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ABSTRACT

The work studies submesoscale fronts (with characteristic transverse scales lower than the Rossby internal radius of
deformation) in inland seas on the base of remote sensing data. We show that we can significantly broaden our insights
into the physics and geography of small-scale fronts by employing satellite synthetic aperture radar (SAR). During our
satellite survey of the Baltic Sea, we obtained many satellite images of the sea surface bearing imprints of fronts of
different formation mechanisms and different spatial and temporal characteristics. First we develop a methodology for
identifying various submesoscale front signatures in SAR images and list the most common features of front
manifestations. We describe characteristic features associated with fronts of different nature which are not usually
detectable by traditional observational data sources because of their small scale and because they are often masked by
upper-level clouds. The main problem is to discriminate between signatures of fronts in the sea and those in the near-
surface layer of the atmosphere. We validated our interpretations of front features in SAR images via the combined
analysis of data on the sea surface and marine atmosphere condition, sea surface temperature, and mesoscale water
dynamics.

Keywords: satellite remote sensing, sea surface, satellite SAR, atmospheric fronts, river plums, hydrological fronts,
thermal fronts, the Baltic Sea

INTRODUCTION

Fronts and frontal zones represent one of the essential elements of water dynamics, namely the natural boundaries
between waters with different thermodynamic parameters. They are notable for having a complex structure and a high
spatial-temporal variability. Fronts in the ocean or in the atmosphere are the zones where properties of air or water
masses change sufficiently at a relatively short distance. This distance depends on the scale of the process responsible for
the existence of the front. Depending on their scale, fronts can be divided into large-scale climate-related fronts
(planetary) created by continually acting climatic factors, mesoscale fronts associated with synoptic-scale processes in
the ocean, and small-scale fronts of local origin'. Fronts play a vital role in the energy transfer along a cascade of scales
from global circulation (thousands of kilometers) to small-scale phenomena (meters)>. The width of fronts in the deep
ocean reaches 100 km, while estuarine fronts can be only a few meters wide. Regardless of their size, fronts can by
defined as the zones where the horizontal gradient of one or several characteristics (temperature, salinity, density,
velocity, etc.) reaches its maximum.

Remote sensing methods of studying the ocean are especially useful in investigations of fronts in the ocean and in the
marine atmosphere. Great attention is given to studying these phenomena by scientists worldwide. The rapid
development of these studies has been greatly stimulated by the improvement of satellite remote sensing methods in the
infra-red (IR) and visible (VIS) ranges of the electromagnetic spectrum. However, to the present day, mostly large-scale
oceanic fronts in climatic and synoptic frontal zones remain the subject of numerous experimental and theoretical
studies” *. Some recent studies described large-scale oceanic fronts associated with major currents* > °. Other
publications studied fronts near Alaska” 8.9 near the Iberian Peninsula'® '', on the continental shelf off the northeast U.S.
coast'?, and in the Baltic Sea'’. Some studies were able to correlate occurrences of fronts with atmospheric or oceanic
forcing sources'*.

Meantime, the research on submesoscale fronts (with characteristic transverse scales lower than the Rossby internal
radius of deformation) in closed seas is scarce. These phenomena are too complex to be studied by traditional methods
due to their non-stationarity, spontaneity of their appearance and their relatively short lifetime.

For more than two decades, the monitoring of frontal zones and fronts in the ocean has been performed using optical
satellite remote sensing. A significant limitation for observing the sea surface from space in the optical range is the
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presence of clouds and insufficient illumination. The Synthetic Aperture Radar (SAR) is a very informative tool because
of its high spatial resolution and its insusceptibility to cloud and solar light conditions. Recent studies'™ '® showed that
satellite-based synthetic aperture radars (SAR) could also provide valuable information about fronts in the ocean. This
information can not only supplement data from optical sensors but also, in many cases replace it. A use of satellite radar
data in the research of small- and mesoscale fronts in inland seas allowed to significantly improve our understanding of
their generation, propagation and decay. According to the paper’ one of the most critical aspects of physical
oceanography is a front mapping and characterization.

During our long-term monitoring of the Baltic Sea, we came across a significant number of surface manifestations of
various fronts in satellite imagery. In this paper we: (1) demonstrate the capability of SAR as a tool for fine scale marine
surface analyses and for detecting of sub-mesoscale fronts of various types; (2) present examples of fronts commonly
detected in the SAR data of the study region; (3) correlate the fronts with atmospheric and oceanic forces on the base of
SAR data; (4) explore the SAR signatures of fronts of various origin.

THE STUDY REGION

Our study region is the south-eastern part of the Baltic Sea (see Fig.1). The Baltic Sea is a marginal sea of the Atlantic
Ocean. Water exchange of the Baltic Sea carried out by a complex system of big as well as small and narrow straits
connecting it with the North Sea is slow: it takes about 30-50 years for the complete renewal of water. Baltic Sea is a
shallow shelf sea. Its mean depth is only 48 m, and the maximal depth is 459 m (in the point with coordinate 58°35' N,
18°14" E). The depths up to 50 m predominate, accounting for 60% of the sea surface area. The Baltic Sea is a non-tidal
sea that is having no tidal flows. The tide-induced sea level variations are minimal: from 4 cm (Klaipeda) to 10 cm (Gulf
of Finland), and within the Baltic proper ordinary tides are scarcely perceptible. The sea has a peculiar configuration
what affects the formation of features of the wind-wave regime of the south-east coast.

In the southeastern part of the Baltic Sea, the Gulf of Gdansk is located into which Vistula (one of the principal rivers of
the Baltic basin) flows, as well as two practically closed brackish water lagoons: the Vistula Lagoon also known as the
Vistula Bay or the Vistula Gulf, and the Curonian Lagoon.
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Figure 1. a) A map of the Baltic Sea. Red rectangle outlines the location of the area of interest; b) A map of the
area of interest.
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DATA AND DATA PROCESSING

The front dynamics survey was based on combined use of satellite imagery obtained by sensors installed on various
satellites and operating in different bands of electromagnetic waves. Data in visible, infrared and microwave ranges
provided the primary material for the analysis.

We used high-resolution radar imagery data obtained by SARs onboard Envisat, Sentinel-1A, B, TerraSAR-X, and
RADARSAR-2 satellites. Processes occurring on the fronts and in the frontal zones have the most diverse characteristics
and scales, and it is not always possible to pinpoint typical features that would allow us to detect them in satellite images
with 100% confidence. For more robust interpretation, the SAR data is complemented by other satellite data on the sea
surface and water condition, sea surface temperature, and mesoscale water dynamics. We used data in visible and IR
bands taken by Envisat MERIS, Terra/Aqua MODIS and by scanning radiometers of Landsat-5, 7, 8 satellites.

The data were processed and analyzed using the toolkit of the satellite information system developed at the Space
Research Institute of the Russian Academy of Sciences (IKI RAS). The system is named “See the Sea” (STS). STS
functionality is detailed in'’. STS provides not only instruments for fast and easy access to satellite data and products,
but also various tools for specialized data analysis. STS enables easy search of the distributed image archive using a
sensor type, a time interval, and a location as search criteria. The selected image is visualized in the map area of the
interface along with its geographic basis and related cartographic data. All information (regardless of sensor type or
product) is presented for viewing in the same cartographic projection for a given geographic area. This facilitates the
selection of data for analysis. Combining data of different nature (active/passive microwave, VIS, and NIR), spatial
resolution and swath width allows better understanding the complex nature of meteorological and hydrodynamic
processes in the study regions, and revealing the factors favoring generation, evolution, and decay of fronts. The main
characteristics of fronts were determined using the STS interface, in an interactive semi-automatic mode. As a result, we
have a comprehensive description of the phenomena stored in the database. The database tools allow storing and
visualization of graphical and attributive information, hierarchical classification of observed processes, searching by
spatial, time and typological criteria, and mapping fronts in the area of interest.

RECOGNIZING FRONTAL TYPES IN SAR IMAGERY

SAR images carry information about various phenomena that occur both in the near-surface layer and in the depths of
the ocean. Microwaves penetrate a water column by as much as a few millimeters as the most; therefore, processes,
taking place in the ocean deeper than that are possible to visualize solely from their surface manifestations. Ripples
caused by the near-surface wind reflect both atmospheric and bulk oceanic processes that in some way or other modulate
short gravity-capillary waves at the ocean surface. This effect is, in turn, manifested as modulation of the backscattered
radar signal. In such a manner SAR images of the ocean surface visualize both oceanic and atmospheric motions.
Microwaves have a significant advantage over electromagnetic waves of other ranges because they can penetrate through
cloud cover and thus render round-the-clock observations of the ocean regardless of weather conditions. Another
strength of microwaves, important for remote sensing of the ocean, lies in the fact that they resonantly interact with
surface perturbations and thereby visualize such motions in the ocean that are impossible to observe using
electromagnetic waves of other frequency ranges. The uniformity of the dielectric properties of the sea surface greatly
facilitates the analysis of the SAR images and makes it possible to link the intensity of the backscattered signal with the
characteristics of the ocean surface roughness'®.

Fronts of different origin are frequently visible in SAR images of the sea surface. These can be sea surface signatures of
oceanic fronts as well as of atmospheric fronts. The fronts and frontal zones are characterized by sharp spatial changes in
the thermodynamic characteristics of the marine environment and, consequently, spatial gradients greater than those in
the surrounding waters. Speed shifts contribute to the appearance of areas of weakness or amplification of short surface
waves. Therefore, the wave field on both sides of the front can have different wave characteristics that SAR is capable of
registering.

2.1 Manifestation of atmospheric fronts in SAR images of the sea surface

Fronts are a characteristic feature of the circulation in the atmosphere as well as in the ocean. However, the significant
differences between these two environments (by their physical parameters, equations of state, types of stratification,
scaling factors, etc.) do not allow us to expect a one hundred percent analogy between atmospheric and oceanic fronts.
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It is surprising that despite the abovementioned differences, the oceanic and atmospheric fronts have many similarities
both in their dynamics and in the very process of their formation.

The first and foremost problem in study of fronts using SAR imagery is to discriminate between the signatures of fronts
in the sea and those in the near-surface layer of the atmosphere. Atmospheric fronts are manifested in SAR images of sea
surface because the front induced variations of near-surface wind velocity and wind direction modulate surface
roughness and hence modulate the radar backscattering. Some examples of imprints of atmospheric fronts in SAR
images are presented in'* ?°. The paper®' provides a comprehensive review of the signatures of synoptic atmospheric
fronts imaged by SAR, including warm fronts, cold fronts, occluded fronts, and secluded fronts. We, nevertheless, are
interested in atmospheric fronts of scales smaller than those presented in”'.

Hereafter we examine SAR signatures of atmospheric fronts that differ in types. Three case studies are provided, based
on SAR imagery, registered during our survey of the southwest Baltic Sea. Below it is shown in what a way SAR can
reveal mesoscale and small-scale patterns of cold fronts, warm fronts, and occluded fronts. Particular attention is paid to
the capability of SAR to reveal small-scale and mesoscale features of atmospheric fronts. The SAR signatures specific
for different frontal types will be outlined that can be used for the identification of fronts by their kind. These features are
not usually detectable using traditional observational data of optical sensors because of their small dimensions and
because upper-level clouds often mask them.

2.1.1 Case 1: Cold atmospheric front

A cold front in the atmosphere is often defined as the changeover region between the advancing cold air mass and
receding warm air mass>2. Cold fronts occur when warm air is pushed up into the atmosphere by colder air at the ground.
Sometimes a cold front is seen as a significant intrusion of cold air into warm air in the form of gravity current having an
extremely unstable boundary™.

On July 11, 2016, the South-Eastern Baltic was on the periphery of the region of low atmospheric pressure with the
center over the North Sea. Weather conditions were formed under the influence of atmospheric fronts. The surface
analysis maps™* for 06:00 UTC and 12:00 UTC on 11 July 2016 depicted in Figs. 2, 3 display a cold atmospheric front
moving through the study area in the northeastern direction.

The passage of the cold front was registered on that day in two different SAR images. Signatures of the cold front
leading edge are seen in the Sentinel-1A SAR image taken at 04:59 UTC in the western part of the study area and in the
RADARSAT-2 SAR image taken at 16:35 UTC eastward of the Gotland Island (see Figs. 2a, 3a). The front line in both
SAR images is made evident by a sharp jump in the amplitude of the backscattered signal. The inset graphs depicted in
Figs. 2b, 3b show variations in radar signal across leading edge of the front. Higher backscatter is found at the rear of the
front. Cross-frontal jumps in the amplitude of the backscattered signal are 5 dB and 3 dB correspondingly. The pink
areas in the graphs mark the locations of radar backscatter jumps at the leading front edge.

Bright bands of enhanced radar backscattered ahead of the front seen in the Sentinel-1A SAR image acquired on 11 July
at 04:59 UTC (Fig. 2a) are imprints of the squall line, where winds are gusting to gale force as the front approached.
Footprints of intensive thunderstorm rains are also visible ahead of the moving front in this image. The thunderstorms
and heavy rains occur immediately before a cold front due to cumulonimbus clouds formation in the result of rapid air
convection often preceding the cold front in summer. Thick rainy clouds appear in the SAR image as bright structures of
the increased backscattered signal. Rain becomes visible on SAR image of the ocean because impinging rain drops
modify the short-scale sea surface roughness and generate splash products and because raindrops in the atmosphere
scatter and attenuate the radar beam™. A zone of enhanced backscatter visualizing squall lines ahead of front is one of
the characteristic features of cold front manifestations in SAR images of the sea surface.

The leading edge of a cold front looks uneven in the SAR image of the sea surface, and consists of a series of lobe and
cleft instabilities. Clefts may be described as V-shaped indentations in the front that propagate and merge along the front,
and lobes may be described as a series of localized bursts along the front that appear as projecting noses with bulges or
buttresses which continually change shape®. Figures 2d and 3d provide examples of these phenomena showing detailed
structure of the leading front edge. The existence of lobe and cleft patterns indicates that the corresponding SAR frontal
signature is that of a cold front.
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Figure 2. a) A part of the Sentinel-1A SAR image of a cold front in the marine atmosphere over the southeastern Baltic Sea
taken on 11 July 2016 at 04:59 UTC. The front is oriented north—south and moving toward the northeast; b) Variations in
radar signal along the transect across the front leading edge; c¢) UK MetOffice surface analysis valid at 06:00 UTC 11 July
2016. Red star shows the SAR image placing. d) Zoomed SAR image showing detail of the leading front edge. The
variations in the radar backscatter shown in (b) were taken along the white line AB.
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Figure 3. a) A part of the RADARSAT-2 SAR image of a cold front in the marine atmosphere over the Baltic Sea eastward
of the Gotland Island taken on 11 July 2016 at 16:35 UTC. The front is oriented north—south and moving toward the
northeast; b) Variations in radar signal along the transect across the front leading edge; ¢) UK MetOffice surface analysis
valid at 12:00 UTC 11 July 2016. Red star shows the SAR image placing. d) Zoomed SAR image showing detail of the
leading front edge. The variations in the radar backscatter shown in (b) were taken along the white line AB.
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2.1.2 Case 2: Warm atmospheric front

A warm atmospheric front occurs when warm air pushes cooler air away from the surface. The warm front moves
towards colder air and is followed by a warm air mass.

On November 5, 2016, weather conditions the South-Eastern Baltic were formed under the influence of a cyclone with
the centre over the North Sea. The passage of a warm atmospheric front over the test area was registered. The near-
surface wind field was inhomogeneous in speed and direction. In the northern part of the area of interest, ahead of the
front line, the wind speed reached 15 m/s. The heavy cloudiness was observed.

Signature of the leading edge of this warm atmospheric front was captured in the RADARSAT-2 SAR image taken over
the south-eastern Baltic Sea at 04:56 UTC on 5 November 2016. Figure 4a is the SAR image. The front line in this
image is made evident by a sharp drop of the backscattered signal. The inset graph depicted in Fig. 4b shows variations
in backscattered signal across the leading edge of the front. Lower backscatter is found at the rear of the front. Cross-
frontal drop in the amplitude of the backscattered signal is about 3 dB. The pink area in the graph marks the location of
radar backscatter drop at the leading front edge.

The surface analysis map?* for 06:00 UTC on 05 November 2016 presented in Fig. 4c displays a warm atmospheric front
moving northward through the study area.

The SAR signature of the warm front boundary looks smoother than those of the cold front discussed above. It meanders
in response to small-scale vortices. This frontal “waviness” is assumed to be a result of horizontal shear instability*’.
Another characteristic feature of the SAR signature of a warm front is the existence of quasi-linear bands of smooth
amplification and attenuation of backscattered signal aligned nearly perpendicular to the front and extending about 10 —
15 kilometers to the front cold side (see Fig. 4d). These structures are SAR signatures of shear-driven gravity waves.
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Figure 4. a) A part of the RADARSAT-2 SAR image of a cold front in the Baltic Sea taken on 5 November 2016 at 04:56
UTC. The front is oriented west—east and moving northward; b) Variations in radar signal along the transect across the front
leading edge; c) UK MetOffice surface analysis valid at 06:00 UTC 5 November 2016. Red star shows the SAR image
placing. d) Zoomed SAR image showing detail of the leading front edge. The variations in the radar backscatter shown in
(b) were taken along the white line AB.
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2.1.3 Case 3: Occluded front

Occluded fronts appear when a mass of cold air reaches a mass of warm air and pushes it up, which makes the warm air
hidden, or "occluded.” This situation takes place often when a cold front moves faster than a warm front and overtakes it.
Sometimes occluded fronts could be hardly distinguished from warm fronts based on SAR imagery alone as they have
many common features in their SAR manifestations. Like warm fronts, occluded fronts are generally smooth except
where they meander in response to mesoscale vortices. Moreover, SAR signatures of atmospheric gravity waves are also
sometimes observed with occluded fronts.

On December 11, 2016, a low atmospheric pressure zone was located over the South-Eastern Baltic. The sky was
overcast. The surface analysis map®* for 06:00 UTC on 11 December 2016 presented in Fig. 5 displays an occluded
atmospheric front. The front is oriented northwest-southeast and is moving toward the northeast.

Figure 5a shows a TerraSAR-X image taken over the south-eastern Baltic Sea at 04:50 UTC on 11 December 2016.
Signature of the leading edge of an occluded atmospheric front is distinctly seen in the image. The graph depicted in Fig.
5b shows variations in backscattered signal across the leading edge of the front. The backscattered signals ahead of and
behind the front are comparable in their magnitudes. On the front line, however, signal experiences a drop-off and the
front line in the SAR images is seen as a thin curved strip of low backscatter. The pink area in the graph marks the area
of the sharp decrease about 20 dB in the amplitude of the backscattered signal at the leading front edge.

Signatures of gravity waves in the marine atmosphere are also seen in the SAR image ahead of the occluded front;
however, they are oriented at a more acute angle than in the case of a warm front discussed above.
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Figure 5. a) A part of the TerraSAR-X image of a of a well-defined occluded front with gravity waves in the marine
atmosphere over the southeastern Baltic Sea taken on 11 December 2016 at 04:50 UTC. The front is oriented northwest—
southeast and moving toward the northeast; b) Variations in radar signal along the transect across the front leading edge; c)
UK MetOffice surface analysis valid at 06:00 UTC 5 November 2016. Red star shows the SAR image placing. d) Zoomed
SAR image showing detail of the leading front edge. The variations in the radar backscatter shown in (b) were taken along
the white line AB.
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2.2 SAR manifestations of small scale fronts in the shallow sea

Frontal features visible in radar images of the sea surface quite often are sea surface manifestations of oceanic fronts.
Oceanic fronts, as well as fronts in the atmosphere over the ocean, are visible in SAR images due to a change of the
small-scale sea surface roughness responsible for the radar backscattering. There are several hydro-physical mechanisms
connected with oceanic fronts that result in a modulation of the sea surface roughness: (i) wave-current interaction; (ii)
damping of the gravity-capillary component of surface waves by surface films; (iii) changes in the stability of the air-sea
boundary layer.

By their very nature, oceanic fronts are associated with a convergent flow, which brings fluid of different properties into
the frontal region. Fronts can be visible at the sea surface as delimitation lines visualized by (i) rough water or slicks
(smooth surface); (ii) accumulation of debris or foam; (iii) abrupt change of sea surface temperature or color. Rough
water is frequently observed when there is a significant current shear across the front. Slicks may be caused by the
damping effect of surface films accumulated in the convergence zones. Accumulation of debris and foam arises from the
convergence of surface currents at a front.

Below, we examine SAR manifestations of sea fronts, which are made visible in SAR data due to various mechanisms of
front effects on the disturbed sea surface. We focus on the small-scale fronts, which are often short-lived and have
narrow frontal interfaces.

2.2.1 Case 1: River plume fronts

Plume fronts can be found in areas where fresh water from the river mouth discharges into the ocean or a sea. These
fronts mark the boundary between the surface layer of buoyant fresh water and the denser salty marine water near the
river mouth. Plume fronts are narrow zones of significant horizontal density gradients at the sea surface. They may be
associated with a substantial variation in color, turbidity, or to regions of foam and detritus accumulation.

Numerous satellite observations of river plumes were reported, and results of their studies published™ ?* %! In these
studies, spatial patterns associated with the river plume are mainly linked to the phase of the tide in the outflow area, and
general characteristics of the structure and evolution of a river plume subjected to the action of strong tidal currents.

We explore river plumes formed in the non-tidal sea. Fronts of this kind are often observed in the satellite data of the
Gulf of Gdansk and are formed by the Vistula outflow.

Since the end of the 19th century, the Vistula flows into the Gdansk Gulf through a straight, human-made channel. Such
direct inflow of the river results in the fact that river and sea waters mix right in the bay without any intermediate estuary
or another transitional water body. Previous oceanographic studies showed that the Vistula plume might extend up to 9—
27 km from the river mouth and that its vertical extension might range from 0.5 m to 12 m, depending mainly on the
wind speed and direction, as well as a combination of factors such as the river water discharge rate, sea level and the
duration of their interactions™.

Particularly striking examples of Vistula River surface front signatures in satellite images were obtained during intense
and devastating flooding in Poland along the Vistula River in May-July 2010. Floodwaters reached the river mouth on
the night of 25/26 May and aftereffects of this vast discharge were observed for several weeks.

Two SAR images of the Gdansk Bay are depicted in Fig. 6. The SAR image of Fig. 6a was taken at 20:25 UTC on 28
May 2010 when the inflow of large amounts of highly turbid floodwater to the sea just started. The SAR image of Fig.
6¢ was taken about nineteen days after that, at 09:01 on 16 June 2010, when the inflow of turbid river water weakened.
In both images, the Vistula surface front is clearly seen.

Sea surface patterns associated with the Vistula River plume can be distinctly seen in the center of the SAR image
presented in Fig 6a. It is the large almost circular area where the radar backscatter is slightly higher than in the outer
region. The plum area is enclosed by a narrow bright line, which is a SAR signature of a frontal line. The frontal line is
characterized by mostly enhanced radar backscatter. The frontal line is better pronounced in the eastern semi-
circumference, while in the western part the frontal line is partly imaged as a zone of enhanced/reduced backscatter. The
enclosed plum has the area about of 630 km?. In Fig. 6d the well pronounced almost semi-circular frontal line encloses a
region with the area of about 125 km’. The plume area is characterized in this case by nearly the same intensity of radar
backscatter as the outer surroundings.
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The inset graphs (Figs 6b, 6e) show variations in radar signal along the cross-sections of the fronts (white lines). The
pink areas mark the regions of enhanced radar backscatter corresponding to the Vistula surface front. In the profiles, the
sea surface manifestations of the Vistula surface fronts are visible as regions of enhanced radar backscattering. The width
of the frontal line was about 400 m on 25 May 2010 and about 750 m on 6 June 2010. The jump in the radar backscatter
amplitude on the front was better pronounced on 25 May 2010. The relative variations of radar signal on the front are
approximately 1.5 dB and 3 dB correspondently. In this case, the changes in surface roughness on the surface front
boundaries are due to interactions of short surface waves with surface current gradients. These interactions are
manifested as thin bands of enhanced backscattering in the images and are caused by an increase of the surface
roughness at the front. We think that the observed difference in the radar signal modulation on the plume front is caused
mostly by the orientation of the front with respect to the wind direction. The same result was reported in the paper> for
SAR signatures of internal solitary waves.

For more robust interpretation, SAR data were analyzed jointly with data of optical sensors. River plumes are best
manifested in images acquired by satellite optical sensors. Examples of river plume manifestations are shown in Figs.6
b,d. These figures depict charts of Total Suspended Matter (TSM) calculated on the base of MERIS Envisat data taken
simultaneously with the SAR images shown in Figs 6a, 6¢c. Plume areas different in their turbidity can be readily
distinguished™*. On May 28, 2010, the plume had large dimensions and reached the Hel Spit. On June 6, 2010, waters
were located near the Vistula mouth, the plume area decreased by almost fivefold.

0 20 20 60 80 100 120 4°45']
Path in pixels

[54°30'

MERIS

Eﬁ%@; p > 2 Envisat

28 May 2010 Total suspended matter (g *m-3) L z":':.: ] 28 May 2010
20:25 UTC o ——— 905 UTC

[i55301 ¢ [19°00T 19°30]
1 I

o 20 a0 60 80 100 120
1
W e

Path in pixels

Amplitude VV, dB

Envisat|

16 June 2010
o — . 09:05UTC
Figure 6. a) A part of the Envisat ASAR image taken over the Gulf of Gdansk on 28 May 2010 at 20:25 UTC. Along the
white line inserted into this image the variations in the radar backscatter are determined; b) Variations in radar signal along
the transect across the Vistula surface front leading edge; c) Suspended matter chart derived from Envisat MERIS data taken
over the Gulf of Gdansk on 28 May 2010 at 09:02 UTC; d) A part of the Envisat ASAR image taken over the Gulf of
Gdansk on 16 June 2010 at 09:05 UTC. Along the white line inserted into this image the variations in the radar backscatter
are determined; e) Variations in radar signal along the transect across the Vistula surface front leading edge; f) Suspended
matter chart derived from Envisat MERIS data taken over the Gulf of Gdansk on 16 June 2010 at 09:05 UTC.
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2.2.2 Case 2. Frontal slicks in a coastal zone

Slicks represent a frequently detected pattern in SAR imagery. Primary mechanism of slick formation is a surfactant
accumulation in small-scale convergence zones. Fronts in SAR images are seen as solitary elongated slicks. Modulation
of centimeter- and decimeter-scale surface waves caused by redistribution of surface films by currents associated with
sea fronts can be the dominant factor behind the surface manifestation of fronts in the sea imaged by SAR operating in
short centimeter wavelengths. Elongated areas with increased film concentrations are present on the sea surface in the
convergent zone at the front boundary resulting in significant attenuation of ripples and formation of slicks.

Figure 7a depicts a part of the RADARSAT-2 SAR image taken over the Gulf of Gdansk on 04 August 2016 at 16:35
UTC. A single elongated slick of northwest-southeast orientation with the length of about 50 km and width 0.5 to 1 km is
distinctly visible in the SAR image. This slick exhibits a surface manifestation of a hydrological front developing in
shallow water.

The graph presented in Fig. 7b depicts variations in backscattered signal across the leading edge of the front. The
backscattered signals ahead of and behind the front are comparable in their magnitudes. On the slick, which manifests
the frontal line, the signal experiences a drop-off. The pink area in the graph marks the sharp decrease about 4 dB in the
amplitude of the backscattered signal at the leading front edge.

This hydrological front separates the highly turbid coastal water and the cleaner water of the Gdansk Gulf. The high
water turbidity results from Vistula inflow. Prolonged winds from north-east direction decrease the extension of river
water in the Gulf. The flow of Vistula water being oppressed, no river plume is formed in the Gulf of Gdansk, and river
water is distributed along the shores. The turbid waters are trapped in the area between the coastal and frontal line,
remaining there for some time. Such a situation favors the accumulation of substances carried by Vistula water in the
coastal area.
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Figure 7. a) A part of the Radarsat-2 SAR image taken over the Gulf of Gdansk on 04 August 2016 at 16:35 UTC. The
variations in the radar backscatter are determined along the white line; b) Variations in radar signal along the transect across
the front leading edge.
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2.2.3 Case 3: Small-scale thermal fronts

Cloudiness of the Baltic Sea region is a significant limitation for observing the sea surface from space in the optical
range. In this connection, SAR data which is independent of cloudiness and sun illumination provides an additional
source of information on the sea surface conditions, including the information on the presence of thermal fronts of
various scales. The capability of SAR to reveal inhomogeneity of the sea surface temperature (SST) has been confirmed
in previous studies® .

Frontal zones with strong surface temperature gradients can separate oceanic regions with the different stability of the
atmospheric boundary layer (ABL) above them. The transformation of the atmospheric boundary layer over the frontal
zone with strong temperature gradients can affect the radar backscatter pattern. “In the case of radar cross-section,
changes over SST fronts of small horizontal width, the change in atmospheric stability is the primary bulk quantity
undergoing an immediate response to the change in sea surface temperature”. This situation can often be observed
when the wind speed is low, and the temperature difference between the sea surface and the near-surface air is small. In
these cases, the stable stratification of the air-sea boundary layer develops over colder water and the unstable or neutral —
over warmer water.

The transformation of the ABL over the thermal front can be seen in the RADARSAT-2 SAR image taken on 12
November 2016 at 04:52 UTC (see Fig. 8a). The weak north-eastern wind was blowing in the test area at the time of the
SAR image acquisition. The air temperature field was homogenous in the test area (see Fig.8b). None of the atmospheric
fronts were registered moving through the test area.

Distinct spatial changes in SAR image clatter patterns, which strongly depend on the type of stratification of the
atmospheric boundary layer, are observed due to the presence of meandering SST front (Fig.8c). An unstable
stratification of the boundary layer occurs in areas where the sea surface is warmer than the near-surface air. Under
unstable stratification, we observe surface manifestations of convective motions in the near-surface layer’®*”** % These
structures correspond to atmospheric convection cells 2.5 to 25 kilometers in size. Cell sizes and the intensity of
convective processes in the near-surface atmosphere depend on the degree of the thermodynamic instability.

+18

Figure 8. a) A part of the RADARSAT-2 image taken over the South-Eastern Baltic Sea on 12 November 2016 at 04:52
UTC; b) An air temperature chart in the Baltic Sea region for the 12 November 2016; c¢) A part of an SST chart for the 12
November 2016.
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The example above has demonstrated the capability of the sea surface radar imagery to reveal changes in the type of
ABL stratification caused by an SST front in the presence of a near-uniform field of the near-surface air temperature.
Hereafter we examine a case of ABL modulation due to a change in the temperature of the near-surface air in the
presence of a uniform SST field.

The transformation of the ABL is seen in the Sentinel-1A SAR image taken on 27 November 2016 at 04:51 UTC (see
Fig. 9a). At the time of the SAR image acquisition, weather conditions in the South-Eastern Baltic were formed under
the influence of a cyclone with the center over the Saint-Petersburg region. The wind was blowing from the north-west at
12-13 m/s (Fig. 9b). In the test area, the SST field was almost homogenous with the average temperature of
approximately 7.5°C (Fig. 9¢). A nearly horizontal line is distinctly seen in the SAR image separating it into two regions.
Surface manifestations of intensive convective motions in the near-surface atmosphere are seen in the top half of the
SAR image. The cellular elements in the SAR images are the surface manifestations of convective cells in the near-
surface atmosphere and can be considered an indicator of the unstable stratification of the air-sea boundary layer. This
can occur if the temperature of the sea surface is higher than that of the near-surface air. Sizes of convective cells
increase from 4 km near the borderline up to 20 km in the top of the image. The bottom half of the image bears no
imprints of the convective motions in the near-surface atmosphere. The location and the shape of the boundary line
approximately correspond to that of the 6°C isotherm on the chart of the near-surface air temperature. The sea surface is
warmer than the near-surface air when the air temperature is lower than 6° C, and the boundary layer becomes unstable,
and conditions are created for the atmospheric convection development.

While two cases discussed above highlight the success of SAR imagery in capturing the boundary layer stability change,
they also illustrate some limitations of this technique. Based on the SAR data only, we are not able to pinpoint the cause
of the ABL modulation. I.e. we’re not able to reveal if it is caused by a change in the SST in the presence of a nearly
uniform atmospheric temperature field or by a change in the temperature of the near-surface air in the presence of a
uniform SST field.

SAR-C Sentinel -1A

27 Nov 2016, 4:51 UTC

Figure 9. a) A part of the Sentinel-1A SAR image taken over the South-Eastern Baltic Sea on 27 November 2016 at 04:51
UTC; b) An air temperature chart in the Baltic Sea region for the 12 November 2016; c) A part of a SST chart for the 12
November 2016.
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CONCLUSIONS

In this paper, we examine surface manifestations of submesoscale fronts of various origins visible in SAR images of the
South-Eastern Baltic. We demonstrate the usefulness of SAR imagery for the study of fronts in both the sea and the
atmosphere over the sea. Fronts of both types are visible in SAR images due to a change of the small-scale sea surface
roughness responsible for the radar backscattering. Our first goal is to discriminate between signatures of fronts in the
sea and those in the near-surface layer of the atmosphere. We accomplish this by utilizing the supporting data, such as
meteorological maps, sea surface wind maps, SST and TSM charts derived from data of space-borne sensors operating in
visible and IR bands.

We outline the SAR signatures that differ between frontal types and contribute to the identification of fronts by their
nature. We point out that many mesoscale features that are associated with fronts of different nature are not usually
detectable using traditional observational data sources because of their small scale and because upper-level clouds often
mask them.

The use of satellite remote sensing methods and SAR data in particular, makes it possible to obtain information on the
frequency and spatial distribution of submesoscale fronts in test areas, identify possible mechanisms of their generation
and factors that determine their evolution and decay, and reveal typical velocities of their movement, seasonal and inter-
annual variability.
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