in July–August, when the expected

shift toward lower densities was not as evident. These inter-

annual differences highlight the influence of varying atmo-
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Figure 3. Temperature variability based on glider data (a, c) and model data (b, d) for May–August 2018 (a, b) and 2019 (c, d). The glider

data represent average profiles for each section within the selected area, forming a composite temperature field. The model data show average

profiles within a 1×1 km window at each model output time. Blue and white lines indicate the depths of the UML and the CIL, respectively.

Vertical black lines indicate the dates shown in Fig. 8: 24 May and 23 June 2018 (a, b); 24 May, 5 June, 31 July, and 14 August 2019 (c, d).

spheric and oceanographic conditions on the seasonal devel-

opment of spice variability.

3.2 Background forcing and large-scale and mesoscale
dynamics

Background forcing in the study area in May–August 2018

and 2019 was characterized by mostly positive net surface

heat flux (Q) and variable wind conditions (Fig. 7). Short pe-

riods of negative Q occurred in early June and July 2018, Au-

gust 2018, early May and July 2019, and again in late July to

early August 2019. Easterly and north-easterly winds, which

favour upwelling along the southern coast of the GoF, were

prevalent in July 2018 and also notable in May 2018 and

May and July 2019 (Fig. 7a, c). Conversely, downwelling-

favourable westerly and south-westerly winds dominated in

June of both years. August wind patterns were marked by

frequent southerly winds, while northerly winds were more

common in July 2019. Wind speed rarely exceeded 10 m s−1,

except in June 2018, when three episodes of strong west-

erly winds occurred. These events led to vertical mixing

and downwelling in the study area, resulting in deepen-

ing of the thermocline and weakened upper layer stratifica-

tion. N2 peaked in early June, decreasing from 0.006 s−2 on

2 June to 0.002 s−2 by 10 June, accompanied by a deep-

ening of its maximum from 5 to 15 m (Fig. 5b). Similarly,

downwelling-favourable winds and negative Q at the begin-

ning of July 2019 contributed to reduced vertical stratifica-

tion. The already weak stratification, characterized by a max-

imum N2 of 0.002 s−2 at 18 m depth, weakened further be-
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Figure 4. Salinity variability based on glider data (a, c) and model data (b, d) for May–August 2018 (a, b) and 2019 (c, d). The glider data

represent average profiles for each section within the selected area, forming a composite salinity field. The model data show average profiles

within a 1×1 km window at each model output time. Blue and white lines indicate the depths of the UML and the CIL, respectively. Vertical

black lines indicate the dates shown in Fig. 8: 24 May and 23 June 2018 (a, b); 24 May, 5 June, 31 July, and 14 August 2019 (c, d).

tween 1 and 5 July, with the depth of the maximum shifting to

30 m (Fig. 5d). Several calm periods lasting about one to two

weeks, namely in May and July of both years, allowed for

the development and strengthening of vertical stratification.

Substantial stratification strengthening occurred in May and

July 2018, with N2 maxima peaking at 0.006 and 0.01 s−2,

respectively (Fig. 5b). In contrast, by the end of July 2019,

the N2 maximum reached only 0.005 s−2 (Fig. 5d). In Au-

gust, SW–W winds dominated in both years, and Q was no

longer predominantly positive.

We suggest that wind forcing and surface heat flux played

a crucial role in shaping the thermohaline variability in the

area, with notable differences between the two years. To bet-

ter illustrate how atmospheric forcing influenced the devel-

opment of background hydrographic conditions, we present

a series of characteristic events from spring–summer 2018–

2019.

In May 2018, NE–E winds (Fig. 7b) triggered upwellings

along the southern coast, evident in narrow coastal regions

with low temperatures (Fig. 8a). Concurrently, a broader

westward flow transported warmer, less salty surface wa-

ter from the eastern GoF into the study area (Fig. 8a). In

June 2018, strong SW–W winds led to downwelling along

the southern coast (Fig. 8b), deepening the thermocline and

altering the upper-layer structure.

In May 2019, upwelling along the southern coast was more

intense than in the previous year, driven by a strong E wind

impulse on 22–23 May (Fig. 7d), resulting in pronounced

cold water intrusions along the southern coast (Fig. 8c).

By June 2019, upwelling subsided as SW–W winds became
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Figure 5. Variability of vertical stratification presented as Brunt–Väisälä frequency squared (N2) based on glider data (a, c) and model

data (b, d) for May–August 2018 (a, b) and 2019 (c, d). The glider data represent average profiles for each section within the selected area,

forming a composite salinity field. The model data show average profiles within a 1×1 km window at each model output time. Vertical black

lines indicate the dates shown in Fig. 8: 24 May and 23 June 2018 (a, b); 24 May, 5 June, 31 July, and 14 August 2019 (c, d). Black boxes

indicate periods of two observed local maxima in N2: 21–30 May 2018 (a) and 23–28 July 2019 (c).

dominant, leading to the formation of mesoscale rotating

structures in the central gulf (Fig. 8d). In late July 2019, NE–

E winds over several days (Fig. 7d) once again caused up-

welling along the southern coast, accompanied by a strong

surface-layer outflow from the gulf (Fig. 8e). This outflow

weakened in early August as northerly winds and negative Q

prevailed (Fig. 7d). However westward advection of fresher

water persisted, making the study area a transition zone be-

tween distinct water masses (Fig. 8f).

Overall, the dynamical background varied substantially

across the study period, reflecting a strong influence of

episodic atmospheric forcing. Depending on the prevailing

wind conditions, mesoscale features such as upwellings and

associated westward flows (Fig. 8a, c and e), downwellings

(Fig. 8b), and eddies (Fig. 8d and f) developed. These fea-

tures coincided with enhanced SMS activity, as evidenced

by elevated Ro and intensified horizontal buoyancy gradients

in the surface layer, particularly near frontal zones and fila-

ments. In May 2018, May 2019, and July 2019 (Fig. 8a, c,

and e), strong lateral gradients and Ro O(1) emerged near

the southern coast, aligning with coastal upwelling. Further,

the westward intrusion of low-salinity water from the east-

ern part of the gulf played a notable role in maintaining lat-

eral density gradients across the basin, particularly in Au-

gust 2019 (Fig. 8f). The SMS-active regions were more pro-

nounced in summer (Fig. 8b, e and f), likely due to sharper
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Figure 6. The standard deviation of spice. (a–c) First row: measured (black dots) and modelled (white circles) spice variability for each

glider mission period. Solid and dashed black lines mark the average UML depth and depth of minimum temperature from measurements

and model, respectively. Green lines indicate the average depth of maximum Brunt–Väisälä frequency. (d–g) Second row: monthly standard

deviation of modelled spice from May to August in 2018 (dashed) and 2019 (solid). Black and green horizontal lines represent the same

reference depths as in panels (a)–(c). All dashed lines correspond to 2018, and all solid lines to 2019. Model data were averaged over a

1 × 1 km area (see Fig. 1).

lateral density gradients and a shallower mixed layer, that

reduced the local Rossby deformation radius and favoured

stronger SMS instabilities by intensifying frontal sharpness

and enabling ageostrophic motions at smaller scales. Tran-

sient wind events and air–sea fluxes emerge as key drivers of

mesoscale and SMS variability in the GoF, generating condi-

tions that favour the development of SMS instabilities. The

resulting SMS activity and its spatial distribution are exam-

ined in the following section.
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Figure 7. The daily average net surface heat flux, Q, (red, dashed line showing the monthly average), wind speed (black) and direction (blue)

in spring–summer 2018–2019 (b, d). Panels (a) and (c) show the wind roses from May to August for both years, respectively. Vertical black

lines indicate the dates shown in Fig. 8: 24 May and 23 June 2018 (b); 24 May, 5 June, 31 July, and 14 August 2019 (d). The black box

indicates the period examined in Sect. 3.4: 23–31 July 2019 (d).

3.3 Submesoscale variability from spice in observations
and model

The intensity of SMS variability, quantified by the root

mean square of spice, displayed multiple peaks through-

out the spring–summer periods of 2018 and 2019. Some of

these peaks coincided with elevated surface Ro variability

(indicated by local maxima in the root mean square Ro;

Fig. 9), such as during 25–27 July and early August 2018

or in August 2019, while others occurred under relatively

low Ro conditions. Notably, high spice values were ob-

served on 18 June and 11–13 July 2018, as well as between

22 and 30 July 2019, despite moderate to weak Ro variabil-

ity (Fig. 9b and d). This partial decoupling suggests that spice

may capture a broader spectrum of SMS variability, includ-

ing processes less directly linked to elevated relative vortic-

ity.

Spice intensities from glider data and model data show

good qualitative agreement, considering that the model val-

ues were averaged over the defined time series box (see
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Figure 8. Overview of surface hydrographic and dynamical conditions in the Gulf of Finland during spring–summer 2018–2019, illustrating

the variability of SMS-relevant fields. Example dates characterizing the evolving dynamical background are shown in (a–c) first row: 24 May

2018, 23 June 2018, and 24 May 2019, and in (d–f) second row: 5 June, 31 July, and 14 August 2019. For each date, panels from top to

bottom display surface (0–3 m) Conservative Temperature (°C), Absolute Salinity (g kg−1), velocity (m s−1), Rossby number, and squared

horizontal buoyancy gradient modulus (s−4). The magenta box marks the 10 × 10 km study window.
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Figure 9. Root mean square spice in the density range from the surface to the depth of minimum temperature in spring–summer 2018–2019.

Panels (a) and (c) show spice intensity along the glider trajectory; panels (b) and (d) show model results, calculated within a 10 × 10 km

study window. The black line shows spice, and the red line indicates the surface root mean square Rossby number (Ro). Vertical black lines

mark the dates shown in Fig. 10, corresponding to periods discussed in Sect. 3.3: 24 May 2018 (b), and 5 June and 31 July 2019 (d). Red

boxes highlight example periods of high spice and high Ro, while black boxes indicate periods of high spice and low Ro (b, d).

Fig. 1; compare Fig. 9a and b, and Fig. 9c and d). Both

datasets reveal an overall increase in spice intensity from

May to August, reflecting the seasonal strengthening of strat-

ification (which is at its maximum in July–August) and the

intensification of background temperature and salinity gradi-

ents. This seasonal trend is further supported by a concurrent

rise in Ro, punctuated by transient peaks driven by episodic

strong wind forcing, as in late June 2018 (Fig. 9b).

We selected three periods when both glider and model

data were available to demonstrate how the distribution of

parameters indicative of SMS instabilities/processes relates

to spice. The intensification of spice observed in the sec-

ond half of May 2018 (Fig. 9a) and simulated by the model

(Fig. 9b) coincided with the eastward transport of warmer,

less saline water and the formation of horizontal buoyancy

gradients (Fig. 8a). During 15–25 May, calm weather pre-

vailed, and Ro, averaged over the time series box, exhib-

ited a sustained increase towards O(1), indicating enhanced

SMS activity in the surface layer. The spice intensity con-

currently increased, with notable peaks on 18 and 25 May,

and reached its maximum on 28 May (Fig. 9b). Figures 8a

and 10d demonstrate the presence of elongated SMS struc-

tures on 24 May, characterized by Ro O(1), Ri < 1, and rel-

atively strong horizontal buoyancy gradients. Elevated spice
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intensity was located near these features, indicating enhanced

thermohaline variability associated with SMS instabilities

(Fig. 10d).

In late May 2019, an intense upwelling occurred along the

southern coast (e.g., 24 May; Fig. 8c). However, this did not

lead to a notable increase in the spice intensity or Ro within

the time series box (Fig. 9d). A considerable rise in Ro and

modest rise in spice intensity occurred at the beginning of

June, coinciding with a change from SW winds on 1 June to

SE winds on 5 June (Fig. 7d). During this period, a cyclonic

eddy (∼ 10 km in diameter) formed in the study area, accom-

panied by a larger anticyclonic eddy offshore (Fig. 8d). Ele-

vated Ro from 5 to 11 June indicated the persistence of this

cyclonic feature in the time series box (Fig. 9d). Elevated

spice intensity was observed at the periphery of the cyclonic

eddy (Fig. 10e), aligned with narrow stripes of relatively high

buoyancy gradients and low Ri (Figs. 8d and 10b).

High spice intensity observed during the third week of

July 2019 (Fig. 9c and d) appeared to be associated with

varying wind forcing (Fig. 7d) and the development of

a westward current along the southern coast of the GoF

(Fig. 8e). Westerly winds at the beginning of July were fol-

lowed by upwelling-favourable winds on 7–10 July, which

evoked the westward coastal current. After that, a period of

weaker variable winds followed, and then another stronger

pulse of easterly winds occurred, further strengthening the

coastal current. Despite the dynamic conditions, Ro within

the time series box remained relatively low during this pe-

riod (Fig. 9d). However, Fig. 8e reveals that regions of

Ro O(1) and strong horizontal buoyancy gradients linked to

the coastal current were located just south of the study area.

Interestingly, patches of low Ri appeared also north of the

region with the highest surface current speeds, while areas of

high spice intensity were found even farther north (Fig. 10c

and f). The observed spatial offsets between Ro, Ri, and

spice intensity suggest that active SMS processes may be

vertically and/or laterally displaced from the surface frontal

zone. These patterns motivate a closer inspection of the late

July period.

3.4 Upwelling-driven submesoscale variability and
subduction

The period from 23 to 31 July 2019 was selected for

closer analysis due to an observed peak in spice vari-

ability (Fig. 9d). For each day within this period, a set

of vertical sections, as shown in Fig. 11, was produced

(Figs. S1–S9). Prior to the strong easterly wind impulse on

28–29 July, winds varied between NE and NW, averaging

3.5 m s−1 (Fig. 7d). After 25 July, the easterly wind compo-

nent strengthened, and by 26 July 2019, a strong coastal cur-

rent had emerged, accompanied by high subsurface variabil-

ity in temperature and salinity across all three selected sec-

tions (Figs. S3 and S4). This current intensified by 29 July,

coinciding with a clear upwelling event. Surface tempera-

tures dropped from 22 °C, and northward velocities increased

sharply in the upper layer (Fig. 11a–d). Isopycnals tilted,

with an outcropping of the 3 kg m−3 isopycnal (Fig. 11f), re-

flecting enhanced horizontal buoyancy gradients and frontal

sharpening – conditions favourable for SMS instabilities.

Ro reached O(1) near the coastal current zone and topo-

graphic features (Fig. 11f) while remaining relatively low

in the offshore area (left panel in Fig. 11f and Ro curve in

Fig. 9d). Vertical velocities increased notably across all tran-

sects (Fig. 11e), and horizontal velocity fields indicated in-

tensified shear in the upper 40 m (Fig. 11c and d). These

dynamics are consistent with shear-driven instability and

frontal subduction.

By 29 July, spice anomalies became more confined to the

upper 15 m and showed weaker spatial alignment with el-

evated Ro (Fig. 11g), in contrast to 27–28 July, when en-

hanced subsurface spice was more closely aligned with re-

gions of Ro O(1) (Figs. S5 and S6). Notably, spice extended

beyond the core of the coastal current, with elevated values

observed near sloping isopycnals and beneath frontal zones

(Fig. 11g). These signals, aligned with tilted isopycnals, in-

dicate both vertical and lateral thermohaline displacement.

Horizontal distributions of velocity and spice at the sur-

face and 20 m depth (Fig. 12) highlight the influence of flow–

topography interactions on SMS variability. At the surface,

the coastal current veered offshore at several locations, par-

ticularly downstream of peninsulas and bathymetric irreg-

ularities (Fig. 12b). At 20 m, flow patterns differed signifi-

cantly from the surface, especially near the coast where the

flow reversed with depth, indicating strong vertical shear

(Fig. 12b and d). Elevated spice intensity near these transi-

tions (Fig. 12f) suggests that such flow structures contribute

to the generation and modulation of SMS features. Spice in-

tensity was highest both along the coast and in offshore areas

where the coastal current deflected seaward, especially west-

ward (downflow) of coastal and topographic irregularities.

We compared the patterns in the case of upwelling de-

scribed above with those observed during downwelling con-

ditions in early July 2019. On 3 July, the surface current

field was characterized by prevailing shoreward transport and

the presence of eddies in the surface layer (Fig. 12a). The

flow at 20 m roughly mirrored the surface (Fig. 12c), indi-

cating weaker vertical shear, although localized shear zones

were still present near topographic features. High spice in-

tensity was present nearshore and, to a lesser extent, off-

shore (Fig. 12e), but overall spice intensity was lower than

on 29 July.

This contrast is further illustrated by zonal cross-sections

(Fig. 13), which provide an alongshore view of the thermo-

haline and dynamic structure during the two events. While

the transects from 3 and 29 July share some structural sim-

ilarities, they also reveal key dynamic differences. Due to

the alongshore orientation and its distance from the coast,

signs of upwelling are more difficult to detect directly. How-

ever, meridional sections (Figs. S1–S9) confirm the pres-
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Figure 10. Richardson number (a–c) and root mean square spice calculated within the density layer from the surface to the depth of mini-

mum temperature (d–f) during spring–summer 2018–2019. Each column shows one example date from a different glider mission period –

24 May 2018, 5 June and 31 July 2019 – corresponding to the dates shown in Fig. 8. The magenta box marks the 10 × 10 km study window.

ence of upwelled water, indicated by surface temperatures

below 20 °C and salinities near 5 g kg−1 on the 29 July tran-

sect (Fig. 13b and d). In contrast, during downwelling on

3 July, thermohaline gradients were weaker, and the thermo-

cline was deeper, centred around 20 m (Fig. 13a and c). The

different flow structure was noticeable. On 29 July, offshore

flow was evident in the surface layer, particularly between

24.9 and 25.3° E (Fig. 13f and h). On 3 July, the current ex-

hibited shoreward flow from the surface to 20 m depth, espe-

cially between 25.0 and 25.4° E (Fig. 13e and g).

Both dates showed Ro O(1) near the topographic feature

at ∼ 25.0° E (Fig. 13k and l). The enhancement of spice

near this location suggests that coastal topography persis-

tently acts as a hotspot for SMS generation (Fig. 13m and n).

However, under upwelling conditions, these features become

more dynamic and spatially extensive, amplifying thermoha-

line variability. Offshore Ro values remained generally low

on 29 July (Fig. 13l). Interestingly, a frontal zone was be-

ginning to develop in the 25.15–25.25° E region on 3 July

(Fig. 13k), highlighting the localized and incipient charac-

ter of SMS activity under downwelling conditions. Near this

structure, vertical velocities were enhanced (Fig. 13i), and a

modest increase in spice was seen (Fig. 13m). On 29 July,

vertical velocities were more spatially extensive and inten-

sified above sloping topography (Fig. 13j), where enhanced

interlayer exchange likely contributed to the observed spice.

Spice were more intense and penetrated deeper into the water

column on 29 July (Fig. 13n), reflecting both vertical and lat-

eral redistribution of thermohaline properties, consistent with

subduction and frontal advection. While meridional sections

showed spice becoming more confined to the upper 15 m near

the coast (Fig. 11g), the zonal transect revealed broader lat-

eral displacement along the frontal zone.

This comparison of late July upwelling and early July

downwelling conditions highlights how wind forcing and to-

pography modulate SMS activity in the GoF. Both periods

were governed by stable summer stratification, and recur-

rent SMS features were observed near topographic struc-

tures. However, the upwelling event on 29 July triggered

sharper horizontal density gradients, stronger vertical shear,

elevated Ro, and more extensive vertical velocities. These

conditions favoured frontal instabilities, subduction, and lat-

eral advection, resulting in deeper, more structured spice. In

contrast, the downwelling regime on 3 July exhibited weaker

gradients and more localized, surface-confined SMS signals.

Together, vertical sections and horizontal maps reveal how

frontal processes and flow–topography interactions jointly

control the intensity and extent of SMS variability.

4 Discussion

While satellite imagery has revealed widespread SMS vari-

ability at the sea surface in the Baltic Sea (e.g., Lavrova et

al., 2018), the vertical structure and dynamics of SMS pro-

cesses remain underexplored, particularly from observational

datasets. In this study, we built upon earlier glider-based ob-

servations (Salm et al., 2023), which revealed subsurface
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Figure 11. Vertical sections along three meridional transects at 25.10, 25.25, and 25.40° E on 29 July 2019, showing (a) Conservative Tem-

perature (°C), (b) Absolute Salinity (g kg−1), (c) zonal velocity u (m s−1), (d) meridional velocity v (m s−1), (e) vertical velocity w (m d−1),

(f) Rossby number (Ro) with overlaid isopycnals (0.25 kg m−3 intervals), and (g) spice (kg m−3). Transect locations are shown in Fig. 12f.

SMS variability and highlighted the value of high-resolution

autonomous measurements. We extend this work by combin-

ing observational data with numerical simulations to examine

the structure and variability of SMS features more compre-

hensively. This combined approach provides insight into the

three-dimensional nature of SMS processes and enabled us

to identify clear spice-based SMS signatures in the subsur-

face layers, co-located with regions of Ro O(1) and Ri < 1

(Figs. 8a, d, e and 10), pointing to active SMS instability and

mixing processes. To our knowledge, this is the first study to

apply this integrated approach to investigate SMS dynamics

in the GoF.
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Figure 12. Comparison of surface and subsurface conditions between 3 July (a, c, e) and 29 July 2019 (b, d, f). Panels (a) and (b) show

surface horizontal velocity (m s−1), panels (c) and (d) velocity vectors at 20 m depth overlaid on bathymetry, and panels (e) and (f) root

mean square of spice anomaly (kg m−3) in the density range limited from the surface to the depth of minimum temperature. The magenta

box marks the 10 × 10 km study window. The horizontal black lines indicate the zonal transect shown in Fig. 13. The vertical black lines in

panel (f) indicate the meridional transects shown in Figs. 11 and S1–S9.

The complex physical environment of the Baltic Sea is

known to pose a challenge for numerical models, often re-

sulting in biases in the simulated salinity and/or tempera-

ture fields, as well as inaccuracies in capturing the pycn-

oclines correctly (e.g., Gröger et al., 2022; Hordoir et al.,

2019; Liblik et al., 2020; Väli et al., 2013). In this study,

we showed that the model with the SMS-permitting grid

spacing could simulate the development of the vertical struc-

ture of the water column and the SMS variability reasonably

well. The general patterns of spice variability were consis-

tent between measurements and simulation. The UML depth

was also well captured, and the CIL was accurately repro-

duced during Missions I and III. However, during Mission II,

the model underestimated the depth of the CIL by approxi-

mately 10 m and systematically underestimated the depth of

the maximum N2, with the largest discrepancy again occur-

ring during Mission II (Fig. 5). Furthermore, the model did

not capture the presence of occasionally observed two local

maxima of N2. These discrepancies could be related to dif-

ficulties in simulating salinity distributions in this basin (see,

e.g., Westerlund et al., 2018). At the beginning of Mission I

(spring 2018), the seasonal thermocline was almost absent

(Fig. 3), and the salinity gradient defined the vertical den-

sity gradient. On the mentioned two occasions of two lo-

cal N2 maxima, the deeper one was largely determined by

salinity, as detected by the glider. We suggest that the model

does not simulate salinity distributions (which are mainly re-

lated to the large-scale advection and mixing of freshwater

and saltier water) as accurately as temperature distributions

(which are mostly defined by local atmospheric forcing).

Despite these limitations, the model successfully captured

the key SMS patterns and associated frontal structures, pro-

viding a reliable basis for interpreting the observed events

and tracer distributions. Note, for instance, the identical ver-

tical location of the highest spice intensity in relation to

the UML depth and strongest density gradient in observa-

tions and model results (Fig. 6a–c). During spring missions,

the spice maximum was situated at the base of the UML,

but shallower than the strongest density gradient. During the

summer mission, it was located just below the strongest den-

sity gradient. Similarly, Chrysagi et al. (2021) showed that
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Figure 13. Vertical sections along zonal transects at 59.71° N on 3 July (a, c, e, g, i, k, m) and 29 July 2019 (b, d, f, h, j, l, n), showing

(a, b) Conservative Temperature (°C), (c, d) Absolute Salinity (g kg−1), (e, f) zonal velocity u (m s−1), (g, h) meridional velocity v (m s−1),

(i, j) vertical velocity w (m d−1), (k, l) Rossby number (Ro) with overlaid isopycnals (0.25 kg m−3 intervals), and (m, n) spice (kg m−3).
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a GETM simulation could replicate the structure of an ob-

served cold SMS filament.

To interpret the SMS structures, we employed spice as a

tracer. Spice, which varies from cold and fresh to warm and

salty, provides a dynamically passive tracer. We defined spice

through along-isopycnal temperature and salinity anomalies

with respect to the spatial mean considering typical internal

Rossby deformation of 4 km. While some studies compute

spice across all spatial scales corresponding to the dataset to

examine the spectral properties (e.g., Jaeger et al., 2020; Kly-

mak et al., 2015), our scale-dependent definition emphasizes

SMS variability by revealing patchy thermohaline structure

near regions of Ro O(1) and elevated vertical velocities (e.g.,

Fig. 11).

Spice was consistently observed during all glider mis-

sions and throughout the modelling periods from May to Au-

gust 2018 and 2019. Spice intensity tended to increase as the

upper layer warmed and the seasonal thermocline developed.

We argue that the observed spatial and temporal peaks in

spice intensity, against the backdrop of an overall increasing

trend, indicate instances with high activity of SMS processes.

Analysis of spice intensity revealed that tracer patches in

the vertical structure appear as horizontally elongated fea-

tures (bottom rows in Figs. 10 and 12), closely matching the

estimated dimensions of SMS structures (∼ 10–20 km long,

∼ 1 km wide) reported by Zhurbas et al. (2022). That study

also suggested a vertical decoupling between SMS processes

in the UML and those below. Our findings support this con-

ceptual separation, showing that in summer months, SMS

features frequently occurred below the UML (Fig. 6c), often

decoupled from elevated surface Ro (Fig. 9).

Furthermore, in early June 2019, the simulation showed a

small cyclonic vorticity whose periphery was outlined by el-

evated spice (Fig. 10b and e), consistent with observations

by Yang et al. (2017), who linked such eddy peripheries

with intensified mixing. These results indicate the potential

of spice to reveal instances of SMS-driven energy transfer

toward smaller scales.

Recent studies have shown that surface heating can sup-

press SMS flows, while surface cooling promotes them.

However, favourable wind forcing can still enhance SMS ac-

tivity under surface heating conditions (Peng et al., 2021;

Shang et al., 2023). Changes or reductions in wind forc-

ing can also trigger SMS frontal instabilities that lead to

restratification of the UML, as shown by glider measure-

ments and simulations in the Baltic Sea (Carpenter et al.,

2020; Chrysagi et al., 2021; Salm et al., 2023). The devel-

opment of SMS flows depends critically on horizontal buoy-

ancy gradients (e.g., Bosse et al., 2021; Ramachandran et al.,

2018;), which in GoF arise from multiple sources (e.g., Lips

et al., 2016a). Predominantly positive Q promotes stratifica-

tion in spring and early summer, although at different rates

in coastal and open sea areas (e.g., Lips et al., 2014). Wind

forcing influences the inclination of the thermocline (Liblik

and Lips, 2017), while upwelling and downwelling events

effectively form strong horizontal temperature, salinity and

density gradients in spring–summer (e.g., Kikas and Lips,

2016). These lateral buoyancy gradients provide the energy

that drives SMS processes (Boccaletti et al., 2007).

We suggest that the SMS spice maxima observed above

the maximum vertical density gradient in spring, under

conditions of positive Q and weak wind forcing, reflect

SMS processes acting to restratify the deeper portion of the

UML. The secondary peaks of spice near the sea surface in

June 2018 and August 2019 (Fig. 6e and g) could be linked to

a characteristic forcing pattern during these months – strong

wind mixing events were followed by a period of weaker

winds and positive Q. These results suggest that the SMS

processes can contribute to restratifcation both near the sea

surface (under positive Q) and at the base of the UML, driven

by lateral buoyancy gradients, as also noted by Miracca-Lage

et al. (2024). Oceanic studies have similarly demonstrated

that SMS processes can strongly influence mixed layer depth

(e.g., du Plessis et al., 2017), and our findings support this

by showing that SMS processes (defined by spice-based sig-

nals) play a direct role in shaping the vertical stratification.

This highlights the importance of resolving SMS variability

in coastal models to improve predictions of stratification evo-

lution and coastal–offshore exchanges.

Conversely, cooling (negative Q) and wind-induced tur-

bulence contribute to the deepening of the UML. However,

SMS processes can also emerge below the UML and the

maximum vertical density gradient, as observed in July–

August 2019, when both wind and Q were more vari-

able. Dove et al. (2021) reported that deepening of the

mixed layer in regions of high eddy kinetic energy coin-

cided with increased spice and oxygen concentrations be-

low the mixed layer. In our data, elevated subsurface spice

in July–August 2019 did not align with the elevated Ro at

the sea surface, but rather with the presence of a baroclinic

coastal current. A particular example occurred at the end of

July. The situation with Ro O(1) near the topographic fea-

tures and outcropping isopycnals was characterized by high

spice in the offshore subsurface layer (Fig. 11f and g) and

intensification of vertical velocities, indicating SMS frontal

subduction beneath the upwelling front (Fig. 11e). These sig-

nals, aligned with tilted isopycnals, indicate both vertical and

lateral thermohaline displacement. The apparent decoupling

between spice and Ro patterns likely reflects the downstream

advection and transformation of SMS features beyond their

generation sites, supporting a scenario of shallow subduction

driven by persistent frontal tilting and vertical shear. Similar

subduction along the slanted isopycnals associated with the

SMS activity at the upwelling front has been described by

Hosegood et al. (2017). Capo et al. (2023) further suggested

that flow-topography interactions generate vorticities, which

are transported offshore in the subsurface layers.

Our results from July 2019 highlight how coastal up-

welling and downwelling regimes distinctly modulate SMS

variability in the offshore subsurface layer (Figs. 12 and 13).
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Winds favourable for upwelling (downwelling) in the south-

ern GoF strengthen (weaken) vertical stratification and move

the pycnocline upward (downward) towards the coast (Li-

blik and Lips, 2017). Coastal downwelling likely favours

vertical turbulent mixing by reducing vertical stratification,

making SMS features less visible. If SMS subduction oc-

curs under these conditions, tracer patches are likely to be

transported shoreward along slanted isopycnals beneath the

downwelling-related baroclinic current. It explains a similar

localized intensification of spice near the topographic fea-

tures under upwelling- and downwelling-dominated condi-

tions but with considerably weaker offshore SMS variability

in the case of downwelling. This suggests that while topo-

graphic features consistently support SMS generation, up-

welling enhances frontal subduction and the lateral spread

of SMS structures into the basin’s interior. Such upwelling-

related SMS subduction acts counter to the mesoscale sec-

ondary circulation, which typically exhibits offshore surface

flow and onshore subsurface return flow.

SMS subduction at fronts may contribute to the dissipa-

tion of mesoscale kinetic energy and downward transport

of tracers (Archer et al., 2020), including the formation of

subsurface chlorophyll maxima (e.g., Hofmann et al., 2024).

By transporting phytoplankton-rich surface waters down-

ward along sloping isopycnals, SMS processes can facili-

tate biomass accumulation below the pycnocline, as observed

during summer in connection with anticyclonic circulation

cells and SMS intrusions (Lips et al., 2010, 2011; Ruiz et al.,

2019). Future analysis of collected glider data from the re-

gion, along with a comparison of spice variability with sub-

surface chlorophyll patchiness, could help to understand bet-

ter the SMS processes and their biogeochemical impact in

the Baltic Sea and similar stratified basins.

5 Conclusions

This study demonstrates that SMS variability in the Gulf of

Finland is strongly modulated by both atmospheric forcing

– particularly surface heat flux and wind stress – and back-

ground hydrographic structures such as mesoscale frontal

gradients. Glider observations, supported by high-resolution

modelling, revealed consistent spatial patterns of SMS ac-

tivity, with SMS spice concentrated near the UML base in

spring and within the thermocline in late summer, demon-

strating the vertical sensitivity of SMS features to seasonal

stratification. Wind forcing became dominant to shape the

distribution of SMS anomalies when surface buoyancy in-

put was weak. High SMS variability and subduction sig-

natures were consistently found on the offshore side of a

baroclinic coastal current, where sloped isopycnals aligned

with velocity and SMS spice indicated downward and lateral

transport of surface-layer waters. The integration of obser-

vations and model output allowed for extrapolation beyond

individual glider transects, confirming that SMS processes in

this coastal sea are both dynamically active and responsive to

variations in external forcing. These results suggest the phys-

ical mechanisms that govern SMS variability and subduction

in stratified coastal environments. Further studies, including

high-resolution observations and modelling, are needed to

understand SMS dynamics better and assess their biogeo-

chemical consequences.
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