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1 INTRODUCTION

1.1 Background

1.1.1 Description of the Gulf of Finland

The Gulf of Finland is an elongated basin in the northeastern part of the Baltic
Sea. The length of the Gulf is about 400 km, its width varies between 48 and 135
km, its surface area is about 29 600 km?, and it has a total volume of 1100 km”.

The Gulf has quite complicated bottom topography with a number of
peninsulas and small islands, especially in the northern coastal sea. The southern
part is deeper and has a steeper bottom slope compared with the northern Gulf.
The along-gulf depth decreases from 80—110 m at the entrance to 20-30 m in the
shallow eastern part.

The vertical thermal stratification in the Gulf of Finland has a highly seasonal
cycle. The surface temperature starts to rise in April when the ice has melted and
incoming solar radiation exceeds the outgoing radiation at the sea surface. The
seasonal thermocline in the Gulf of Finland usually forms at the beginning of
May and is at its strongest in July—August (e.g. Alenius et al. 1998). Typically, it
settles at a depth of 10-15 m. Liblik and Lips (2011) showed that the average
seasonal upper mixed layer (UML) depth increased from 11 m in June to 12.1
and 15.1 m in July and August respectively. The larger UML depths (~15 m)
were in the western part of the gulf, while in the central part of the gulf the UML
was shallower (~13 m). The mean UML temperature during summer was 15.2
°C on average and increased from ~12 °C in June to ~17 °C in July and August,
while the surface layer maximum temperature may rise up to ~23 °C. The cold
intermediate layer temperature varies in the range of 1.3-3.6 °C (Liblik and Lips
2011). Thus, the temperature difference between the warm surface layer and the
cold intermediate layer below the thermocline may be up to 20 °C. Convection
and wind-induced vertical mixing cause the seasonal thermocline to vanish by
late October—early November.

According to a study by Palmén (1930) the long-term circulation in the Gulf
is cyclonic. The relatively poor stability of currents in the Gulf indicates that the
mean cyclonic circulation is a statistical property, not a constant phenomenon
(Alenius et al. 1998). At shorter time scales the current system is more
complicated. The deviations from the long-term scheme are mainly caused by
the changes in wind forcing (Alenius et al. 1998 and references therein; Elken et
al. 2003).

The annual saline water inflow from the Baltic Proper along the southern
coast is on average 480 km’ and the outflow of brackish water along the
northern coast is about 600 km® (Alenius et al. 1998). The annual freshwater
runoff is about 110 km’, mainly from River Neva (77.6 km® annually, Bergstrom



et al. 2001) in the eastern part of the Gulf. Therefore, the surface salinity at the
entrance to the Gulf (6-7) is higher compared to the easternmost part (about 1).

1.1.2 Wind regime and upwelling

Coastal upwelling caused by the alongshore wind forcing is an important process
that influences the temperature, salinity, nutrient, and phytoplankton distribution
through vertical and cross-shore water exchange.

The dominant wind direction in the Baltic Sea in general (Lehmann et al.
2011) and specifically in the Gulf area (Keevallik 2003; Soomere and Keevallik
2003) is from the southwest. Wind data from Kalbadagrund weather station
showed that during the warm period (May—September) the monthly mean wind
speed is lower (around 7-8 m s™') compared to the rest of the year, when it
reaches values of over 10 m s (Keevallik and Soomere 2010). However, wind
data from Hanko and Helsinki-Kataja weather stations showed that winds from
the ENE direction can occur quite often in addition to the typical southwesterly
direction (Soomere and Keevallik 2003; Keevallik and Soomere 2009). The
secondary frequency peak from the ENE direction is mostly caused by strong
winds of over 10 m s~ (Soomere and Keevallik 2003). Moreover, Keevallik and
Soomere (2009) found that the peak from the ENE direction occurs only during
the warm period of the year.

Owing to the prevailing southwesterly winds, the Gulf of Finland, especially
its northern coastal sea, is an active upwelling area in the Baltic Sea in summer
(Kahru et al. 1995; Myrberg and Andrejev 2003; Lehmann and Myrberg 2008;
Myrberg et al. 2008). Due to the strong thermal stratification, large sea surface
temperature contrasts could be expected in the upwelling regions. Numerical
simulations by Zhurbas et al. (2008) and ficld measurements by Lips et al.
(2009) have shown that, in the narrow and elongated Gulf of Finland, upwelling
along one coast is accompanied by downwelling along the opposite coast; that is,
two longshore baroclinic jets and their related thermohaline fronts develop
simultaneously. Field measurements (Haapala 1994; Vahtera et al. 2005; Lips et
al. 2009) and model simulations (Zhurbas et al. 2008; Laanemets et al. 2009)
showed that summer upwelling events transport nutrients with a clear excess of
phosphate to the surface layer of the Gulf.

Kahru et al. (1995) found two highly significant upwelling centers where
filaments emerge from the upwelling front off the Hanko and Porkkala
peninsulas and move south towards the Estonian coast. The model simulation by
Zhurbas et al. (2004, 2008) also showed that the development of filaments and
eddies due to the instability of longshore baroclinic jets can be attributed to
topographic irregularities. Upwelling-related filaments and eddies are important
factors for the offshore transport of upwelled nutrients (e.g. Laanemets et al.
2011).

Coastal upwelling events also influence the phytoplankton distribution and
community structure. Field measurements showed that during upwelling the
surface phytoplankton community is transported offshore and replaced by
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species that are normally resident in the upper part of the thermocline
(Kanoshina et al. 2003; Vahtera et al. 2005; Lips and Lips 2010).

1.1.3 Application of remote sensing data

Remote-sensing data have been widely used for monitoring the ecological and
physical state of the Baltic Sea. A wide range of sensors with different
measuring methods have been used for sea surface temperature (SST)
monitoring, for example MODIS (Moderate Resolution Imaging
Spectroradiometer), AVHRR (Advanced Very High Resolution Radiometer),
AATSR (Advanced Along-Track Scanning Radiometer), and so on. The SST
estimates from different space-borne sensors have accuracies of + 0.3-0.5 °C
(e.g. Brown and Minnett 1999; Llewellyn-Jones et al. 2001; Karagali et al.
2012). In addition to measurement technology a number of factors contribute to
the SST errors: heat flux conditions, the time of day when the measurement is
obtained (diurnal warming), regional peculiarities (atmospheric conditions), and
wind conditions (e.g. Donlon et al. 2002; Corlett et al. 2006). Donlon et al.
(2002) showed that the variability between skin layer SST measured by
radiometer within a thin layer (~500 um) and SST at 5 m depth measured by the
flow-through (FT) system is diminished and a mean bias of 0.14 °C exists when
the wind speed is over 6 m s'; thus the satellite SST and FT measurements are
comparable in the case of moderate and high wind speeds.

Studies of upwelling parameters in the Baltic Sea using remote sensing data
started in the 1980s with the exploitation of the AVHRR instrument. Satellite
imagery has been used for detecting inter-annual, seasonal, and mesoscale
variability of the SST and for determining upwelling parameters for the period
of thermal stratification of the sea by a number of authors (Horstmann 1983;
Gidhagen 1987; Siegel et al. 1994; Kahru et al. 1995; Kre¢zel et al. 2005a; Siegel
et al. 2006; Bradtke et al. 2010). They have found that the typical temperature
difference between the upwelled and surrounding waters varies within 2—10 °C,
the alongshore extent is of the order of hundreds of kilometers, and the offshore
scale is tens of kilometers. The lifetime of an upwelling event is from a few days
to one month. Lehmann et al. (2012) also found that the frequency of upwelling
events (May—September) in the Gulf of Finland estimated from 443 weekly
AVHRR composite SST maps over a 20-year period can be up to 25%
(depending on the region and month).

The spatio-temporal variability of biological-chemical parameters can be
monitored using different in situ measurements (Rantajarvi et al. 1998; Lips and
Lips 2008; Petersen et al. 2008). However, for obtaining information about the
chlorophyll and consequently phytoplankton biomass surface distribution over
large sea areas, remote-sensing imagery is invaluable. Satellite imagery for
monitoring water quality parameters with sufficient temporal resolution has been
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regularly available from SeaWiFS (Sea-viewing Wide Field-of-view Sensor),
MERIS (Medium Resolution Imaging Spectrometer), and MODIS for the Baltic
Sea region. A study by Darecki and Stramski (2004) showed that MODIS
standard algorithms for optically complex Case 2 waters are characterized by
systematic and large overestimation of chlorophyll a (Chl a) concentration.
Also, Reinart and Kutser (2006) showed that MODIS/Aqua and SeaWiFS
standard algorithms overestimate the Chl a concentration (especially in heavy
bloom conditions) compared to the MERIS Chl a concentration estimates, due to
the unsuitable set of spectral bands. MERIS was designed to monitor coastal
waters (Doerffer et al. 1999), and therefore it has sufficient spectral resolution in
the range of wavelengths above 555 nm for routine monitoring of turbid waters
like the Baltic Sea (Reinart and Kutser 2006; Gitelson et al. 2009). An overview
of various algorithms (from band ratios to bio-optical modeling) developed for
different satellite sensors to determine Chl a concentration in phytoplankton
(including cyanobacterial) blooms is given in Kutser (2009). The Baltic Sea
(including the Gulf of Finland) comprises optically complex Case 2 waters that
are dominated by colored dissolved organic matter (CDOM), and therefore the
production of accurate estimates of water quality parameters from remote
sensing imagery is complicated (Darecki and Stramski 2004; Schroeder et al.
2007; Sorensen et al. 2007; Kratzer et al. 2008; HELCOM 2009; Kutser 2009).
Despite these problems, previous studies have demonstrated that remote-sensing
data can be successfully used for systematic monitoring of the Chl a distribution
and temporal variability (Krezel et al. 2005b; Koponen et al. 2007; Kratzer et al.
2008). Also, the chlorophyll distribution related to coastal upwelling was
explained by combined use of SST and Chl a retrievals from remote sensing data
(Krezel et al. 2005a; Lass et al. 2010).

Kutser (2004) used remote sensing data for quantitative detection of
chlorophyll in cyanobacterial blooms in the Gulf of Finland and also pointed to
problems connected with the comparability of remote sensing and in situ data.
Using bio-optical modeling, Metsamaa et al. (2006) and Kutser et al. (2006)
showed that MERIS bands 6 and 7 can be used to separate cyanobacteria from
green algae if the concentration of cyanobacteria is high (Chl a concentration >
8—10 mg m™).

Due to the high cloudiness level in the Baltic Sea region, a relatively small
fraction (10-50%) of optical/infrared images is suitable for processing (Krezel et
al. 2005a). Since Synthetic Aperture Radar (SAR) data are not influenced by
solar illumination or the atmosphere, they provide additional information as they
allow the sea surface to be monitored in cloudy conditions and during the
nighttime. Previous studies have shown that SAR data could contribute to the
study of upwelling-related fronts, eddies, and filaments (Clemente-Colon and
Yan 1999; Clemente-Colon and Yan 2000; Svejkovsky and Shandley 2001;
Askari 2009; Li et al. 2009; Ryan et al. 2010; Kozlov et al. 2012; Kudryavtsev et
al. 2012).
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1.2 Motivation and objectives

Coastal upwelling is a process that strongly influences the surface layer
temperature and Chl a distribution in the warm period of the year. Therefore, it
usually has thermal and biogenic signatures on the sea surface which can be
observed from space-borne satellite sensors. Remote-sensing data provide
valuable information about the characteristics of upwelling events, related
filaments and eddies, and their effect on the surface distribution of temperature
and phytoplankton blooms at basin scale, thus complementing the field data.

As the remote-sensing data provide indirect measurements, the quality of the
data needs to be evaluated against in situ measurements. In this study, existing
algorithms and products were used and evaluated to estimate the suitability of
SST and Chl a retrievals from remote-sensing data for describing their
variability in the cases of highly variable conditions (i.e. during upwelling).

Many global-scale validations carried out using satellite SST and in situ buoy
temperature to evaluate the remote sensing sensor performance in the world
ocean have shown that large regional differences can occur in biases of SST
estimates (e.g. Corlett et al. 2006; Noyes et al. 2006; Reynolds et al. 2010).
However, relatively few studies of the accuracy of SST retrievals have been
carried out for the Baltic Sea and Gulf of Finland area with high-resolution
remote sensing SST data (Karagali et al. 2012). Therefore the performance of
space-borne SST sensors (MODIS) in variable conditions (i.e. upwelling) in the
Gulf of Finland needs to be estimated.

The estimation of water quality parameters from remote sensing data in the
optically complex Case 2 waters dominated by CDOM like the Baltic Sea
(including the Gulf of Finland) is complicated. Therefore, the results of standard
algorithms should be corrected using in situ data when estimating Chl a,
suspended particulate matter, and CDOM from remote sensing data in the Gulf
of Finland.

Interdisciplinary case studies have shown the important role of summer
coastal upwelling events in nutrient and phytoplankton dynamics in the Gulf of
Finland (e.g. Vahtera et al. 2005; Lips et al. 2009). Therefore the combined use
of SST and Chl a imagery, complemented by field measurements and wind
information, provides a basis for investigating the role of upwelling events in the
surface layer spatio-temporal variability of temperature and chlorophyll
(phytoplankton) fields at basin scale.

The main aim of the thesis is to improve the knowledge on the characteristics
of upwelling and related features (filaments, eddies, fronts) and the influence of
upwelling on the Chl a distribution using data from different types of remote
sensing sensors (visible and infra-red range spectrometers, Synthetic Aperture
Radar (SAR), and in situ data.

The main objectives of the study are:
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to compare MODIS SST data and in situ temperature data in the Gulf of
Finland and to quantify the differences between in situ temperature and SST;
to define the wind speed threshold value when the FT temperature
measurements at ~4 m depth can be used for validation of satellite SST
retrievals in dynamic conditions;

to evaluate the suitability of the MERIS Chl a retrievals for the Gulf of
Finland using in situ Chl « data;

to determine the characteristics of summer upwelling events and their
dependence on wind forcing and bottom topography in the Gulf of Finland;
to assess and explain the spatial and temporal variability of the Chl a field
caused by consecutive upwelling events in the Gulf of Finland using MERIS
data;

to examine how temperature differences and the structure of biogenic slicks
affect the manifestation of cold-upwelling-related mesoscale eddies in SAR
images by using complementary multi-sensor data (SAR, optical remote
sensing, and in situ measurements).

14



2 MATERIAL AND METHODS

2.1 Field data

Flow-through (FT) temperature measurements were conducted at ~4 m depth
from ships of opportunity between Helsinki and Travemiinde and between
Tallinn and Helsinki with a spatial resolution of about 150 m. The FT
measurements between Tallinn and Helsinki were carried out by two different
measuring systems belonging to (1) the framework of the project Alg@line
(Leppédnen et al. 1994; with six transects from the years 2003—2005, and (2) a
Ferrybox system operated by the Marine Systems Institute (MSI) at Tallinn
University of Technology with five transects from the years 2007-2009 (Lips et
al. 2008; Kikas et al. 2010) (Fig. 1). Alg@line data collected on 24 September
2008 along the transect between Helsinki and Travemunde were also used
(Kaitala et al.2008). In addition, near surface (about 20 cm depth) FT
temperature data with a spatial resolution of 5-7 m were collected along the
transect from Tallinn to Lehtma (Hiiumaa Island) on 29 July 2002 (Fig. 1).

Additionally, CTD temperature profile data collected by the MSI research
vessel along five of the seven transects from Tallinn to Helsinki in July—August
2006 were used (Fig. 1).

The upper mixed layer Chl a data were obtained from (1) pooled samples
collected along the five transects from Tallinn to Helsinki by MSI in July—
August 2006 and analyzed in the laboratory (HELCOM 1988; Kuvaldina et al.
2010) and (2) from ship of opportunity FT measurements by deriving Chl ¢ from
fluorescence data on 24 September 2008 between Helsinki and Travemiinde
(Kaitala et al. 2008) (Fig. 1). An overview of the in situ data is given in Table 1.

2.2 Wind data

Wind data from the Kalbadagrund weather station for the period May—
September in 2000-2006 (Finnish Meteorological Institute) were used for the
calculation of the approximate along-gulf component of the cumulative wind
stress (the product of the wind stress and its duration) to estimate the wind
forcing during the observed upwelling events and to count the summer wind
events that were favorable for upwelling. The gaps in the Kalbadagrund wind-
data record (September 2000 and July 2003) were filled out with the wind data
from the Utd weather station (Finnish Meteorological Institute). Kalbadagrund
wind data were also used for estimating the effect of wind speed on SST
retrievals from MODIS data and for defining suitable and valid wind conditions
when FT temperature data at 4 m depth can be used for validation of satellite
SST.
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Figure 1. Upper panel: Map of the Gulf of Finland with the depth contours drawn from
the gridded topography (Seifert et al. 2001). The solid circles (*) represent the locations
of the in situ sampling stations (TH1-TH27) and the locations of the MERIS chlorophyll
time series (CHL1-CHL10, TH7, and TH27). The solid squarec (m) represents the
location of the HIRLAM grid point from which wind data were extracted. The Gulf area
is divided into two parts: the western Gulf between lines A and B and the eastern Gulf
eastward of line B.

Lower panel: ship tracks where FT data were collected between Tallinn and Hiiumaa in
July 2002, between Helsinki and Travemiinde in September 2008, and between Tallinn
and Helsinki during 2003-2009. Letters A, B, and C mark the locations of eddies
detected on SST and SAR imagery on 23-25 September 2008.
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To evaluate the comparability of satellite and in situ Chl a, wind data from
the version of HIRLAM (HIgh Resolution Limited Area Model) of the Estonian
Meteorological and Hydrological Institute (Ménnik and Merilain 2007) were
interpolated to the location (25°7.5" E, 59°51.9" N) close to the measurement
transect between Tallinn and Helsinki in July—August 2006. The spatial
resolution of HIRLAM is 11 km, and the forecast interval of 54 h is recalculated
after every 6 h with temporal resolution of 1h.

To characterize wind-induced mixing the depth of the turbulent Ekman
boundary layer (4 ) was estimated by the formula ~# = 0.1u+/f (Csanady 1982),
where u, = (t/py)"? is the friction velocity (m s "), 7= p,Ca is the wind stress
(N m™), p, =1.3 kg m is the air density, C, =1.2 x 10~ is the dimensionless
wind drag coefficient, u is the wind speed (m s "), p,, = 1005 kg m" is the water
density, and f=1.25 x 10* s" is the Coriolis parameter. This equation does not
take into account the setup time.

2.3 Remote sensing SST data and processing

2.3.1 SST imagery

Data from MODIS sensors onboard the Terra and Aqua satellites were used for
estimation of SST in the Gulf of Finland. Only sufficiently cloud-free SST
images during the warm period of year (May—September) depicting well-
expressed coastal upwelling events in the Gulf of Finland were used in the study.
The number of SST images, other associated images used (Chl a, SAR), and in
situ measurements is given in Table 1.

In total, 19 MODIS images (2003—-2009) were used for comparison with FT
measurements. MODIS images covered three upwelling events along the Finnish
coast and three events along the Estonian coast. As the resolution of in situ
measurements was higher than the pixel size (1 x 1 km) of the SST images, the
mean in situ temperature value corresponding to each pixel was calculated. The
correlation, mean bias, and root mean square difference (RMSD) were
calculated for each dataset.

From the seven-year (2000-2006) MODIS SST data archive, 20 images with
well-expressed upwelling were selected to calculate the upwelling areas,
filament areas and locations, and temperature differences between upwelled and
surrounding waters.

For calculation of the mean upwelling areas, 61 MODIS images from four
upwelling events along the southern coast and 86 images from eight upwelling
events along the northern coast during the years 20002009 were selected from
the archive.

A series of upwelling events in the Gulf in July—August 2006 was
investigated to determine the spatio-temporal variability of SST. Altogether 200
MODIS images were examined in order to extract the SST data from 60 images
that were sufficiently cloud-free during July—August 2006.
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Additionally, three MODIS images were used to complement the SAR data
in September 2008 in the western Gulf.

2.3.2 SST data processing

MODIS Level 2 products, MOD28L2 and MYD28L2, provide SST at 1 x 1 km
resolution (http://oceancolor.gsfc.nasa.gov/; http://disc.gsfc.nasa.gov/). The
retrieval algorithms of SST products were developed by NASA Ocean Biology
Processing Group (http://oceancolor.gsfc.nasa.gov/DOCS/modis_sst/). The
nighttime SST products calculated from the short wavelength bands (brightness
temperatures at 3.959 and 4.050 um) and long-wavelength bands (brightness
temperatures at 11 um and 12 um) were used in the study. The Level 2 flags
provided with the product were used to mask the invalid pixels when visualizing
and analyzing the images. Only the data with the highest quality flag were used.

2.3.3 Parameters calculated from SST

For detection of the border of the upwelling water (including filaments) the SST
images were overlaid by isotherms with a fixed contour interval of 0.5 °C
starting from the upwelling center or centers. All sea-surface isotherms either
form closed contours or intersect the basin boundary. The contour of the
warmest isotherm intersecting the basin boundaries is considered the upwelling
water open sea border. The total area of upwelling water was calculated from the
known pixel area for each particular SST image. Using 147 images (2000—
2009), composite maps showing the average upwelling areas for the northern
and southern coasts of the Gulf were calculated. The average temperature was
calculated for each pixel location of the Gulf of Finland.

The filament location was defined coinciding with the filament width center
along the edge of the upwelling front. The filament length was defined as the
distance from the filament location to the farthest filament pixel. Filaments with
lengths larger than their respective widths and areas larger than 50 km® were
taken into account.

2.4 Remote sensing Chl a data and processing

MERIS reduced-resolution (about 1 x 1 km) images from 10 July to 18 August
2006 (31 sufficiently cloud free images altogether) were used for the estimation
of Chl a concentration (Table 1). The MERIS images were processed using the
Free University of Berlin (FUB) algorithm for Case 2 waters (Schroeder et al.
2007a; Schroeder et al. 2007b) to apply an atmospheric correction and obtain the
reflectance values in order to calculate the Chl a concentration. For the purpose
of comparison, Chl a and reflectance values were calculated using the Case 2
regional water (C2RW) processor (Doerffer and Schiller 2007). In addition to
the time series analysis, MERIS data were also used for phytoplankton bloom
area estimation, defined as Chl a >7 mg m>, which determines the border from
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where the Chl a concentration starts to increase significantly along the northern
coast.

Relative Chl a changes were estimated from the MODIS standard OC3
product (O’Reilly et al. 1998; Darecki and Stramski 2004) during a case study in
the western Gulf of Finland in September 2008. However, the location of band
centers of the MODIS instrument is not suitable for correct estimation of Chl a
and other parameters in optically complex Case 2 waters like the Baltic Sea (e.g.
Reinart and Kutser 2006). The standard MODIS Chl a product tends to
overestimate the Chl a values in the Baltic Sea (Darecki and Stramski 2004), and
therefore we preferred MERIS data for the calculation of Chl a concentrations
during upwelling events in July—August 2006.

2.5 SAR data

The manifestation of biogenic slicks and temperature differences on SAR
imagery was investigated during a case study in September 2008 at the entrance
to the Gulf of Finland using two vertically polarized (VV) C-band (5.6 cm)
ENVISAT/ASAR (Advanced Synthetic Aperture Radar) Wide Swath Mode
(WSM) images with a pixel spacing of 75 m (Closa et al. 2003; Rosich et al.
2003). The ASAR images (Table 1) were calibrated, and normalized radar cross-
section (NRCS in dB) values were calculated (Closa et al. 2003). In order to
remove the range trend of ASAR imagery, an NRCS contrast (K ) was
calculated using the following formula: K 5 = (6° — 6°nean)/0 mean, Where the
mean 6° (6°nean) 1S defined as NRCS averaged in the azimuth direction and c° is
NRCS at the transect point.

Table 1. Overview of the summer remote-sensing images (SST, Chl @, and SAR), in situ
FT and CTD temperature (T), Chl a data (laboratory analysis and calculated from FT
fluorescence) measured along transects Tallinn—Helsinki (11) and Helsinki-Travemiinde
(1), and sources of wind data used in the present study.

Period SST In situ Chl a SAR Wind data
images transects images images
2003— | 19 (MODIS) 11 (FT: T) - - r/v weather
2009 station
2000- | 147 (MODIS) - - - Kalbadagrund,
2009 Uto
2006 | 60 (MODIS) | 5(CTD: Tand | 31 (MERIS) - HIRLAM
sampled Chl a)
2008 | 3 (MODIS) 1 (FT: T and 1 (MODIS) | 2 (ASAR) -
Chla)
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3 COMPARISON OF REMOTE SENSING AND IN
SITU DATA

3.1 Comparison of MODIS and in situ temperature data

The differences between in situ temperature and remote sensing SST retrievals
can vary significantly in different conditions, regions, and periods. Studies by
Brown and Minnett (1999) and Reinart and Reinhold (2008) showed that the
accuracy of SST estimates from MODIS sensors is + 0.5 °C. MODIS/Aqua has
been found to have a bias (between SST and in situ temperature) of 0.01 °C with
a standard deviation of 0.5 °C for daytime SST retrievals while MODIS/Terra
has a mean bias of —0.20 °C with a standard deviation of 0.5 °C (Haines et al.
2007). Mathur et al. (2005) found an RMSD of 0.79 °C, a bias of 0.44 °C, and a
correlation of 0.80 between infra-red radiation pyrometer and MODIS daytime
SST retrievals in the study conducted in the Arabian Sea. Reynolds et al. (2010)
showed that large biases occur between data from different space-borne sensors
in the coastal sea areas. Noyes et al. (2006) showed that different space-borne
sensors can have biases of up to 0.6 °C. Donlon et al. (2002) showed that in situ
temperature measurements at 5 m depth can be used in moderate wind
conditions for validation of satellite SST data. They showed that in cases of
wind speeds below 6 m s! the difference between SSTy, (surface skin layer ~
500 um) measured by SISTeR radiometers and SSTs,, (at 5 m depth) measured
by CTD increases, especially for the daytime SST retrievals. At wind speeds
greater than 6 m s! the variability of ATsy, (ATsyn = SSTn— SSTs,) diminishes
and the mean value of ATs,, approximates a constant cool bias of —0.14 + 0.1 °C
RMSD. They concluded that in situ temperature measurements at a specified
depth can be used for validation of satellite SST products when the wind speed
is greater than 6 m s .

Considering the variable accuracy of SST retrievals, the biases between in
situ FT temperature and remote sensing SST products as well as the biases
between SST products obtained from different remote-sensing sensors need to
be quantified for the Gulf of Finland. Comparing in situ and remote-sensing
temperatures in the Gulf of Finland, the influence of possible surface
accumulations of cyanobacteria should be taken into account. According to
Kahru et al. (1993) the massive surface accumulations of cyanobacteria can
cause a local increase of surface temperature up to 1.5 °C in the Baltic Sea. We
assume that this effect was observed near Osmussaar Island in late July 2002
(Paper III), when the FT temperature was ~2 °C lower compared to MODIS SST
in the region where surface accumulations were present. Several studies have
shown the existence of massive cyanobacterial blooms at the entrance of the
Gulf of Finland in July 2002 (Kutser 2004; Reinart and Kutser 2006). A filament
of cyanobacterial bloom reached from the open sea bloom to the coastal zone of
Osmussaar Island, where it probably influenced the SST data along the transect
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of FT measurements (Paper III, Sipelgas et al. 2004). The pixels influenced by
cyanobacteria surface accumulations were excluded from further analysis.

Comparison between different MODIS SSTs and near-surface in situ
temperatures at ~20 cm depth showed that RMSD was lower in the case of
MODIS/Aqua SST (0.57 °C) compared to the MODIS/Terra SST (0.75 °C)
(Table 1 in Paper I1I). We also calculated the RMSD for the data obtained during
a time interval of £ 0.5 h around the over-flight of the Aqua satellite. As
expected the RMSD was smaller (0.31 °C) for the shorter time intervals.

The comparability of FT temperature and remote sensing SST products
depending on wind speed (upper mixed layer depth) was evaluated using 11 FT
transects and 17 MODIS images (Table 1). One or two SST images
(MODIS/Aqua, MODIS/Terra) were acquired during each FT transect. The
biases (SST minus FT temperature) were calculated (a) for 11 transects using
SST from all images and (b) using only SST and FT data pairs within an interval
of 1 h from the satellite overpass. The calculated biases against wind speed at the
time of image acquisition are presented in Fig. 2. In the cases of wind speeds
below 5 m s ', the bias between FT temperature and SST retrievals starts to
increase, even in the case of the 1 h time window. Thus, the wind-speed value of
5 m s was treated as a threshold for comparison between satellite SST
retrievals and FT temperature at a depth of 4 m.
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Figure 2. Bias between SST retrievals and FT temperature as a function of wind speed.
Circles represent the bias using all SST images (17 images) and triangles represent the
bias using FT data within an interval of 1 h from the satellite overpass (12 images). The
gray line represents the wind speed threshold.

We calculated the statistics for all data and for the subset where the data pairs

corresponding to a wind speed below 5 m s were excluded (Table 2). There
was no significant change in correlation values while the bias of MODIS
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retrievals was reduced by 0.13 °C to 0.11 °C and RMSD was reduced by 0.18 °C
to 0.28 °C. In the case of MODIS/Aqua the bias and RMSD were reduced to
0.08 °C and 0.23 °C respectively. The corresponding values for MODIS/Terra
were 0.16 °C and 0.36 °C. The improved wind-selective statistics show that the
FT data measured at 4 m depth can be used for validation of MODIS SST
retrievals in the cases when the wind speed is > 5 ms .

Table 2. Correlation coefficient (r), mean bias (SST minus FT temperature), and RMSD
between remote sensing SST and FT temperature.

Data r Mean RMSD | Number of
bias (°C) (°C) | data pairs
All data used
MODIS/all 0.96 0.24 0.46 730
MODIS/Aqua 0.97 0.26 0.46 435
MODIS/Terra 0.96 0.21 0.46 295
Data corresponding to wind speed >5m s
MODIS/all 0.97 0.11 0.28 278
MODIS/Aqua 0.97 0.08 0.23 164
MODIS/Terra 0.97 0.16 0.36 115

3.2 Evaluation of remote sensing Chl a retrievals

The Gulf of Finland comprises optically complex Case 2 waters and therefore it
is necessary to evaluate the quality of remote sensing Chl @ data using in situ
measurements. Retrievals of Chl a concentration from MERIS (FUB algorithm)
imagery were validated against in situ Chl a data collected during the period
when chlorophyll distribution was influenced by a sequence of upwelling events
in July—August 2006 (Paper I). In situ Chl a concentrations along the cross-gulf
transect varied within a wide range from 1.6 to 15.5 mg m™ during the period of
field measurements. Low Chl a concentrations were observed during the first
half of July in the upwelling region along the northern coast. From 25 July,
when upwelling along the northern coast was in the relaxation phase, the Chl a
concentrations increased off the northern coast and decreased off the southern
coast. The highest (15.5 mg m™) and lowest (1.6 mg m™) Chl a concentrations
were observed on 8 August off the northern and southern coasts respectively.
The remote sensing imagery represents the situation at the sea surface.
Variable wind conditions prevailed during July—August, whilst wind speeds
were mainly moderate with gusts over 10 m s~ (Fig. 2b in Paper I). The Chl a
concentration was measured from the pooled sample representing the UML, and
therefore we may suggest that these two datasets are comparable if the depth of
the turbulent Ekman boundary layer roughly persists during the time interval
between the acquisition of the MERIS image and the collection of water
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samples. Kutser et al. (2008) also pointed out that a Chl a sample taken from one
depth represents the biomass in the whole mixed layer in the case of strong wind
mixing. The estimated depth of the turbulent Ekman boundary layer from wind
data showed that the differences were small (Fig. 2c in Paper I).

The comparability of in situ and MERIS Chl a data is also supported by the
Maximum Chlorophyll Index (MCI) calculated from all MERIS data using the
algorithm provided by Gower et al. (2008). The MCI showed that no surface
algal accumulations were observed during the study period as the index value
was negative or close to zero most of the time. The highest MCI values (up to
0.9 mW/(m’ sr nm)) were observed on 6 August 2006 at the location of a
filament at the entrance to the Gulf of Finland, which is larger than the detection
criterion of about 0.2 mW/(m? sr nm) used in Gower (2005).

The Chl a concentrations calculated with the FUB processor from the MERIS
data were correlated with in situ Chl a for two time windows: intervals of 24 h
and 2 h (before or after) from the satellite overpass (Fig. 3). According to
Kratzer et al. (2008) a 2 h window is sufficient for validating satellite Chl a
measurements with in situ data. A total of seven data pairs fulfilled the 2 h
criterion. The FUB processor underestimated Chl a compared with in situ Chl a;
the average underestimation was 25% (1.3 mg m”), which is of the same
magnitude or better compared to previous studies in the Baltic Sea (Kratzer et al.
2008, ~56%). The correlation (r*) for data points within the 2 h window was
0.67 and that for the 24 h window (66 data pairs) was also relatively high, 0.56.
The linear regression for the 2 h window with 95% confidence limits was Chl a
=048 (x 0.39) * X + 3.6 (£ 1.8), where X is the FUB processor output. The
standard deviation of the residuals (i.e. the standard error of the estimation) was
0.51 mg m™. For the 24 h window the slope and y-intercept of the linear
regression were 0.44 (£ 0.097) and 2.9 (= 0.60) mg m™ respectively. The
standard deviation of the residuals for the 24 h window was 1.43 mg m™.

In addition to the FUB processor we also evaluated the Case 2 regional water
processor (C2RW) for Chl a (data not shown). The correlation for the FUB
processor (r* = 0.67) was significantly higher compared to the C2RW processor
(r* = 0.17). Also, the Chl a overestimation of C2RW by 52% is poorer compared
with the underestimation (25%) by the FUB processor (Table 3).

On the basis of the above analysis, the FUB algorithm was used to calculate
Chl a from MERIS data in the Gulf of Finland. The equation obtained with
linear regression for the 2 h window was applied to calibrate MERIS Chl a data.
The average statistics are of the same magnitude or better than in the previous
studies (e.g. Kratzer et al. 2008).
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Figure 3. Scatter plot of in situ Chl @ and MERIS Chl a derived by the FUB processor.
Black dots represent all data pairs from 11, 18, and 25 July and 7 and 16 August 2006
(24 h window), and red dots represent data pairs from 11 and 25 July 2006 (2 h
window). The data points corresponding to the 2 h window were used for bias estimation
of the FUB processor Chl a (1.3 mg m™, 25 %). The correlation (r*) for the 24 h window
data points was 0.56, and that for the 2 h window was 0.67.

Table 3. Correlation (r*) and relative bias (%) of the two Chl a remote sensing
algorithms for the two time windows (remote-sensing in situ) in the Gulf of Finland in
July—August 2006. The results of Kratzer et al. (2008) from the coastal area of the
western Baltic Proper are also presented for comparison.

Algorithm Time window r’ Relative bias (%)
FUB 2h 0.67 =25
FUB 24h 0.56 —18
FUB (Kratzer et al. 2008) 2h — -56
C2RW 2h 0.17 52
C2RW 24h 0.18 78
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4 CHARACTERISTICS OF UPWELLING AND
RELATED PHENOMENA

4.1 Upwelling area

Wind conditions are the most important factor behind the formation of coastal
upwelling in the Gulf of Finland (Myrberg and Andrejev 2003). The wind data
records from June to the end of September (2000-2005) showed five to eight
(about six on average) upwelling-favorable wind events per year, which
occurred in the summer and had absolute along-gulf components of cumulative
wind stress larger than 0.1 N m > d (Paper II). The frequency of wind events able
to generate upwelling differed between the Estonian and Finnish coasts and
varied considerably from year to year. Although the southwesterly winds
dominating in the Baltic Sea region more often generate upwelling along the
northern coast of the Gulf of Finland, there are periods with quite persistent
winds from easterly and northeasterly directions (Keevallik and Soomere, 2009)
causing upwelling events along the southern coast (Paper I). We found one to
four (on average about two) wind events yearly (June—September) that might
generate upwelling along the Estonian coast and three to five (on average about
four) wind events that might generate upwelling along the Finnish coast during
the study period. Considering that SST imagery is influenced by clouds we did
not observe all upwelling events. Analysis of the wind data showed that we
observed 20% of the potential upwelling events along the northern coast and
about 40% along the southern coast.

7.0 8.0 9.0 10.0 110 12.0 13.0 14.0 150 8.0 90 100110120130140150160170180190200210

Figure 4. Extreme upwelling events: along the northern coast on 24 September 2003
when 38% of the Gulf area was covered by upwelling water (a), and along the southern
coast on 9 August 2006 when 20% of the Gulf area was covered by upwelling water (b).
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Satellite SST data analysis from the years 2000-2006 (Paper 1) showed that
during the strongest upwelling events along the northern and southern coasts of
the Gulf of Finland the upwelled water can cover remarkably large areas,
corresponding to about 38% (12 140 km?) and 20% (6480 km?), respectively, of
the total surface area of the Gulf (about 29 500 km?) (Fig. 4).

Calculations of the areas covered by upwelling water and the percentages
they represented were performed separately for the eastern and western parts of
the Gulf of Finland considering the shape of the Estonian coastline (separation
line along 26.0 °E). On several occasions when clouds were partly covering
either the Finnish or the Estonian coastal sea the percentages were calculated for
the cloud-free cross-Gulf stripe.

The average area covered by the upwelling water was 4820 km?, which is
about 15% of the total Gulf area. The average upwelling areas were larger along
the Finnish coast (6120 km” and 19%) than along the Estonian coast (4070 km®
and 13%). Upwelling events were more extensive in the western part of the Gulf,
where the average area covered by the upwelling water was 3100 km* (22%)
compared with 2420 km” (13%) in the eastern part. The average upwelling water
areas along the Finnish and Estonian coasts were 3680 km* (26%) and 2630 km®
(19%), respectively, in the western part of the Gulf. The corresponding estimates
for the eastern part of the Gulf were 3440 km” (19%) and 1890 km? (10%). The
discrepancies between eastern and western Gulf are probably caused by the
different orientations of the coastline, especially in the southeastern part of the
Gulf.

The composite upwelling maps calculated from 147 images (61 images along
the southern coast and 86 images along the northern coast) depicting upwelling
in the Gulf of Finland during the period 2000-2009 also showed that the
upwelling area is larger along the northern coast (Fig. 5). The upwelling area
during that period along the northern coast was 5642 km®, which is 8% less than
that for the period 2000-2006. Along the southern coast the upwelling area was
4% smaller, being 3917 km?, compared to the years 2000-2006. Also the
upwelling area was larger in the western Gulf compared to the eastern region.
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Figure 5 Average upwelling regions for the northern and southern coasts. Isotherms of
16.5 °C along the northern coast and 18.5 °C along the southern coast represent the
upwelling border lines.
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Considerably larger upwelling areas along the Finnish coastline could be
explained by a larger westerly along-gulf component of cumulative wind stress
that generated the observed upwelling events (Table 1 in Paper II). The
cumulative wind stress was calculated from the beginning of the upwelling-
favorable wind until the time of the satellite overpass. The approximate offshore
displacement (4X) of the upwelling front is AX = W/p,fhg, where W is the along-
gulf component of cumulative wind stress, p, is the reference density, A is the
surface Ekman layer depth, and /= 1.25 x 10 s is the Coriolis parameter
(Austin and Lentz 2002). This equation does not take into account the upwelling
setup time, and there are also no data available from which to estimate the
Ekman layer depth. Nevertheless, the observed larger upwelling water areas
along the Finnish coast were in accordance with larger cumulative wind stresses
(Table 1 in Paper II).

Observed temperature differences between the upwelling and the surrounding
water varied in a wide range, from 3.5 to 15.2 °C (Table 1 in Paper II). For the
upwelling events along the Estonian coast the temperature differences were
between 7.9 and 15.2 °C. During upwelling events along the Finnish coast the
temperature differences were smaller, from 3.5 to 7.9 °C. The upwelling events
detected off the Estonian coast occurred mainly in July—August when the surface
heating was strong and therefore the temperature difference between the
upwelling and the surrounding waters was large while upwelling events along
the Finnish coast occurred mostly in June and September and therefore the
temperature difference was lower (Table 1 in Paper II).

To conclude, the analysis of satellite SST data showed that the upwelling
water covered a considerable area of the Gulf. Most likely due to the different
atmospheric forcings, the upwelling events off the northern coast were more
extensive and the upwelling water covered larger areas of the coastal sea.

4.2 Upwelling filaments

Upwelling-related filaments are an important mechanism for transporting cold
nutrient-rich upwelled water offshore. Knowledge about upwelling filaments
would give valuable information about areas where the nutrient rich waters are
transported offshore. Therefore, the location and area of upwelling filaments in
the Gulf of Finland were analyzed (Paper II).

In total, 32 filaments, excluding the filaments of coinciding location observed
on the successive SST images of the same upwelling event, were identified (Fig.
6). The filaments predominantly stretched out from the upwelling front along the
Finnish coast and in the western part of the Gulf. Only eight filaments were
related to the upwelling events along the Estonian coast and six of those were
observed during the strongest upwelling event along the Estonian coast in
August 2006. The length of filaments was up to 35 km and in several cases the
filaments observed along the northern coast were cyclonically turned. For
example, on the SST images from 24 to 26 September 2005 the cyclonically
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turned filaments can be detected along the Finnish coast (Fig. 4a in Paper II),
which further on formed a rotating vortex pair and an eddy (Fig. 4b, c in Paper
IT). The area of single filaments varied in a wide range from 80 to 680 km”. The
area covered by filaments was significantly larger for the upwelling events along
the northern coast as the filaments were rarely formed in the case of upwelling
events along the southern coast (Table 1 in Paper II). In the case of the largest
upwelling event along the Finnish coast observed on 24 September 2003 (Fig. 4)
the area of filaments was 1420 km” (Table 1 in Paper II), which made up 12% of
the total area of the upwelled water in the Gulf. The share of upwelling filaments
was higher in the western part of the Gulf. For example, during the upwelling
along the Finnish coast on 24 September 2005 (Fig. 4a in Paper II) the area of
filaments was 1330 km” (30%) and during a large upwelling along the Estonian
coast on 25 August 2006 (Fig. 2b in Paper II) the area of filaments was 1100
km? (27%).
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Figure 6. Locations of upwelling filaments related to upwelling events along the Finnish
(A) and Estonian (@) coasts.

Many observed filaments were cyclonically turned. The model simulations
by Zhurbas et al. (2006) demonstrated the growth of wave-like perturbations
forming mostly cyclonic meanders (filaments) of the upwelling jet which further
on detached from the jet and formed mesoscale cyclonic eddies. Such a
development was also observed on a series of SST images (Fig. 4 in paper II) at
a time scale of a few days.

The generation of filaments is related to the instability of longshore
baroclinic jets associated with the upwelling. Blumsack and Gierasch (1972) and
de Szoeke (1975) showed that in the case of sloping bottoms the baroclinic
instability of a longshore upwelling jet strongly depends on the ratio of the
bottom slope to the isopycnal slope, a. When the isopycnal slope is smaller than
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the bottom slope (a > 1) then the baroclinic instability of the upwelling jet is not
expected to occur. A numerical study by Zhurbas et al. (2006) using the
characteristic summer stratification in the Baltic Sea also showed that no
baroclinic instability of an upwelling jet was observed when the bottom slope
exceeded the isopycnal slope. The cross-shore scale for the region of sloping
isopycnals for the upwelling event is the baroclinic Rossby radius of
deformation (Allen 1980). According to Alenius et al. (2003) the baroclinic
Rossby radius of deformation is about 3 km in the Gulf of Finland in summer
and the depth of the upper mixed layer is approximately 10 m, which gives a
rough estimate of 0.003 for the isopycnal slope. Although the bottom topography
of the Gulf of Finland is complicated (Fig. 1) the approximate estimates of the
bottom slope off the Estonian coast, 0.006, and off the Finnish coast, 0.002,
could be used. Thus, in the Finnish coastal sea a = 0.7 while in the Estonian
coastal sea o > 1; that is, baroclinic instability of the upwelling jet along the
Finnish coast is more probable. Another reason for the observed difference
between the occurrence of upwelling filaments along the Finnish and Estonian
coasts is likely due to the different atmospheric forcings. Zhurbas et al. (2006)
showed that the rate of growth of instability depends on the cumulative wind
stress and increases considerably for sufficiently large cumulative wind stresses.
Our data also revealed that the along-gulf component of cumulative wind stress
was smaller during the upwelling events along the Estonian coast, except for the
upwelling on 25 August 2006 (Table 1 in Paper II).

4.3 Manifestation of SST signatures and biogenic slicks on SAR

Different upwelling-related surface layer phenomena like biogenic slicks and
low sea surface temperature areas (upwelling zone, eddies, filaments) influence
the backscatter values on SAR imagery. The low-backscatter areas are induced
by two mechanisms: (i) the cooler surface water in the upwelling region changes
the marine boundary layer and decreases the wind stress, which contributes to
producing the lower sea surface roughness, and (ii) upwelling water also brings
the biogenic slicks that dampen the Bragg waves in the sea surface (Friehe et al.
1991; Clemente-Colon and Yan 2000; Li et al. 2009). The manifestation of these
upwelling-related phenomena on SAR images is restricted by low and moderate
wind conditions (Kozlov et al. 2012). In the case of wind speeds over 10 m s
the effects of the upwelling temperature front and related biogenic slicks are not
detectable (Ryan et al. 2010; Kozlov et al. 2012).

The dependence of NRCS on temperature and biogenic slicks is shown as
follows (Paper 1V). The upwelling-related eddies found on both images (SAR
and SST) match with respect to their location, scale, and boundaries (Fig. 7a, b).
The minima of in situ temperature and remote sensing SST on the transect were
well detected and coincided with eddy centers on SAR images (Fig. 8). Thus,
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SAR images allow eddy locations to be monitored when optical (SST) imagery
is not available due to cloud cover. Also the cyclonic rotation of the eddies can
be observed well on SAR imagery due to the cyclonically turned dark stripe-like
slicks surrounding the eddy core and originating from the upwelling zone, while
it cannot be observed from SST or Chl @ imagery. Biogenic films allow the
direction of rotation of the eddies to be detected. Figure 7c shows an enlarged
fragment of the eddy on the SAR image depicting the dark small-scale elongated
features in the periphery of the eddy due to the accumulation of surfactants in
the zone of surface current convergence associated with mesoscale dynamics.
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Figure 7. Upwelling and eddy manifestation on 24 September 2008 on (a) Envisat
ASAR NRCS at 09.04 UTC, (b) MODIS SST at 11.00 UTC, and (c) zoomed area of
SAR image (rectangle on panel (a)) demonstrating eddy rotation. The red circle indicates
the eddy core (diameter 12 km) and the green line roughly indicates the diameter (22
km) of the eddy velocity field (c).

The correlation coefficient between NRCS and SST in the region of the
upwelling-related eddy was r = 0.19 and r = 0.52 for two consecutive days. SAR
data along the transect correlated better with in situ Chl a and turbidity data,
with the correlations being up to 0.70 and 0.73, respectively. However, the good
correlation with biological parameters might be due to the coincidence of the
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range trend on the ASAR image explained by Kozlov et al. (2012) and the
increase of Chl a concentration from the northern Baltic Proper toward the Gulf
of Finland. The effect of surface temperature on SAR backscatter is lower
compared to the effect of biogenic slicks (Paper IV; Li et al. 2009).

Differences caused by SST on C-band NRCS were estimated to be 1-2 dB
per 1 °C by Li et al. (2009) as well as by Kozlov et al. (2012), while Clemente-
Colon and Yan (1999) estimated the backscatter’s sensitivity to temperature to
be of the order of 0.5-1.0 dB per 1 °C. Lin et al. (2002) estimated that the
increase of Chl a concentration by 1 mg m™ caused attenuation of the NRCS by
5 dB.

Our data (Paper 1V) showed that the difference in NRCS between the eddy
center and the surrounding area was about 11 dB (Fig. 7¢). Kozlov et al. (2012)
found that the differences in NRCS in the frontal zone should be over 3 dB for
reliable detection of the upwelling front, and thus the NRCS difference in our
study was well beyond the sufficient level for detection of fronts and eddies. The
corresponding temperature difference observed from MODIS imagery was 2-3.5
°C and the difference observed from in situ measurements was 2.5 °C.
Considering the abovementioned estimates of NRCS attenuation (from the
literature), the SST contribution to the NRCS attenuation in the eddy center is up
to 7 dB.
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Figure 8. Transect data from 59.10 N, 21.50 E to 59.60 N, 23.10 E showing the
manifestation of the upwelling-related eddy on different datasets: Tpr denotes FT
temperature measurements (black), Chl @ denotes chlorophyll a data obtained from in
situ fluorescence measurements (green), SST denotes MODIS SST data (red), and
NRCS denotes the normalized radar cross-section (6°) on SAR images (solid blue) as
well as contrast NRCS (K ) values along the transect with the range trend removed (K
o = (6° — 6°nean)/0°mean) (dashed blue). The shaded box indicates the region of the eddy.
FT data were collected on 24 September 2008 between 18.42 and 21.08 UTC. SAR and
SST images were acquired on 24 September 2008 at 09.04 and 11.00 UTC respectively.

Previous studies (Asakari 2001; Clement-Colon 2001; Lin et al. 2002)

showed that the upwelling water is associated with high Chl a concentrations.
These studies carried out at lower latitudes compared to the Baltic Sea showed
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good spatial correlation between the locations of Chl a filaments (high Chl a
content) and cold SST filaments related to the upwelling front. They
demonstrated that both phenomena (low SST and high Chl @) contribute
simultaneously to the dampening of Bragg waves. However, in the case of our
study in the Baltic Sea, the time lag between the upwelling event (surfacing
water) and increase of Chl a concentration has to be considered (e.g. Vahtera et
al. 2005). The low temperature values in the upwelling-related eddy core were
associated with Chl a concentrations that were not significantly lower compared
to the background concentrations (Fig. 8). In the autumn the bloom may not
occur at all due to the generally low water temperature and “poor” light
conditions. Thus the Bragg wave dampening in the eddy core is only due to the
low SST. Meanwhile, outside the eddy core where Chl a concentrations were
often higher and the influence of the SST variability was almost missing, only
phytoplankton contributes to Bragg wave dampening. Therefore the rotation of
the eddy is observed on the SAR imagery as cyclonically turned dark stripes
(Fig. 7a, c). Due to the manifestation of the two phenomena (1) the core of the
eddy becomes visible on the SAR image in the region where low temperature
contributes to the attenuation of NRCS and (2) the area influenced by the eddy
rotation becomes visible due to Chl a variability in the vicinity of the eddy core.
The eddy core dimensions observed from three different data sets (SAR, FT, and
SST) coincide (Fig. 8). The eddy core diameter observed from the SAR image
on 24 September 2008 was ~12 km while the diameter of the total area
influenced by the eddy velocity field was ~22 km (Fig. 7¢). It was also shown by
Laanemets et al. (2005, Fig. 6) that the eddy core diameter is smaller compared
to the eddy rotation field.
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5 EFFECT OF UPWELLING EVENTS ON CHL a
DISTRIBUTION

5.1 Upwelling-related temperature variability

The spatio-temporal variability of SST and the Chl a field caused by a series of
coupled upwelling and downwelling events along the northern and southern
coasts of the Gulf of Finland in July—August 2006 was investigated using remote
sensing (MODIS and MERIS) and in situ data (Paper I).

b) Chl a 25.07.2006
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Figure 9. MODIS SST and MERIS Chl a images showing (a) peak of upwelling along
the northern coast of the Gulf on 18 July 2006; (b) chlorophyll-rich filaments (letters a,
b, and c) on 25 July 2006 at the same locations as low temperature filaments on (a); (c)
upwelling front and the related cold filaments (d, e, and f) along the southern coast of the
Gulf on 7 August 2006; and (d) upwelling induced bloom (by earlier event on 18 July
2006) along the northern coast and filaments with low chlorophyll content (d, e, and f) at
the same locations as the low-temperature filaments on 7 August 2006.

Westerly winds dominated in the Gulf area from 10 to 29 July (Fig. 2a in
Paper ). The development of upwelling along the northern coast of the Gulf was
observed from 10 July (Fig. 3 in Paper I), and the temperature difference
between the upwelling and the surrounding water was around 5 °C for most of
the time (the maximum difference was up to 12 °C), according to the MODIS
SST data (Figs. 9a and 10a). After 29 July, easterly winds were dominant in the
Gulf of Finland area until 16 August (Fig. 2a in Paper I), and as a result, a zone
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of upwelling formed along the southern coast (Fig. 4 in Paper I). The zone was
well-expressed along the northwest coast of Estonia, from Vormsi Island to
Aegna Island, with several upwelling centers near the Pakri Islands, Vormsi
Island, and off the coast of the Suurupi Peninsula. An extremely low temperature
of upwelled water of about 2 °C was observed near Vormsi island (e.g. Figs. 9¢c
and 10b). The temperature difference between the upwelled and surrounding
waters was up to 18 °C (Figs. 9c and 10b), and the upwelled water covered 31%
of the western Gulf area (22-26° E) on 9 August (Table 1 in Paper II).
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Figure 10. Temporal courses of surface layer temperature (MODIS SST) from 10 July to
16 August 2006 at stations CHL4, CHLS, CHL6, and TH27 (northern part of the Gulf)
(a) and at stations CHL8, CHL9, CHL 10, and TH7 (southern part of the Gulf) (b). The in
situ surface temperature (bold cross) is given for stations TH7 and TH27. The locations
of stations are shown in Fig. 1.

5.2 Chl a variability caused by upwelling events
The upwelling caused high variability in the surface Chl a distribution. In July—
August 2006 the Chl a concentrations were generally higher along the northern

coast compared with those in the open sea area and along the southern coast
(Fig. 11). In July the Chl a concentrations along the northern coast varied in the
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range of 4-9 mg m . After the relaxation of upwelling along the northern coast,
Chl a concentrations reached high values of up to 13—14 mg m .
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Figure 11. Distribution of MERIS Chl a at selected locations (Fig. 1) (a) along the
northern coast, (b) along the Gulf axis, and (c) along the southern coast in July—August
2006. The locations’ of time series data are shown on Fig. 1.

Along the southern coast, Chl a concentrations varied between 4 and 8.5 mg
m " in July-August (Fig. 11). Higher Chl a concentrations (up to 8.5 mg m )
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were observed in the western part of the Gulf during the upwelling along the
northern coast between 11 and 18 July. In early August, when upwelling
developed along the southern coast, the temperature dropped below 12 °C (Fig.
10c), and Chl a concentrations were below 5 mg m > (Fig. 11b) in a narrow area
along the southern coast (Fig 11c). The temporal course of Chl a along the
southern coast was less variable compared with the northern coast during the
whole study period.

The largest increase of Chl a was observed from 4 to 8 August along the
narrow northern coastal zone (Fig. 9¢, f in Paper I; Fig. 11a) after the decrease of
the surface Chl a concentration from 31 July to 4 August (Fig. 11a), which was
most likely caused by a strong wind event increasing the UML depth (Fig. 2b, c
in Paper I) and mixing the phytoplankton deeper.

At locations along the Gulf axis in the western and central Gulf of Finland,
the variability of the surface Chl a field (Fig. 11b) was related to mesoscale
activity (filaments). In July, when upwelling occurred along the northern coast,
filaments carried cold nutrient-rich water with low chlorophyll content offshore.
Observational evidence that filaments carry nutrients from upwelling zones
offshore is shown by Vahtera et al. (2005). In August, filaments carried
chlorophyll-poor water from the southern upwelling zone into the central part of
the Gulf.

Chlorophyll-rich filaments were observed off the Hanko and Porkkala
peninsulas and the Porvoo Archipelago after 23 July, when upwelling along the
northern coast was in the relaxation phase. The location of chlorophyll-rich
filaments coincided well with locations of cold filaments observed on the SST
map (Fig. 9a, b). The high variability of Chl a along the Gulf axis observed in
August (Fig. 11b, locations CHL1, CHL2, and TH19) was a result of
chlorophyll-rich and -poor filaments from the northern and southern coastal sea
areas, respectively (Fig. 9b)

In the shallower eastern part of the Gulf, the mesoscale activity estimated
from SST imagery (e.g. Kahru et al. 1995) and numerical simulations
(Laanemets et al. 2011) was lower. This was also confirmed by the MERIS Chl
a data, as the mean concentrations of the whole period were relatively persistent
(5.7-5.9 mg m™) with small standard deviations (0.8-1.1 mg m) at the
easternmost locations.

The temporal course of spatially averaged SST and Chl a along the northern
coast showed that the increase of Chl « started after the peak of upwelling on 20
July (Fig. 12). There are probably two reasons for the increase of Chl a
concentration in the narrow northern coastal zone. One reason could be the
phytoplankton growth promoted by nutrient input during the upwelling in July
along the northern coast. The numerical simulation of nutrient transport during
upwelling events in summer 2006 showed that the main area along the northern
coast of the Gulf, where nutrients (nitrogen and phosphorus) were brought to the
surface layer, was from the Hanko Peninsula to the Porvoo Archipelago region
(Laanemets et al. 2011). By 20 July most of the nitrogen and phosphorus (about
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325 and 400 tonnes respectively) had been brought into the upper layer. This
area coincided with the area of intensive upwelling along the northern coast
depicted on the SST maps (Fig. 3b, c in Paper I). After the upwelling began to
relax, the temperature in the northern coastal zone rose above 15 °C by 23 July
(Figs. 10a and 12). Previous studies have shown that phytoplankton growth is
promoted in areas covered by upwelled nutrient-rich water (Vahtera et al. 2005).
To confirm this assumption, we also compared the upwelled water area and the
extended Chl a area along the northern coast. The area where the temperature
was < 14 °C, that is, the narrow area along the northern coast where nutrients
were probably brought to the surface layer, was 1317 km* (about 7% of the
study area) on 18 July. Moreover, the area along the coast of water with a
temperature < 17 °C due to offshore transport and covering the filaments was
4879 km” (about 25%). The upwelling-induced area with a slightly increased Chl
a concentration (over 7 mg m™) on 25 July was 5507 km®. This area remained
approximately the same until 6 August (the bloom peak), when it was 5526 km®.
This suggests that the observed phytoplankton increase occurred mainly in the
region of possible nutrient input by upwelling with a two-week lag. Of course,
some differences in the spatial distribution were due to the development of
upwelling (and filaments) along the southern coast (Fig. 4a, b in Paper I).

The second possible reason for the higher Chl a concentrations and
variability along the northern coast could be the Ekman transport of
phytoplankton biomass in the surface layer from the open sea area towards the
northern coast during the upwelling event along the southern coast and the
simultaneous convergence due to downwelling along the northern coast in early
August. Surface transport and a higher Chl a concentration in the downwelling
zone were also observed in previous studies (Pavelson et al. 1999; Kanoshina et
al. 2003; Lips and Lips 2010).
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Figure 12. Temporal course of spatially averaged (locations CHL4, CHLS, and CHL6)
Chl a concentration (red line) and SST (black line) on the northern coast in July—August
2006. Peak of upwelling observed on 20 July and peak of bloom observed on 6 August.
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CONCLUSIONS

The aim of the thesis was to improve the knowledge about spatio-temporal
variability of near-surface layer temperature and chlorophyll distribution caused
by upwelling events at basin scale. Estimations of upwelling characteristics
showed that summer coastal upwelling is an important process that transports
cold water from deeper layers to the surface layer and the area influenced by
upwelled water might cover up to 40% of the total Gulf area. Due to the bottom
topography and wind forcing the upwelling filaments were mainly observed in
the northern coastal sea area. The combined use of remote sensing SST and Chl
a data allows spatio-temporal changes in the Chl a field to be linked with
upwelling and related filaments. It was demonstrated that SAR imagery can
provide information about the scale and dynamics of upwelling-related eddies.

SST and Chl a concentration from MODIS and MERIS data were evaluated
against in situ measurements. The results of MERIS chlorophyll-retrieval
algorithms in optically complex Case 2 waters like the Baltic Sea were adjusted
according to the in situ data.

The main results of the present thesis are as follows:

e The upwelling water covered a considerable part of the total Gulf area: 15%
on average and 38% in the case of the largest upwelling event. The
upwelling events off the northern coast were more extensive (19%)
compared to the southern coast (13%), probably due to the larger eastward
along-gulf cumulative wind stress. Upwelling events were more extensive in
the western part of the gulf than in the eastern part. Temperature differences
between upwelling and surrounding waters were up to 15.2 °C.

e The upwelling filaments were predominantly observed off the northern coast
due to the bottom topography (smaller bottom slope) and larger eastward
along-gulf cumulative wind stress. The area of filaments varied from 80 to
680 km?; during the strongest upwelling the total area of filaments was 1420
km?. The share of upwelling filaments was higher in the western part of the
Gulf.

e The spatio-temporal variability of Chl a in July—August 2006 showed the
evident influence of upwelling events and related filaments. The variability
of Chl a was largest in the western and central parts of the Gulf, where
mesoscale activity was the highest. Upwelling events had only a minor
influence in the eastern part of the study area, where Chl a concentrations
were relatively high and persistent throughout the study period.

e The highest Chl a concentrations along the northern coast in July—August
2006 were observed about two weeks after the upwelling peak. The high Chl
a concentrations were induced by (1) growth of phytoplankton promoted by
nutrient input, and (2) the northward Ekman transport of surface waters
caused by easterly wind forcing at the beginning of August.
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Comparison of the upwelling areas on the SST images and post-upwelling
high Chl a areas on MERIS images in July—August 2006 showed structural
similarities. The upwelling area along the northern coast and the high Chl a
area about two weeks later roughly coincided. Also, the filaments with high
Chl a content coincided with the locations of cold filaments from the
preceding upwelling front along the northern coast. In the case of intensive
upwelling along the southern coast, the low Chl « regions coincided with the
cold upwelled water area and filaments.

SAR data allowed the diameter of the eddy core and the diameter of the eddy
rotation field to be estimated. The SST differences of 2—-3.5 °C resulted in
attenuation of NRCS in a range of 10-12 dB in the region of the upwelling-
related eddy.

The results from the comparison of remote-sensing and in situ data are as
follows.

The mean RMSD between MODIS SST and ship-of-opportunity FT
temperature (~4 m) was 0.46 °C. MODIS SST had a warm bias of 0.24 °C
compared to FT temperature. The RMSD between MODIS SST and near-
surface FT temperature from the research vessel (20 cm) was between 0.57
°C and 0.77 °C (low wind speed).

The in situ temperature data measured at 4 m depth can be used for
validation of MODIS SST retrievals if the wind speed is over 5 m s™".

The Chl a concentration obtained from MERIS data using the FUB Case 2
waters processor was well correlated with in situ measurements (r* = 0.67),
but was underestimated on average by 25%.
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Abstract

The spatio-temporal variability of chlorophyl a (Chl a) caused by a sequence of
upwelling events in the Gulf of Finland in July—-August 2006 was studied using
remote sensing data and field measurements. Spatial distributions of sea surface
temperature (SST) and Chl a concentration were examined using MODIS and
MERIS data respectively. The MERIS data were processed with an algorithm
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developed by the Free University of Berlin (FUB) for case 2 waters. Evaluation
of MERIS Chl a versus in situ Chl a showed good correlation (r? = 0.67), but the
concentration was underestimated. The linear regression for a 2 h window was
applied to calibrate MERIS Chl a. The spatio-temporal variability exhibited the
clear influence of upwelling events and related filaments on Chl a distribution in
the western and central Gulf. The lowest Chl a concentrations were recorded in the
upwelled water, especially at the upwelling centres, and the highest concentrations
(13 mg m~3) were observed about two weeks after the upwelling peak along the
northern coast. The areas along the northern coast of upwelled water (4879 km?)
on the SST map, and increased Chl a (5526 km?) two weeks later, were roughly
coincident. The effect of upwelling events was weak in the eastern part of the Gulf,
where Chl a concentration was relatively consistent throughout this period.

1. Introduction

Remote sensing data have been widely used for monitoring the ecological
and physical state of the Baltic Sea. Satellite imagery has been used for
detecting interannual, seasonal and mesoscale variability of the sea surface
temperature (SST) (Horstmann 1983, Gidhagen et al. 1987, Siegel et al.
1994, Krezel et al. 2005a, Siegel et al. 2006, Bradtke et al. 2010). Previous
studies have demonstrated that remote sensing imagery can be used for
the systematic monitoring of the chlorophyl a (Chl a) distribution and
variability (Krezel et al. 2005b, Koponen et al. 2007, Kratzer et al. 2008).
Coastal upwelling is an important process that brings cold, nutrient-rich
deep water to the surface layer, and can be monitored using different remote
sensing data (Krezel et al. 2005a, Lass et al. 2010). The combined use
of SST and Chl a imagery, complemented by in situ measurements and
wind information, provides a basis for describing and analysing the spatial
variability of phytoplankton blooms promoted by upwelling.

The Gulf of Finland is an area of the Baltic Sea well known for frequent
upwelling events (Kahru et al. 1995, Myrberg & Andrejev 2003, Lehmann
& Myrberg 2008, Myrberg et al. 2008). Satellite SST data have shown
that during the strongest upwelling events along the northern and southern
coasts of the Gulf of Finland, the upwelled water can cover remarkably
large areas, corresponding to about 40% and 20%, respectively, of the total
surface area of the Gulf (which is about 29 500 km?) (Uiboupin & Laanemets
2009). During upwelling events the surface phytoplankton community is
transported offshore and replaced by species normally resident in the upper
part of the thermocline (Kanoshina et al. 2003, Vahtera et al. 2005,
Lips & Lips 2010). Numerical simulations by Zhurbas et al. (2008) and
field measurements by Lips et al. (2009) have shown that in the narrow,
elongated Gulf of Finland, upwelling along one coast is accompanied by
downwelling along the opposite coast, i.e. two longshore baroclinic jets and
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their related thermohaline fronts develop simultaneously. The instability of
a longshore baroclinic jet leads to the increasing development of filaments
and eddies, and thus coastal offshore mixing, resulting in a substantial
horizontal variability of the surface layer temperature, upwelled nutrients
and phytoplankton/chlorophyll.

The spatio-temporal variability of hydrographic and biological-chemical
parameters can be regularly monitored from autonomous ship-of-opportunity
measurements that collect temperature, salinity and chlorophyl a fluores-
cence data, as well as water samples for nutrient and phytoplankton analysis,
along fixed transects in the Baltic Sea (Rantajérvi et al. 1998, Lips & Lips
2008, Petersen et al. 2008). However, for obtaining information about the
phytoplankton abundance/biomass, and surface distribution over large sea
areas, remote sensing imagery is invaluable. The Baltic Sea (including
the Gulf of Finland) comprises optically complex case 2 waters that are
dominated by coloured dissolved organic matter, and it is therefore a consid-
erable challenge to produce accurate estimates of water quality parameters
from remote sensing imagery (Schroeder et al. 2007a, Sorensen et al. 2007,
Kratzer et al. 2008). This optical complexity affects satellite Chl a retrievals,
so it is important to validate the algorithm using in situ measurements.
Satellite imagery with sufficient temporal resolution is regularly available
from MERIS (Medium Resolution Imaging Spectrometer) and MODIS
(Moderate Resolution Imaging Spectroradiometer) for the Baltic Sea region.
MERIS was designed to monitor coastal waters (Doerffer et al. 1999), and
it therefore has sufficient spectral resolution in the visible range to monitor
turbid waters like the Baltic Sea. In principle, MERIS operates in a range
enabling the detection of pigments like phycocyanin (cyanobacteria), which
have specific absorption minima near wavelength 630 nm and local maxima
at wavelength 650 nm (Kutser et al. 2006).

A series of upwelling events along the northern and southern coasts of
the Gulf of Finland occurred in July—August 2006. Westerly winds were
dominant in July, generating moderate upwelling along the northern coast
of the Gulf. Easterly winds then prevailed during the whole of August,
and as a result, very intense upwelling was observed along the southern
coast. The upwelling events were well documented by several studies based
on in situ measurements of physical, biological and chemical parameters
(Suursaar & Aps 2007, Lips et al. 2009, Lips & Lips 2010). In addition,
remote sensing data (MERIS and MODIS) are available from that period
to monitor the variability of SST and phytoplankton chlorophyll a fields.

The objectives of this study were: (1) to validate the MERIS chlorophyll
product retrieved with the Free University of Berlin (FUB) case 2 waters
processor using in situ measurements of Chl a, and (2) to assess the spatial
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and temporal variability of the Chl a field caused by consecutive upwelling
events using MERIS data.

This paper is structured as follows: section 2 describes the in situ,
remote sensing and wind data, as well as the methodology; in section 3,
the comparability of in situ and satellite chlorophyl a data is evaluated,
the sequence of upwelling events is described on the basis of MODIS
SST, MERIS chlorophyll is compared with in situ chlorophyl a, and the
upwelling-related variability of the chlorophyl « field from MERIS data is
described; section 4 discusses the results of the SST and chlorophyl a surface
distributions; the final conclusions are drawn in section 5.

2. Data and methodology
2.1. In situ data

The in situ data were obtained during five surveys (Table 1) conducted
along the same transect between Tallinn and Helsinki (Kuvaldina et al.
2010). Water samples for phytoplankton and Chl a analysis were collected
from 14 stations, each about 5.2 km apart (Figure 1). Three (but two
in the case of the shallow upper mixed layer) water samples were taken
from the upper mixed layer (UML, from a depth of 1 m down to the
seasonal thermocline) to form a pooled sample for each station. The depth
of the UML was determined from the CTD profile, which preceded water
sampling. Chl a content was measured spectrophotometrically (Thermo
Helios «; photometric accuracy: +0.005 A at 1 A) from the pooled samples
in the laboratory (HELCOM 1988). On 19-20 July, two (TH19, TH21) out
of five pooled samples were cloud-free on the satellite imagery. Because of
inclement weather conditions, only surface samples (n= 8) were collected
at stations TH1-TH15.

Phytoplankton species composition and biomass were analysed for each
survey from pooled samples (Lips & Lips 2010).

Table 1. In situ sampling and MERIS acquisition dates, times (UTC) and number
of samples used (N) in July—August 2006. The figures in brackets indicate the
number of samples collected within the 2 h interval from the satellite overpass. On
19-20 July, 2 pooled samples and 8 surface samples were collected

Sampling date N MERIS date MERIS time

11 Jul 14 (3) 11 Jul 9.35
19-20 Jul. 10 18 Jul. 9.15
25 Jul. 14 (4) 25 Jul. 8.55
8 Aug. 12 7 Aug. 8.46

15-16 Aug. 9 16 Aug. 9.03
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Figure 1. Map of the study area in the Gulf of Finland. The solid circles (o)
represent the locations of the in situ sampling stations (THI1-TH27) and the
locations of the MERIS chlorophyll time series (CHL1-CHL10, TH7 and TH27).
The solid square (u) represents the location of the HIRLAM grid point where wind
data were extracted. The bottom topography is drawn from the gridded topography
in metres (Seifert et al. 2001)

2.2. MERIS data

MERIS reduced-resolution (about 1 x 1 km) images from 10 July to
18 August 2006 (altogether 31 sufficiently cloud free images) were used
to analyse the spatio-temporal variability of the Chl a field. The MERIS
images were processed using an algorithm developed by FUB for case 2
waters (Schroeder et al. 2007a,b) to apply an atmospheric correction and
to obtain the reflectance values used to calculate the Chl a concentration.
For the purposes of comparison, we also calculated Chl a and reflectance
values using the case 2 regional water (C2RW) processor (Doerffer & Schiller
2007).

To compare the MERIS and in situ Chl a data, two time frames were
selected at 24 h and 2 h intervals (before, or after) from the satellite overpass
(Table 1). According to Kratzer et al. (2008) a 2 h window is sufficient for
validating satellite Chl ¢ measurements with in situ data. The MERIS
image pixel covering the location of the sampling station within the given
time window was extracted.

To evaluate the suitability of MERIS data for the detection of moderate
concentrations of cyanobacteria, the normalized reflectance spectra were
calculated according to Wu (2004).
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For the detection of surface phytoplankton accumulations a Maximum
Chlorophyll Index (MCI) was calculated for each MERIS image using the
algorithm provided in Gower et al. (2008).

2.3. MODIS data

To determine the extent of the upwelling zone and to describe the
temporal course of SST at selected locations, MODIS data (standard
level 2 MODIS SST products) from 10 July to 18 August 2006 were
used (http://oceancolor.gsfc.nasa.gov). Altogether 200 MODIS/Terra and
MODIS/Aqua images (1 x 1 km pixel spacing) were examined in order
to extract the SST data from 60 images that were sufficiently cloud-
free.

2.4. Wind data

Wind-induced mixing largely determines the distribution of phytoplank-
ton in the upper layer. To evaluate the comparability of satellite and
in situ Chl ¢ measurements, wind data from the version of HIRLAM
(High Resolution Limited Area Model) of the Estonian Meteorological and
Hydrological Institute (Méannik & Merilain 2007) were interpolated to the
location (25°7.5'E, 59°51.9'N) close to the measurement transect in July—
August 2006 (Figure 1). The spatial resolution of HIRLAM is 11 km, and
the forecast interval of 1 h ahead of 54 h is recalculated after every 6 h.
To characterize wind-induced mixing we used the depth of the turbulent
Ekman boundary layer estimated by the formula h = 0.1u,/f (Csanady
1982), where u, = (7/py)"/? is the friction velocity, 7 = p,C,u? is the wind
stress, p, = 1.3 kg m~3 is the air density, Cy = 1.2 x 1073 is the dimensionless
wind drag coefficient, u is the wind speed, p,, = 1005 kg m™3 is the water
density, and f = 1.25 x 10~* s7! is the Coriolis parameter.

3. Results
3.1. Comparability of in situ and satellite Chl a

Generally speaking, remote sensing imagery represents the situation at
the sea surface. Variable wind conditions prevailed during July and August,
whilst wind speeds were mainly moderate but with some gusts over 10 m s~!
(Figure 2b). In this study, the pooled sample represents the UML, and
therefore we suggest that these two datasets are comparable if the depth of
the turbulent Ekman boundary layer largely persists during the time interval
between the acquisition of the MERIS image and the collection of the water
samples. The average UML depths estimated from the CTD profiles within
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Figure 2. Wind direction (a), wind speed derived from HIRLAM data in July—
August 2006 (b), depth of turbulent Ekman boundary layer (c). The grey rectangles
mark the time of in situ measurements and the bold lines mark the times of MERIS
image acquisition. The black dots represent the UML depths estimated from CTD
measurements during the 2 h window on 11 and 25 July

the 2 h windows on 11 July (5.5 m) and 25 July (7.5 m) coincided well with
the UML depths estimated from HIRLAM wind data (Figure 2c).

Comparability of in situ and MERIS Chl a data is also supported by
the MCI calculated from all the MERIS data used. The MCI showed that
no surface algal accumulations were observed during the study period. The
highest MCI values were observed on 6 August 2006, when a maximum MCI
value of 0.9 mW/(m? st nm) was recorded at the location of a filament at
the entrance to the Gulf of Finland. The MCI index was close to zero most
of the time.
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3.2. Upwelling events in July—August

Westerly winds dominated in the Gulf area from 10 to 29 July
(Figure 2a). The development of upwelling along the northern coast of the
Gulf was observed from 10 July (Figures 3 and 5a), and the temperature
difference between the upwelling and the surrounding water was around
5°C for most of the time, according to the MODIS SST data. However, the
temperature difference was larger for the upwelling centres because of the

11 July

29 July

Figure 3. MODIS SST maps of upwelling
along the northern coast on 11, 12, 18, 19,
25, 27 and 29 July 2006. Colour scale in °C.
The letters a, b and ¢ indicate the locations
80 100 120 140 160 180 200 220 of filaments
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4 August ‘ J 7 August

Figure 4. MODIS SST maps of stronger
upwelling along the southern coast on 4, 7,
9, 17 and 18 August 2006. Colour scale
in °C. The letters d, e and f indicate the
locations of filaments. Note that the colour
60 80 100 120 140 160 180 200 220 scale is different from the one in Figure 3

significantly lower temperature in the upwelled water. On 12 July the water
temperature in the upwelling centre near the Porkkala Peninsula dropped to
8°C (Figure 3b). At the peak of upwelling on 19 July, the upwelling centre
was near the Hanko Peninsula (due to the NW wind), and the temperature
dropped to 6°C (Figures 3d and 5a), whilst in the middle of the Gulf the
temperature was around 16°C, and near the southern coast it was over
18°C (Figure 3d). In the Porkkala region, where the upwelling centre was
located on 12 July, the temperature rose to 13°C by 19 July. Relaxation
of upwelling along the northern coast started after 20 August as a result of
a change in wind forcing (Figure 2). The temperature in the upwelling zone
on 25 and 27 July was then in the 14-16°C range, and the surrounding area
had temperatures of around 19°C (Figures 3e and f). Because of the start
of the upwelling relaxation after 20 July, cold filaments developed off the
Hanko and Porkkala Peninsulas, and off the Porvoo Archipelago during the
upwelling along the northern coast (Figure 3c).
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After 29 July, easterly winds were dominant in the Gulf of Finland area
until 16 August (Figure 2a), and as a result, a zone of upwelling formed along
the southern coast (Figure 4). The strongest such zone developed along the
NW coast of Estonia, from Vormsi Island to Aegna Island, with several
upwelling centres near the Pakri Islands, Vormsi Island and off the coast
of the Suurupi Peninsula, where the minimum temperature of the upwelled
water was about 2°C (Figure 4 and 5b). The temperature difference between
the upwelled and the surrounding water was as much as 18°C (Figures 4
and 5b), and the upwelled water covered 31% of the western Gulf area
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Figure 5. Temporal courses of surface layer temperature (MODIS SST) from 10
July to 16 August 2006 at stations CHL4, CHL5, CHL6 and TH27 (northern part
of the Gulf) (a) and at stations CHL8, CHL9, CHL10 and TH7 (southern part of
the Gulf) (b). The in situ surface temperature (bold cross) is given for stations
TH7 and TH27
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(22-26°E) on 9 August. After 16 August, the wind turned to the S and
SW (data not shown), thus causing the upwelling to relax. Several cold
upwelling filaments developed along the southern coast between longitudes
23 and 27°E, and a few of them transformed into eddies (Figure 4). The
filaments were persistent at three locations: north of Hiiumaa, and off Pakri
and Tallinn (Figure 4b).

3.3. Evaluation of the FUB Chl a processor using in situ Chl «

In situ Chl a concentrations along the transect varied in a wide range
from 1.57 to 15.54 mg m™> during the period of field measurements
(Figure 6). Low Chl @ values were observed during the first half of
July in the upwelling region along the northern coast. From 25 July,
when upwelling along the northern coast was in the relaxation phase, the
Chl a concentrations increased off the northern coast, and decreased off the
southern coast. The highest (15.5 mg m™3) and lowest (1.6 mg m~3) Chl a
concentrations were observed on 8 August off the northern and southern
coasts respectively.

15

® 11.07.2006
® 19.07.2006
® 25.07.2006
® 08.07.2006
® 15.07.2006
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Chlorophyll @ [mg m™]
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Figure 6. In situ Chl a distribution along the sampling transect on 11, 19 and 25
July, and 8 and 15 August 2006

The Chl a concentrations calculated with the FUB processor from the
MERIS data was correlated with in situ Chl a for two time windows: 24 h
and 2 h intervals (before or after) from the satellite overpass. A scatterplot
of selected data pairs is shown in Figure 7. A total of 7 data pairs fulfilled
the 2 h criterion: 3 samples (TH9, TH11 and TH13) from 11 July and 4
samples (TH11, TH13, TH15 and TH17) from 25 July (Table 1). For the
2 h window the FUB processor underestimated Chl a compared with in
situ Chl a (Figure 7); the average underestimation was 25% (1.3 mg m~3),
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Figure 7. Scatterplot of in situ Chl ¢ and MERIS Chl a derived by the FUB
processor. Black dots represent all data pairs from 11, 18 and 25 July, and 7 and
16 August 2006 (24 h window), and red dots represent data pairs from 11 and 25
July 2006 (2 h window). The data corresponding to the 2 h window were used to
estimate bias and to calibrate the FUB Chl a processor. The correlation (1?) for
24 h window data points was 0.56 and for the 2 h window it was 0.67

which is of the same magnitude as in previous studies in the Baltic Sea
(Kratzer et al. 2008). The correlation (r?) for data points within the 2 h
window was 0.67 and for the 24 h window was also relatively high at 0.56.
The linear regression for the 2 h window with 95% confidence limits was
Chl a=10.48(40.39) x X 4 3.6(£1.8), where X is the FUB processor output.
The standard deviation of the residuals (i.e. standard error of the estimation
—SEE) was 0.51. For the 24 h window the slope and y-intercept of the linear
regression were 0.44 (+£0.097) and 2.9 (+0.60) respectively. The standard
deviation of the residuals for the 24 h window was 1.43.

In addition to the FUB processor we also evaluated the case 2 regional
water processor (C2RW) for Chl a (data not shown). The correlation for the
FUB processor (0.67) was much higher compared to the C2RW processor
(0.17). Also, the Chl a overestimation of C2RW by 52% is poorer compared
with the underestimation (25%) by the FUB processor.

On the basis of the above analysis, the FUB algorithm was used to
calculate Chl a from MERIS data in the Gulf of Finland. The equation

obtained with linear regression for the 2 h window was applied to calibrate
MERIS Chl a data.
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Figure 8. Normalized reflectance spectra calculated according to Wu (2004) on
11, 19 and 26 July; 8 and 16 August 2006 at location TH25

In order to assess the suitability of MERIS data (processed with the FUB
algorithm) for detecting cyanobacteria, we analysed the temporal changes
of reflectance spectra at the location of the largest increase in Chl a off
the northern coast (Figure 6). We used MERIS images with the smallest
time displacement from the time of the in situ measurements (Table 1).
The distinct peak around wavelengths 620-650 nm, which is related to
phycocyanin, was not detected on any of the normalized spectra (Figure 8).

3.4. Upwelling-related Chl a variability from MERIS imagery

To describe the spatio-temporal variability of the Chl a field, we used
maps (Figures 9 and 10) and time series (Figure 11) at selected locations
(Figure 1) formed from calibrated MERIS Chl « data. Different locations
were selected to describe the temporal variability of Chl ¢ along the northern
and southern coasts, and along the axis of the Gulf (open sea area).

In July—August the Chl a concentrations were generally higher along
the northern coast compared with those in the open sea area, and along
the southern coast (Figure 11). In July the Chl a concentrations along
the northern coast varied in the range of 4-9 mg m=3 (Figure 11a). After
the relaxation of upwelling along the northern coast, Chl a concentrations
reached high values of up to 13-14 mg m~3 at locations CHL5 and TH27
on 7 August. The increase in Chl a was also observed at other locations
along the northern coast, reaching values of up to 8.5 mg m~3. Elevated
Chl a along the northern coast and in the filaments was observed starting
from 23 July and peaked on 6-7 August (Figures 9e, 10b and c¢). By 6
August, 26% of the area between longitudes 23-27°E was covered by Chl a
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11 July . 15 July

18 July

23 July ; [ 25 July

Figure 9. MERIS Chl a maps derived by
the FUB processor on 11, 15, 16, 18, 23, 25
and 28 July 2006. Colour scale in mg m™3.
The letters a, b and c¢ indicate the locations
of filaments on Chl ¢ maps coincident with
20 30 40 50 60 70 80 90 100 120 filaments on the SST maps (see Figure 3c)

concentrations above 7 mg m~3 (Figure 10b and c). The development of
the Chl « field was characterized by high spatial and temporal variability;
standard deviations were 2.1 and 2.4 mg m™3 at locations CHL5 and
TH27 respectively. Chlorophyll-rich filaments were observed off the Hanko
and Porkkala Peninsulas and the Porvoo Archipelago after 23 July, when
upwelling along the northern coast was in the relaxation phase. Relatively
high and persistent Chl a concentrations were observed in the easternmost
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20 3.0 40 50 60 7.0 80 9.0 10.0 12.0

Figure 10. MERIS Chl @ maps derived by the FUB processor on 5, 6, 7, 9, 11
and 16 August 2006. Colour scale in mg m~3. The letters d, e and f indicate the
locations of filaments on Chl a maps coincident with filaments on SST maps (see
Figures 4b and 4c)

part of the study area (CHL7, mean=5.9 mg m™3, SD=1.1 mg m™3)
throughout the period.

Along the southern coast, Chl a concentrations varied between 4 and
8.5 mg m~3 in July-August (Figure 11c). Higher Chl a concentrations
(up to 8.5 mg m~3) were observed in the western part of the Gulf (CHLS
and TH7) during the upwelling along the northern coast between 11 to 18
July. In early August, when upwelling developed along the southern coast,
the temperature dropped below 12°C (Figure 4b), and measured Chl a
concentrations were below 5 mg m™2 (Figure 10c) in a narrow area along
the southern coast. The temporal course of Chl a along the southern coast
was less variable compared with the northern coast during the whole study
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Figure 11. Distribution of MERIS Chl a at selected locations (see Figure 1) along
the northern coast (a), along the Gulf axis (b), and along the southern coast (c¢) in
July—August 2006



Monitoring the effect of upwelling on the chlorophyll a ... 411

period (Figure 11¢). By 16 (and 18) August, when upwelling started to relax
(Figure 4e), the Chl a concentrations increased slightly in the upwelling
region (Figure 9c, CHL8 and TH7). Again, relatively high and persistent
Chl a concentrations were found in the easternmost part of the study area
(CHL10, mean =5.7 mg m~3, SD=0.8 mg m3).

During the whole study period the temporal course of Chl a along the
Gulf axis (Figure 11b) displayed less variability, mainly between 4 and
8 mg m~3, compared with the northern coast. Chl a variations were larger
between 11 and 18 July (Figures 9 and 11b), when the upwelling front and
related filaments with low chlorophyll contents (Figures 3a—d) reached the
open part of the Gulf. The high variability of Chl a at locations along the
Gulf axis observed in August (Figure 11b, CHL1, CHL2 and TH19) was
a result of chlorophyll-rich filaments from the northern, and chlorophyll-
poor filaments from the southern, coastal sea areas (Figure 10).

4. Discussion

July—August 2006 was characterized by quite a rare wind regime in the
Gulf of Finland: westerly winds prevailed until 29 July, whereas after 30
July easterly winds remained dominant for quite a long time. In the long,
narrow Gulf of Finland, westerly winds cause upwelling along the northern
coast, and downwelling along the southern coast, and vice versa when winds
are blowing from the east. A high-resolution numerical study showed that
the instability of the longshore baroclinic jet and related thermohaline
fronts, caused by coupled upwelling and downwelling events, leads to the
development of cold and warm mesoscale filaments and eddies contributing
to coastal offshore exchange (Zhurbas et al. 2008). The maps of mean
mesoscale (eddy) kinetic energy in the surface layer (simulation for July—
August 2006), showed that the coastal offshore exchange caused by filaments
and eddies is larger in the narrow western and the central parts of the Gulf
(Laanemets et al. 2011).

Spatio-temporal variability of the Chl a field observed from MERIS
imagery in July—August 2006 clearly reflected the influence of mesoscale
physical processes, coupled upwelling/downwelling events and related fila-
ments. Wind mixing may also decrease the surface Chl a concentration by
mixing phytoplankton deeper into the water column. Chl a concentrations
varied in a wide range, from 4 to 14 mg m~2, which is also expressed in the
variations of mean concentrations (5.2-7.0 mg m~3) and standard deviations
(SD=1.4-2.4 mg m~3) (Figures 9, 10 and 11). Chl a concentrations were
the lowest in the upwelling zones along both coasts. The highest mean
Chl @ and standard deviation were recorded along the northern coast: up to
7.0 and 2.4 mg m™3 respectively. In this region the upwelling and possible
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upwelling-related nutrient input to the surface layer occurred earlier, during
the first half of July, and therefore most likely promoted phytoplankton
growth after the relaxation of the upwelling and the warming of the surface
layer.

At locations along the Gulf axis in the western and central Gulf
of Finland, the variability of the surface Chl a field (Figure 11b) was
related to mesoscale activity. In July, when upwelling was taking place
along the northern coast, filaments carried cold water with low chlorophyll
concentrations offshore. In August, filaments carried chlorophyll-poor water
from the southern upwelling zone and chlorophyll-rich water from the
northern downwelling zone, into the central part of the Gulf.

In the shallower eastern part of the Gulf, the mesoscale activity
estimated from SST imagery (Kahru et al. 1995, Uiboupin & Laanemets
2009) and numerical simulations (Laanemets et al. 2011) was lower. This
was also reflected by the MERIS Chl @ data, as concentrations were
relatively persistent (mean 5.7-5.9 mg m~3) with small standard deviations
(0.8-1.1 mg m~3).

The largest increase in Chl a was observed from 4 to 8 August along the
northern coast (Figures 11a and 12) after the decrease of the surface Chl a
concentration from 31 July to 4 August (Figures 11a and b), which was most
likely caused by a strong wind event increasing the UML depth (Figures 2b
and ¢) and mixing the phytoplankton deeper. There are probably two
reasons for the increase of Chl @ concentration in the narrow northern coastal
zone and the cold filaments (Figure 9e) starting after the peak of upwelling
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Figure 12. Temporal course of average (CHL4, CHL5 and CHL6) Chl «
concentration (red line), and SST (black line) on the northern coast in July—August
2006
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on 20 July (Figure 12). One reason could be the phytoplankton growth
promoted by nutrient input during the upwelling in July along the northern
coast. The numerical simulation of nutrient transport during upwelling
events in summer 2006 showed that the main area along the northern coast
of the Gulf, where nutrients (nitrogen and phosphorus) were brought to
the surface layer, was from the Hanko Peninsula to the Porvoo Archipelago
region (Laanemets et al. 2011). By 20 July most of the nitrogen and
phosphorus (about 325 and 400 tonnes respectively) had been brought into
the upper layer (Laanemets et al. 2009). This area coincided with the area
of intensive upwelling along the northern coast depicted on the SST maps
(Figures 3b and c¢). After the upwelling began to relax, the temperature in
the northern coastal zone rose to above 15°C by 23 July (Figures 5a and
12). Previous studies have shown that phytoplankton growth is promoted
in an area covered by upwelled nutrient-rich water (Vahtera et al. 2005).
To confirm this assumption, we also compared the upwelled water area and
the extended Chl a area along the northern coast. The area where the
temperature was < 14°C, i.e. the narrow area along the northern coast
where nutrients were probably brought to the surface layer, was 1317 km?
(about 7% of the study area) on 18 July. Moreover, the area along the
coast of water with a temperature < 17°C due to offshore transport and also
covering the filaments was 4879 km? (about 25%). The upwelling-induced
area with a slightly increased Chl a (concentrations over 7 mg m™3) on
25 July was 5507 km2. This area remained approximately the same until
6 August (the bloom peak) — 5526 km?. This suggests that the observed
phytoplankton increase occurred mainly in the region of possible nutrient
input by upwelling with a two week lag. Of course, some differences in
the spatial distribution were due to the development of upwelling along the
southern coast (Figures 4a and b).

The second possible reason responsible for the higher Chl a concentra-
tions and variability along the northern coast could be the Ekman transport
of phytoplankton biomass in the surface layer from the open sea area towards
the northern coast during the upwelling event along the southern coast and
the simultaneous downwelling along the northern coast in early August.
Surface transport and a higher Chl a concentration in the downwelling zone
were also observed in previous studies (Pavelson et al. 1999, Kanoshina et al.
2003, Lips & Lips 2010). In addition, Lips & Lips (2010) found a relationship
between high phytoplankton biomass and a mesoscale anticyclonic feature
in the northern part of the study area on 8 August. This corresponds
to Zhurbas et al. (2006), who showed that instability of the longshore
baroclinic jet, associated with downwelling, results in the formation of an
anticyclonic eddy. The highest biomass values in the same area coincided
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with this mesoscale feature, where domed isopycnals caused shallowing of
the UML to only 5 m, against the background of a relatively deep UML
in the remainder of the downwelling area on the transect. The northward
surface transport of cold upwelled water and the spreading of filaments
with low chlorophyll content are clearly visible on the SST and Chl a maps
(Figures 4a, b, c and 10a, b, c,d).

The distinct feature (the peak around 630 nm) in the red part of the
reflectance spectrum can be used to detect phycocyanin (cyanobacteria)
(Dekker 1993, Dekker & Peters 1993, Reinart & Kutser 2006, Kutser et al.
2006). Bio-optical modelling results by Metsamaa et al. (2006) showed that
MERIS bands 6 and 7 can be used to separate cyanobacteria and green
algae if the concentration of Chl a in the cyanobacteria is 8-10 mg m™3.
The calculated reflectance spectra showed that despite the dominance of
phycocyanin-containing cyanobacteria (Chl a about 9 mg m™3) off the
northern coast on 8 August (Lips & Lips 2010), the peak around 630 nm was
not detected (Figure 8). Thus, our estimates based on in situ data confirmed
the bio-optical modelling result. Previous field measurements have shown
that Chl a in cyanobacteria during blooms were usually 10 mg m™3 in
the Gulf of Finland area (Kononen et al. 1996, Vahtera et al. 2005,
Suikkanen et al. 2007), i.e. cyanobacteria blooms are not detectable on
MERIS imagery before the appearance of surface accumulations.

5. Conclusions

Upwelling events along the northern (southern) coast of the Gulf
of Finland led to a minimum temperature of around 6°C (2°C) with
a temperature difference between the upwelled and surrounding water of
up to 12°C (18°C).

The Chl a concentration obtained from MERIS data using the FUB
processor was well correlated with in situ measurements (r?=0.67), but
was underestimated on average by 25%. The Chl a concentration in
cyanobacteria was not high enough to detect the characteristic feature of
phycocyanin around wavelengths 620-650 nm in the reflectance spectra.

The spatio-temporal variability of Chl a estimated from MERIS data
showed the evident influence of upwelling events and related filaments. The
variability of Chl a was largest in the western and central parts of the Gulf,
where mesoscale activity was the highest.

The highest Chl a concentrations (up to 14 mg m3) along the northern
coast were observed about two weeks after the upwelling peak. The high
Chl a was induced by (1) growth of phytoplankton promoted by nutrient
input, and (2) the northward Ekman transport of surface waters caused by
easterly wind forcing at the beginning of August.
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Comparison of the upwelling areas on the SST images and high Chl a
areas on MERIS images showed structural similarities. The upwelling area
along the northern coast (4879 km?) and the high Chl a area (5526 km?)
about two weeks later were roughly coincident. Also, the filaments with
high Chl a coincided with the locations of cold filaments extending from the
upwelling front along the northern coast. In the case of intensive upwelling
along the southern coast, the low Chl a regions coincided with the cold
filaments.

Upwelling events had only a minor influence in the eastern part of the
study area, where Chl a concentrations were relatively high and persistent
throughout the study period.
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The seven-year (2000-2006) satellite sea surface temperature (SST) data were examined
to determine characteristics of coastal upwellings during the warm period of the year
(June—September) in the Gulf of Finland. A total of 20 sufficiently cloud-free SST images
depicting well-expressed coastal upwelling were found. The area covered by upwelling
water, the temperature difference between the upwelling and surrounding waters, and the
location and area of filaments were estimated. The average area covered by the upwelling
water was 4820 km? and for the largest upwelling event 12 140 km?, i.e. 38% of the Gulf
surface area. The average upwelling area along the Finnish coast (6120 km?) was larger
than the upwelling area along the Estonian coast (4070 km?) which likely results from
a larger cumulative wind stress (the product of wind stress and its duration) of westerly
winds during the observed upwellings. The detected upwelling filaments were predomi-
nantly related to an upwelling along the Finnish coast. The area of a single filament usually
varied from 80 to 680 km?* while the total area of filaments reached the maximal value of
1420 km? during the strongest upwelling event.

Introduction

The coastal upwelling caused by the along-
shore wind forcing typically brings cold and
nutrient-rich deeper water to the surface layer.
In the Gulf of Finland, summer upwellings usu-
ally transport cold and phosphate rich water
from thermocline to the surface thus promoting
the growth of nitrogen-fixing cyanobacteria (e.g.
Haapala 1994, Vahtera et al. 2005). Besides
the field measurements and numerical modeling
the satellite sea surface temperature (SST) data
carries substantial additional information about
the spatial extent and structure of wind-driven
coastal upwellings. Concerning the Baltic Sea,

the satellite sea surface temperature images have
been analysed by Horstmann (1983), Bychkova
and Victorov (1986), Gidhagen (1987), Siegel
et al. (1994) and Kahru et al. (1995) to deter-
mine upwelling parameters for the period with
thermally stratified sea. They found that the tem-
perature difference between the upwelled and
surrounding water varies within 2-10 °C, the
alongshore extent is of the order of hundreds
kilometres and the off-shore scale is tens of kilo-
metres.

The seasonal thermocline in the Gulf of Fin-
land usually forms at the beginning of May, is
at its strongest in July—August and erodes by
the end of August (e.g. Alenius et al. 1998). Its
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depth is of 10-15 m and in July—August the
temperature difference between the warm sur-
face layer and the cold intermediate layer below
the thermocline may be up to 20 °C. There-
fore, due to the strong thermal stratification the
large sea surface temperature contrasts could
be expected in the upwelling regions. Owing to
the prevailing south-westerly winds (e.g. Mietus
1998, Soomere and Keevallik 2003) the northern
coastal sea of the Gulf of Finland is an active
upwelling area in summer as it was shown also
by model simulations (Myrberg and Andrejev
2003). Kahru er al. (1995) identified from satel-
lite SST images that the northwestern Gulf of
Finland is one of the major upwelling front areas
in the Baltic Sea. They found two most signifi-
cant upwelling centres where filaments emerge
from the upwelling front off the Hanko and
Porkkala peninsulas and move south towards the
Estonian coast. The model simulations showed
also that the mesoscale disturbances (meanders
and eddies) of an alongshore upwelling jet can
be attributed to topographic irregularities (e.g.
Zhurbas et al. 2004).

The objective of this work was to estimate
the surface area covered by the upwelling water,
the location of upwelling filaments and the tem-
perature difference between the upwelling and
surrounding water during summer upwelling
events in the Gulf of Finland. The study is based
on examination of satellite SST data from the
years 2000-2006.

Data and methods
Remote sensing and wind data

The 7-year (2000-2006) SST data measured
by MODerate Resolution Imaging Spectrora-
diometer (MODIS) onboard of Terra and Aqua
satellites were used in this study. Both satellites
overpass the Baltic Sea daily. MODIS Level 2
products, MOD28L2 and MYD28L2 provide
sea surface temperature calculated from the long
wavelength (11-12 pym) and the short wave-
length (3—4 pm) bands at about 1 X 1 km resolu-
tion. Previous studies (Brown and Minnett 1999,
Reinart and Reinhold 2008) have confirmed that
the SST measurements can be considered having
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the accuracy of up to £0.5 °C. The SST images
from the warm period of the year (June—Septem-
ber) were analysed in the present study.

Wind data measured at the Kalbadagrund
weather station (Fig. 1) (Finnish Meteorologi-
cal Institute) were used for the calculation of
the approximate along-gulf component of the
cumulative wind stress (the product of the wind
stress and its duration) to estimate the wind forc-
ing during the observed upwelling events and
to count the summer wind events favourable
for upwelling. Soomere and Keevallik (2003)
analysed wind data series from weather stations
around the Gulf and found that the wind data
measured at the southern coast do not represent
adequately marine wind properties. Therefore we
used Kalbadagrund weather station data for the
calculation of both, easterly and westerly, wind
forcing. The gaps in the Kalbaddagrund wind
data record (September 2000 and July 2003)
were filled out with the wind data measured at
the Utd weather station (Finnish Meteorological
Institute).

Methods

In order to exclude the areas covered by clouds
or influenced by coast, the reflectance data from
MODIS bands 1 (620-670 nm) and 2 (841-876
nm) were examined together with MODIS SST
data.

The line between the Hanko peninsula and
the island of Osmussaar is treated as the west-
ern boundary of the Gulf of Finland basin (line
A in Fig. 1). For detection of the border of the
upwelling water (including filaments) the com-
puter software ENVI 4.2 (ENVI 2001) was used.
The SST images were overlaid by isotherms with
the fixed contour interval of 0.5 °C starting from
the upwelling centre(s). All sea surface isotherms
either form closed contours or intersect the basin
boundary. The contour of the warmest isotherm
intersecting the basin boundaries is considered
the upwelling water open sea border (Fig. 2a).

The pixels belonging to the upwelling water
region were counted and also marked for visual
checking of the upwelling water area. The total
area of upwelling water was calculated from the
known pixel area for each particular SST image.
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Fig. 1. The Baltic Sea (right panel) and the map of the Gulf of Finland (left panel) with the depth contours drawn from
the gridded topography (Seifert et al. 2001). Shown is the location of Kalbadagrund (A) weather station. The Gulf area
is divided into two parts: western Gulf between lines A and B and eastern Gulf between lines B and C.
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Fig. 2. — a: The largest upwelling observed during the study period on 24 September 2003 along the Finnish coast.
The determined border of upwelling water is marked by a solid curve. — b: A large upwelling observed during the
study period on 25 August 2006 along the Estonian coast. C = cloud cover.

The filament location was defined coinciding
with the filament width centre along the edge of
upwelling front. The filament length was defined
as the distance from the filament location to the
farthest filament pixel. The filaments with the
length larger than the width and with the area
larger than 50 km? were taken into account.

Results
Detected and potential upwelling events

We found 20 sufficiently clear sky SST images
comprising five upwelling events along the Finn-
ish coast and five events along the Estonian
coast during the summers 2000-2006. The wind
data records from June to the end of September
(2000-2005) showed yearly five to eight (on the

average about six per year) upwelling-favourable
wind events per summer which had the absolute
along-gulf component of the cumulative wind
stress larger than 0.1 N m~ d. The frequency of
wind events able to generate upwelling were dif-
ferent along the Estonian and Finnish coast and
varied considerably from year to year. We found
one to four (on the average about two) wind
events (June—September) that might generate
upwellings along the Estonian coast and three
to five (on the average about four) wind events
that might generate upwellings along the Finnish
coast for the study period. The westerly winds,
caused by cyclones passing the Gulf area, are
often accompanied by cloudy weather and, there-
fore, the fraction of SST images reflecting the
upwelling events along the Finnish coast from
all wind-detected upwelling-favorable events is
smaller as compared with those from the similar
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upwelling events along the Estonian coast, usu-
ally caused by anticyclones. Thus, taking into
account the above statistics we observed about
20% from the potential upwelling events along
the Finnish coast and about 40% along the Esto-
nian coast during the study period.

Area covered with upwelling water

Calculations of the area covered by the upwelling
water and its percentage were performed sepa-
rately for the eastern and western parts of the
Gulf of Finland considering the shape of the
Estonian coastline (Fig. 1). On several occasions
when clouds were partly covering either the
Finnish or the Estonian coastal sea the percent-
ages were calculated for the cloud free cross-
Gulf stripe.
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The average area covered by the upwelling
water was 4820 km? which is about 15% from
the total Gulf area. The average upwelling areas
were larger along the Finnish coast (6120 km?
and 19%) than along the Estonian coast (4070
km? and 13%). The most intensive upwelling
along the Finnish coast occurred on 24 Septem-
ber 2003 (Fig. 2) and along the Estonian coast on
9 August 2006 when 38% (12 140 km?) and 20%
(6480 km?) of the Gulf area respectively was
covered with the upwelling water (Table 1).

Upwellings were more extensive in the west-
ern part of the Gulf, where the average area
covered by the upwelling water was 3100 km?
(22%) compared with 2420 km? (13%) in the
eastern part. The average upwelling water areas
along the Finnish and the Estonian coast were
3680 km? (26%) and 2630 km? (19%) in the
western part of the Gulf. The corresponding esti-

Table 1. Upwelling characteristics in the western (WG) and eastern (EG) parts of the Gulf of Finland. The fraction
of the cloudless area is presented in brackets in percents, the area covered with the upwelled water and the cor-
responding fraction in percents, the area of filaments, the minimum temperature (T ) in the upwelling region, the
maximum temperature (T, ) of the surrounding water across the front, their difference (AT) and the absolute along-

gulf component of cumulative wind stress W. The areas of eastern and western part of the Gulf were about 18 000
km? and 14 000 km? correspondingly.

Coast Date Part of Gulf ~ Upwelling Upwelling Filament T T AT w
area (km?) area (%) area (km?) (°C) (°C) (°C) Nm=d
FIN 27 Sep. 2000 WG/EG 3047/2095 22/12 1020 144 179 3.5 0.522
FIN 20 Jun. 2002 WG/EG 2917/1227 21/7 160 10.1 16.0 5.9 0.33
FIN 2 Sep. 2002 WG (32) 1808 40* 200 143 204 6.1 0.47
FIN 4 Sep. 2002 WG(B0)/EG  2308/3921 28%/22 600 126  19.8 72 09
EST 17 Jul. 2003 WG/EG 1260/1121 9/6 - 10.7 213 10.6 0.21°
EST 19 Jul. 2003 WG/EG 2264/1923 16/11 230 10.1 205 104 0.23°
EST 21 Jul. 2003 EG(42) 783 10* - 149 241 9.2 0.21°
EST 22 Jul. 2003  WG/EG 3598/2696 25/15 510 146  23.1 85 0.19°
EST 1 Aug. 2003 WG(36)/EG  249/1754 5*/10 - 11.0 251 142 0.06
EST 2 Aug. 2003 WG/EG 674/2297 5/13 110 10.3 255 152 0.06
FIN 23 Sep. 2003 WG(44)/EG  796/4951 13%/27 1170 7.7 148 71 1.52
FIN 24 Sep. 2003 WG/EG 6474/5664 46/31 1420 6.4 143 7.9 1.69
EST 9Jul. 2005 WG(48) 990 14* - 124 20.3 79 0.08
FIN 24 Sep. 2005 WG/EG(28) 4383/1108 31/22* 1330 79 152 7.4 0.98
FIN 25 Sep. 2005 WG 4336 31 1100 8.1 15.2 71 1.02
FIN 26 Sep. 2005 WG 3598 26 320 75 149 74 1.06
EST 6 Aug. 2006 WG/EG 2721/1406 19/8 - 72 201 129 0.51
EST 7 Aug. 2006 WG/EG 3666/2385 26/13 180 8.3 195 11.2 0.55
EST 9 Aug. 2006 WG/EG 4449/2031 31/11 160 72 18.0 108 0.59
EST 25 Aug. 2006 WG/EG(41)  4003/1734 29/24* 1400 8.7 192 105 0.47

* The area was partly covered by clouds; the percentage of area covered by upwelled water was calculated for
cloudless area.

3 Uté wind data.

® Combined wind data from Kalbadagrund and Ut6.
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Fig. 3. Locations of upwelling filaments related to
upwellings along the Finnish (V) and Estonian (@)
coast. Hanko and Porkkala peninsulas are marked with
(H) and (P) correspondingly.

mates for the eastern part of the Gulf were 3440
km?(19%) and 1890 km? (10%).

Observed temperature differences between
the upwelling and the surrounding water varied
in a wide range, from 3.5 to 15.2 °C (Table 1).
For the upwelling events along the Estonian
coast the temperature differences were between
7.9 and 15.2 °C. During upwelling events along
the Finnish coast the temperature differences
were smaller, from 3.5 to 7.9 °C.

Upwelling filaments

Overall 32 filaments, excluding the filaments of
coinciding location observed on the successive
SST images of the same upwelling event, were
identified. The filaments predominantly stretched
out from the upwelling front along the Finnish
coast and in the western part of the Gulf (Fig. 3).
Only eight filaments were related to the upwell-
ings along the Estonian cost thereby 6 of those
were observed during the strongest upwelling
event along the Estonian coast in August 2006.
The length of filaments was up to 35 km and
in several cases the filaments observed along
the northern coast were cyclonically turned. For
example, on the SST images from 24 to 26 Sep-
tember 2005 the cyclonically turned filaments
can be detected along the Finnish coast (Fig. 4a)
which further on formed a rotating vortex pair and
an eddy (Fig. 4b and c). The area of single fila-
ments varied in a wide range from 80 to 680 km?.
The area covered by filaments was signifi-
cantly larger for the upwellings along the north-
ern coast as the filaments were rarely formed
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Fig. 4. Series of SST images showing the development
of filaments emerging from the upwelling front along the
Finnish coast during 24—26 September 2005. Filament
marked as 1 in panel a turned into eddy (see b). Fila-
ment marked as 2 in panel a formed a rotating vortex
pair (see b), one of which turned into eddy (see c). C
= cloud cover.

in case of upwellings along the southern coast
(Table 1). In case of the largest upwelling event
along the Finnish coast observed on 24 Septem-
ber 2003 (Fig. 2a) the area of filaments was 1420
km? (Table 1) which made up 12% from the total
area of the upwelled water in the Gulf. The share
of upwelling filaments was higher in the western
part of Gulf. For example, during the upwelling
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along the Finnish coast on 24 September 2005
(Fig. 4a) the area of filaments was 1330 km?
(30%) and during a large upwelling along the
Estonian coast on 25 August 2006 (Fig. 2b) the
area of filaments was 1100 km? (27%).

Discussion and conclusions

Satellite SST images allow upwelling charac-
teristics study all over the entire area of the
Gulf. The summer upwellings in the Gulf of
Finland are characterized by pronounced tem-
perature contrasts which provide a good premise
for identification of upwelling events and their
parameters from SST images. Due to the high
cloudiness level the weakness of the Baltic Sea
satellite SST data are a relatively small frac-
tion (10%-50%) of useful images suitable for
processing (e.g. Krezel et al. 2005).

Upwelling areas off the Finnish coast, on
the average 6120 km?, were larger as compared
with those off the Estonian coast, 4070 km?.
During the strongest upwelling events observed
on 24 September 2003 along the Finnish and
on 9 August 2006 along the Estonian coast the
upwelling water (including filaments) may cover
remarkable areas, up to ~40 % and ~20% corre-
spondingly from the total Gulf area (Table 1).

Considerably larger upwelling areas along
the Finnish coastline could be explained by a
larger westerly along-gulf component of cumu-
lative wind stress that generated the observed
upwelling events (Table 1). The cumulative wind
stress was calculated from the beginning of the
action of upwelling-favourable wind until the
time of the satellite overpass. The approximate
offshore displacement (AX) of the upwelling
front is AX=W/g fh,, where W is the along-gulf
component of cumulative wind stress, @, is the
reference density and 7, is the surface Ekman
layer depth (Austin and Lentz 2002). This equa-
tion does not take into account the upwelling set-
up time and there is also no data to estimate the
Ekman layer depth. Nevertheless, the observed
larger upwelling water areas along the Finnish
coast were in accordance with larger cumulative
wind stresses (Table 1).

The SST images from the study period
showed that the pronounced cold filaments were
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related mainly to the upwelling events along the
Finnish coast as it was also shown in an earlier
study by Kahru ez al. (1995). Although they
found that filaments occurred mainly off Hanko
and Porkkala peninsulas there were no easily
seen preferred filament generation regions along
the northern coast of the Gulf in our study (Fig.
3). The filaments originating from the coast of
Estonia were weaker and were observed more
rarely. The relatively high portion of upwelling
water in the filaments, up to 30% in the western
part of Gulf, points to their important role in the
offshore transport of the cold and nutrient-rich
water.

The generation of filaments is related to the
instability of longshore baroclinic jet associ-
ated with the upwelling. Blumsack and Gierasch
(1972) and de Szoeke (1975) showed that in case
of sloping bottom the baroclinic instability of a
longshore upwelling jet strongly depends on the
ratio of the bottom slope to the isopycnal slope,
a. When the isopycnal slope is smaller than the
bottom slope (a > 1) then the baroclinic instabil-
ity of the upwelling jet is not expected to occur. A
numerical study by Zhurbas et al. (2006) using the
characteristic summer stratification in the Baltic
Sea, also showed that no baroclinic instability of
an upwelling jet was observed when the bottom
slope exceeded the isopycnal slope. The cross-
shore scale for the region of sloping isopycnals
for the upwelling event is the baroclinic Rossby
radius of deformation (Allen 1980). According to
Fennel et al. (1991) the baroclinic Rossby radius
of deformation is about 3 km in the Gulf of Fin-
land in summer and the upper mixed layer depth
is approximately 10 m, which gives a rough esti-
mate for the isopycnal slope of 0.003. Although
the bottom topography of the Gulf of Finland is
complicated (Fig. 1) the approximate estimates
of the bottom slope off the Estonian coast 0.006
and off the Finnish coast 0.002 could be used.
Thus, in the Finnish coastal sea a =0.5 while
in the Estonian coastal sea o> 1, i.e. the baro-
clinic instability of the upwelling jet along the
Finnish coast is more probable. Another reason
of the observed difference between the occur-
rence of upwelling filaments along the Finnish
and Estonian coasts is likely due to the different
atmospheric forcing. The along-gulf component
of cumulative wind stress was smaller during
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the upwellings along the Estonian coast, except
the upwelling on 25 August 2006 (Table 1).
Zhurbas et al. (2006) showed that the instabil-
ity growth rate depends on the cumulative wind
stress and increases considerably for sufficiently
large cumulative wind stresses.

Many filaments were cyclonically turned. The
model simulations by Zhurbas et al. (2006) dem-
onstrated the growth of wave-like perturbations
forming mostly cyclonic meanders (filaments) of
the upwelling jet which further on detached from
the jet and formed mesoscale cyclonic eddies.
Such development was also observed on a series
of SST images (Fig. 4) with the time scale of a
few days.

The detected upwellings off the Estonian
coast occurred in July—August when the surface
heating was strong and therefore the tempera-
ture difference between the upwelling and the
surrounding waters was large while upwellings
along the Finnish coast occurred in June and
September and therefore the temperature differ-
ence was lower (Table 1).

To conclude, the analysis of satellite SST
data showed that the upwelling water covered
considerable area of the Gulf. Most likely due to
the different atmospheric forcing and different
topography of the northern and southern coasts
of the Gulf the upwelling characteristics dif-
fered in the following way: (1) the upwellings
off the northern coast were more extensive and
the upwelling water covered larger areas of the
coastal sea, and (2) the upwelling filaments were
predominantly observed off the northern coast.
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Abstract. Shipborne measurements of sea surface layer temperature in the western Gulf of Finland
in July 2002 were compared with four different MODIS sea surface temperature (SST) products.
The root mean square difference of the satellite and shipborne temperature series was calculated.
According to the calculations the MODIS Aqua SST products were closer to the shipborne
temperature measurements than the MODIS Terra SST products. A criterion of 0.4°C temperature
differences was found to detect upwelling regions from MODIS SST products. Comparison of
images showed that surface accumulation of cyanobacteria causes a local increase of the sea surface
temperature on the SST images.

Key words: sea surface temperature, MODIS Aqua, MODIS Terra, upwelling, Gulf of Finland.

INTRODUCTION

One of the most frequent variables retrieved from satellite sensors used for
oceanographic studies is the sea surface temperature. The distribution of the sea
surface temperature provides significant information for monitoring the relevant
key ocean structures, e.g. fronts, eddies, and upwellings (Gidhagen, 1987; Sur &
Ilyin, 1997; Borzellia et al., 1999; Kartushinskaya, 2000; Bricaud et al., 2002;
Tang et al., 2002). The sea surface temperature is observed from the space by
the thermal infrared imagery during cloud-free conditions using the thermal and
infrared satellite channels. A wide range of different satellite systems and sensors
providing the sea surface temperature (SST) data is and will become available
during the next decade (Johannessen et al., 2000). In the Gulf of Finland (Baltic
Sea) the summer coastal upwellings caused by the time-variable wind forcing
bring up cold and phosphate rich waters from the deeper layers to the surface thus
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increasing the biomass of cyanobacterial blooms (Laanemets et al., 2004; Vahtera
et al., 2005). Therefore, statistical analyses of upwelling parameters (horizontal
scales of the upwelled water and the upwelling-related filaments, temperature
differences between the upwelled and the surrounding water) as well as the
frequency of upwelling events during summer by using SST from satellite remote
sensing images is an important task.

The aim of this study is to compare (1) different images obtained within a
short time window (Aqua and Terra products) and (2) MODIS products in
terms of algorithms (SST and SST4) used for the calculation of the sea surface
temperature for the same images.

This comparison shows which MODIS product gives the best results in the
Baltic Sea region. The sea surface temperatures calculated by using different
MODIS products are compared with the respective shipborne measurements to
establish quantitative measures for defining uncertainties of the SST from remote
sensing. The results can be used for developing quantitative criteria for the detection
of upwelling parameters.

DATA AND METHODS
Shipborne measurements
A field study trip for measurements of the surface layer temperature was made

on 29 July 2002 using a flow through (FT) system while the ship was moving.
The length of the ship track from Tallinn to Hiiumaa Island (Fig. 1) was about
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Fig. 1. Study site. Ship track from Tallinn to Hiiumaa.
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Fig. 2. Sea surface temperature products from satellite images Terra SST (a), Terra SST4 (b), Aqua
SST (c), and Aqua SST4 (d). The region of surface accumulation of cyanobacteria is encircled (c).
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130 km and it was passed in 7 h. Measurements started at 10.30 UTC. The FT
system comprised a Seabird CTD recording temperature and conductivity at 1 s
intervals. The ship location was determined by GPS. Seawater was pumped into
the FT system from a depth of 20 cm. During the cruise the wind speed and
direction were measured once per hour.

Remote sensing images

MODIS (MODerate Resolution Imaging Spectroradiometer) is a key instrument
aboard the Terra (EOS AM) and Aqua (EOS PM) satellites. Terra MODIS and
Aqua MODIS view the entire Baltic Sea area daily, acquiring data in 36
spectral bands. MODIS Level 2 Sea Surface Temperature Product, MOD28L2,
provides a long wavelength (11-12 pm, SST) and a short wavelength (3—4 pm,
SST4) sea surface temperature at 1 x 1 km resolution over the global
oceans (Satellite-based Information System on Coastal Areas and Lakes,
http://www.siscal.net/documents/EOP_SST MOD_VO03.pdf and GES Distributed
Active Archive Centre, http://disc.gsfc.nasa.gov/data/dataset/).

Both MODIS Terra (overflight at 9.15 UTC) and MODIS Aqua (overflight at
11.05 UTC) SST products of 29 July 2002 were downloaded from GES Distributed
Active Archive Centre (http://disc.gsfc.nasa.gov/data/dataset/). Geocorrection was
applied to each obtained image. The digital number (DN) values were converted
to SST by using the following values of calibration coefficients:

MODIS SST = 0.01 x DN-300 (GES Distributed Active Archive Centre).

RESULTS AND DISCUSSION

Comparison of images

The SST images of MODIS standard products are shown in Fig. 2. Differences
between the products are evident. The major difference in the temperature fields
is between the MODIS Aqua and MODIS Terra products (cf. Fig. 2a, b and
Fig. 2¢, d). The MODIS Aqua SST and SST4 products give generally higher
values and the area with a temperature of 20-21°C is much wider than the
temperature fields on MODIS Terra products. This disparity can be partly explained
by the surface layer solar heating because the overflight of Aqua took place 1 h
and 45 min later. The Aqua SST value averaged along the ship track was 0.183°C
higher than the Terra SST value while the difference between the averaged SST4
values was 0.149°C. The difference was smaller within the Aqua and Terra
products (Fig. 2).

Small-scale areas with significantly higher temperature anomalies can be seen
on the north-west Estonian coast in all four MODIS SST images (Fig. 2a, c¢). The
maxima can be explained by the visible massive surface cyanobacteria patches
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Fig. 3. Radiance data at a waveband of 662—672 nm. The area of measurements that was affected by
a cyanobacterial bloom is encircled.

near Osmussaar Island. Kahru et al. (1993) assumed that the massive surface
accumulation of cyanobacteria can cause a local increase of the sea surface
temperature up to 1.5°C on the SST images for low wind speed (about 2 m s™).
We suggest that this effect was also intermittently present in the area covered by
our data (temperature difference between two neighbouring pixels was up to 2°C),
in the region encircled in Fig. 2a, c. In the same region maximum values were
also observed in the radiance data at the waveband 662—672 nm, which is the
range that describes surface accumulation of cyanobacteria (Fig. 3). Therefore
in the following data analysis the pixels for which the cyanobacteria surface
accumulation was visible were discarded.

Estimation of the Ekman layer depth

To evaluate the correspondence of the shipborne temperature measurements
with the satellite SST data the depth of the turbulent Ekman boundary layer 4,
was estimated by the formula %, =0.1u./f for a homogeneous water column
(Csanady, 1982). Here u. =(r/pw)l/2 is friction velocity, 7= p,C,u’ is wind
stress, p, is air density, p,, is water density, C, =1.2x 107 is dimensionless wind
drag coefficient, u is wind speed, and f =1.3x107*s™" is Coriolis parameter. The
mean wind speed during the measurement was 2.8 m s and the corresponding
estimated Ekman layer depth was 2.5 m. The stratification due to the surface
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heating certainly reduces the depth of the surface shear layer but probably not as
much as by an order of magnitude and we assume that the FT temperature is
representative for the sea surface temperature.

Calculation of the root mean square difference

The SST products were compared with the FT temperature data. Using the ship
track coordinates from satellite SST images the pixels covering the ship track
were extracted. The average FT temperature was calculated for each pixel area.
The number of FT temperature readings within a pixel varied between 50 and
300. The correspondence between FT data and four different MODIS SST
products is shown in Fig. 4. The Terra products (Fig. 4a, b) differ more from the
FT data than the Aqua products (Fig. 4c, d). As the SST and SST4 products are
calculated using different algorithms, the differences in temperature that can be
seen in Fig. 4c (ranges 90-100 km and 120-130 km) may be caused by the Aqua
SST4 algorithm. For the evaluation of the coincidence of the MODIS SST products
and FT temperature measurements the root mean square (RMS) difference (AT)
of the satellite and FT temperature series was calculated as follows:

2
(T;at B 7;hip)

AT =, [ = e

n

where T, is the temperature from a MODIS product, 7,,;, is the pixel-averaged
temperature of FT data, and » is the number of pixels on the ship track. The
calculated RMS differences are presented in Table 1. For the MODIS Terra
products the RMS differences are larger than for the Aqua products. The Aqua
SST product has the smallest A7, and is the most compatible with the FT data
(Fig. 3c). We also calculated the RMS differences for the £0.5 h time interval
around the overflight of Aqua (Table 1). At the time of the Terra overflight there
were no shipborne measurements. As expected, the RMS differences were
smaller for the shorter time intervals.

Table 1. The RMS differences of all MODIS products and FT temperature calculated for the total
length of the series (A7)) and the RMS differences of the MODIS Aqua products and FT temperature
series for the time interval £0.5 h around the overflight (AT3)

MODIS product AT, AT,
Terra SST 0.753 -
Terra SST4 0.766 -
Aqua SST 0.572 0.312
Aqua SST4 0.578 0.524

— No relevant measurements made.
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Fig. 4. Correspondence between FT temperature data (averaged over one pixel) and sea surface
temperature products Terra SST (a), Terra SST4 (b), Aqua SST (c), and Aqua SST4 (d). The large
gap (36-56 km) is due to the lack of FT measurements (see Fig. 1). The gap (c and d) near Osmussaar
Island (6274 km) is due to the accumulation of cyanobacteria.
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CONCLUSIONS

Generally the Aqua products show a better correspondence with the FT
temperature data than the Terra products. The correspondence between the ship-
borne data and satellite data is the best in the case of the Aqua SST product.
The RMS difference in the case of 1 h interval around the satellite overflight time
was ~0.4°C. Therefore it is assumed that the criterion of 0.4°C temperature
differences can serve for detecting upwelling regions. Finding a criterion for
spatial variability needs to be studied.

Comparison of the images showed that massive surface accumulation of cyano-
bacteria can cause a local increase of the sea surface temperature on the SST
images for low wind speed.

ACKNOWLEDGEMENTS

This work was supported by the Estonian Science Foundation (grant No. 5596).
We thank Jaan Laanemets, Urmas Raudsepp, and Aleksander Toompuu for
providing valuable guidelines to improve the quality of the manuscript.

REFERENCES

Bricaud, A., Bosc, E. & Antoine, D. 2002. Algal biomass and sea surface temperature in the Medi-
terranean Basin. Intercomparison of data from various satellite sensors, and implications for
primary production estimates. Remote Sens. Environ., 81, 163—178.

Borzelli, G., Manzella, G., Marullo, S. & Santoleri, R. 1999. Observations of coastal filaments in
the Adriatic Sea. J. Mar. Syst., 20, 187-203.

Csanady, G. T. 1982. Circulation in the Coastal Ocean. D. Reidel Publishing Company, Dordrecht,
Holland.

Gidhagen, L. 1987. Coastal upwelling in the Baltic Sea — satellite and in situ measurements of sea-
surface temperatures indicating coastal upwelling. Estaurine Coastal Shelf Sci., 24, 449-462.

Johannessen, O. M., Sandven, S., Jenkins, A. D., Durand, D., Pettersson, L. H., Espedal, H.,
Evensen, G. & Hamre, T. 2000. Satellite earth observation in operational oceanography.
Coastal Eng., 41, 155-176.

Kahru, M., Leppénen, J. M. & Rud, O. 1993. Cyanobacterial blooms cause heating of the sea
surface. Mar. Ecol. Prog. Ser., 101, 1-7.

Kartushinskaya, V. A. 2000. Time—space structure and variability of surface temperature frontal
zones in the ocean (based on AVHRR satellite data). Adv. Space Res., 25, 1107-1110.

Laanemets, J., Kononen, K., Pavelson, J. & Poutanen, E.-L. 2004. Vertical location of seasonal
nutriclines in the western Gulf of Finland. J. Mar. Syst., 52, 1-13.

Sur, H. I. & Ilyin, Y. P. 1997. Evolution of satellite derived mesoscale thermal patterns in the Black
Sea. Progr. Oceanogr., 39, 109-151.

Tang, D., Kester, D. R., Ni, ., Kawamura, H. & Hong, H. 2002. Upwelling in the Taiwan Strait
during the summer monsoon detected by satellite and shipboard measurements. Remote
Sens. Environ., 83,457-471.

Vahtera, E., Laanemets, J., Pavelson, J., Huttunen, M. & Kononen, K. 2005. Effect of upwelling on
the pelagic environment and bloom-forming cyanobacteria in the western Gulf of Finland,
Baltic Sea. J. Mar. Syst., 58, 67-82.

55



Satelliidi merepinna temperatuuri vordlus
alusmootmistega

Rivo Uiboupin ja Liis Sipelgas

29. juulil 2002 teostati Soome lahe lddnepoolses regioonis merepinna tempera-
tuuri mootmised, kasutades ldabivoolusiisteemi. Saadud andmeid vorreldi MODIS-e
nelja erineva merepinna temperatuuri (SST) produktiga (Terra SST, Terra SST4,
Aqua SST ja Aqua SST4). Kokkulangevuse uurimisel hinnati satelliidipiltide eri-
nevusi. Vorreldi labivoolusiisteemiga mdddetud merepinna temperatuuri ja satel-
liidi merepinna temperatuuri produkte (Terra SST, Terra SST4, Aqua SST ja
Aqua SST4) graafiliselt ning arvutati ruutkeskmised hilbed. Saadud tulemused
nditasid, et Aqua merepinna temperatuuri produktid (Aqua SST ja Aqua SST4)
on ldbivoolusiisteemiga mdddetud pinnakihi temperatuuridega paremas vasta-
vuses kui Terra merepinna temperatuuri produktid (Terra SST ja Terra SST4).
Labivoolusiisteemiga mdddetud temperatuuri ja satelliidi merepinna temperatuuri
andmete kokkulangevus oli kdige parem satelliidi produkti Aqua SST korral. Ruut-
keskmine hélve ajavahemiku jaoks 30 minutit enne ja parast satelliidi tilelendu oli
0,312°C. Saadud tulemusi arvestades v3ib eeldada, et nii temperatuuri kui ka
temperatuuri muutuste madramiseks tdusuhoovuse piirkonnas vdib kasutada kri-
teeriumi 0,5°C.
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OBSERVATION OF MESOSCALE EDDIES BY USING SAR DATA COMPLEMENTED
WITH OPTICAL REMOTE SENSING AND IN SITU MEASUREMENTS

Rivo Uiboupin "? and Jaan Laanemets’

! Marine Systems Institute at TUT, Akadeemia Rd 21B, Tallinn 12618,Estonia
2 ESA/ESRIN, Via Galileo Galilei, 00044 Frascati RM, Italy

ABSTRACT

Mesoscale eddies were observed in the Baltic Sea using
optical remote sensing, SAR imagery and high resolution in
situ measurement from an autonomous system on a
passenger ferry. Comparison between SAR data and in situ
measurements was carried out to analyze the manifestation
of sea surface temperature differences and biological surface
slicks on SAR imagery. Correlation between radar
backscatter and biological parameters (chlorophyll a and
turbidity) was observed. Locations of upwelling related cold
eddies and low temperature areas were clearly detectable on
radar imagery as well. Therefore, SAR data complemented
with in situ measurements enables to observe the evolution
of mesoscale eddies in case there is no optical remote
sensing data available (i.e.under cloud cover).
Index Terms— SAR, Mesoscale
chlorophyll a, Baltic Sea

eddy, SST,

1. INTRODUCTION

The summer coastal upwelling is an important physical
process typically bringing cold and nutrient-rich deeper
water to the surface layer. Offshore transport of upwelled
water is mostly caused by mesoscale structures — filaments
and eddies that are formed due to the instability of
alongshore baroclinic jet and related thermohaline front [9].
Satellite sea surface temperature (SST) images allow
determining upwelling characteristics and related mesoscale
structures over the large sea areas. SST images in the Baltic
Sea region have been analyzed by [3], [6] and [7] to
determine upwelling parameters. However, due to the high
cloudiness level in the Baltic Sea region relatively small
fraction (10%-50%) of useful SST images is suitable for
processing [4]. Since SAR data is not influenced by sun
illumination and atmosphere it provides additional
information as it enables to monitor the sea surface in cloudy
conditions and during the night time. Therefore the use of
SAR data for investigating dynamics of the whole upwelling
cycle including related filaments and eddies should be
considered.

The aim of current study was to examine how temperature
differences and structures of natural film affect the
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manifestation of cold mesoscale eddies on SAR images by
using complementary multi-sensor data. Three types of
sensors/data (SAR, optical remote sensing and in situ
measurements) were used to observe the upwelling related
mesoscale eddies in the western Gulf of Finland (Baltic Sea)
in September 2008.

2. DATA

For detection of cold upwelling related eddies from SAR
images additional information about sea surface temperature
and chlorophyll a field for the region is needed. MODIS
(Moderate Resolution Imaging Spectroradiometer) data
(SST and ocean color) and in situ measurements of surface
layer temperature, turbidity and chlorophyll a concentration
along transect between Travemiinde-Helsinki were used.

2.1. SAR

Two ASAR (Advanced Synthetic Aperture Radar) wide
swath images from the Baltic Sea region were acquired at
09.04 (UTC time is used in this study) on 24 September and
at 20.00 on 25 September 2008. The pixel spacing of SAR
data was ~75 m. The images were co-registered after the
sigma nought (c°) values were calculated from intensity. For
speckle reduction a 3 by 3 pixel mean filter was applied on
the images.

2.2. MODIS

MODIS data (with spatial resolution of ~1 km) from
satellites Terra and Aqua were used in this study to describe
the SST field in the north-eastern Baltic Sea. Three standard
MODIS SST products with acquisition times at 10.05 and
11.55 of 23 September and at 11.00 of 24 September were
available.

Chlorophyll a concentration data from MODIS imagery
were also used for interpretation of SAR data. Although the
standard MODIS ocean color product (OC3) strongly
overestimates chlorophyll a concentration in case 2 waters
(the Baltic Sea) it can be used to estimate the relative
concentration differences.
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Figure X1. Modis SST images on 23 September at 10.05 (a), 23 September at 11.55 (b) and 24 September 2008 at 1 1.0 (c).

Modis chlorophyll a concentration product (OC3) on 24 September to illustrate the relative concentration differences (d).

Transect of in situ measurements is marked as white line (d).
2.3. In situ measurements

In situ temperature, chlorophyll a and turbidity data
collected unattended on passenger ferry (Alg@line project)
passing the region on route Travemiinde-Helsinki were used
to examine remote sensing data [5]. The data recording
interval was 20 s, giving the horizontal resolution in a range
from 150 to 200 m. Thus, Alg@line and SAR data have
approximately the same spatial resolution. Time window of
analyzed part of measurements along the transect (crossing
the area under investigation on SAR scene) was from 15.30
on 24 September to 00.30 on 25 September.

3. METHODS

In order to analyze the manifestation of temperature and
chlorophyll a differences on SAR images remote sensing
data was compared with in situ measurements. SAR and
MODIS data values that coincided with the measurement
point along the transect were extracted for comparison.

Due to the lower incidence angle values (masks the signal
from phenomena on sea surface) the data in the western part
of SAR image (latitude and longitude higher than 59.5 N
and 22.5 E) on 24 September were excluded and the area
under investigation ranged from 58.2° to 59.5° N and from
19.8° to 23.5° E. On the SAR image from 25 September the
area under investigation ranged from 58.2° to 59.5° N and
from 19.8° to 24.0° E. Correlation coefficients were
calculated to characterize the relation between SAR and in
situ measured data along transect. Before the correlation
coefficients were found the locations of spikes (eddies and
low temperature areas corresponding to the low c° values)
were determined from both graphs to detect the difference
caused by discrepancy in recording times.

4. RESULTS AND DISCUSSION

An upwelling can be seen along the northern coast of
Hiiumaa Island on MODIS SST images (Figure 1). Wind
data from the meteorological station on the NW coast of
Estonia (59.25° N, 23.66° E) showed that upwelling
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favorable wind blew from 20 to 23 September. As a result
three upwelling related eddies (marked as A, B, and C) can
be detected on SST images on 23 September (Figure la).
The minimum temperature values in the center of eddy (A)
were 9.6 °C at 10.05 and 9.5 °C at 11.55 on 23 September.
On 24 September at 11.00 the corresponding temperature
was 10.0 °C. The surrounding water had temperature value
around 13.5 °C on all three images. Another eddy (C) can be
seen on the line between Osmussaar Island and Hanko
peninsula (Figure 1). The minimum temperature values in
the eddy centre were 10.3, 11.0 and 11.2 °C on three
consecutive images. The temperature of surrounding water
was ~13.4 °C. On MODIS SST image from 23 September a
weak eddy (B) can be seen (Figure la, Figure 1b). By 24
September the eddy has started to decay (Figure Ic).
However, colder water was still present in the eddy region.
The minimum temperature values in the eddy center
increased in time. On 23 September the values were 10.3
and 10.8 °C, while on 24 September the temperature reached
11.5 °C. The surrounding water temperature was 13.5 °C.

In addition to temperature the chlorophyll a concentration
differences were analyzed from MODIS imagery (Figure
1d). Comparison of MODIS chlorophyll a (Figure 1d) with
in situ chlorophyll a measurements (Figure 3b) confirmed
that MODIS ocean color product (OC3) is overestimating
the chlorophyll a concentration values. Chlorophyll a
concentration front can be detected at the entrance of the
Gulf of Finland from in situ measurements and MODIS data.
Two of the three eddies (A and C) were captured on SAR
images on 24 and 25 September at the entrance of the Gulf
of Finland (Figure 2a, Figure 2b). Also the areas that are
covered with upwelling water (region of eddy B) are
detected as low backscatter regions. The scale of the eddy
(A) detected on SAR images on 24 September was about 25
km. The backscatter difference between eddy centre and
surrounding water was ~12 db while on the following day
(25 September) the difference was ~11 db. Since wind
conditions were similar (wind speed was ~3 m/s) during the
acquisition of the SAR images then it can be expected that
backscatter differences from image to image were not
caused by wind field differences.

On 24 September the eddy C appeared as stretched in E-W
direction and the scale in that direction was ~27 km. The
scale of the eddy in the N-W direction was ~13 km. The
difference of 6° value between eddy centre and surrounding
area was ~10 db. Eddy that was marked as C was also
detectable on 25 September when the difference between
eddy centre and surrounding area was ~6 db. The scale of
the eddy was ~13 km in NE-SW direction and ~10 km in
NW-SE direction.
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Figure 2. SAR images on 24 September at 09.04 (a) and 25
September at 20.00 (b). Transect is marked as red line on
both images. ¢° values along the transect (c).
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Comparison of data sets showed accordance between SAR
and in situ data. The low backscatter areas on SAR images
are well correlated with chlorophyll a, temperature and
turbidity data. The maximum and minimum values are at the
same locations on SAR and in situ temperature images
(Figure 2, Figure 3c). The correlation coefficient between
these two datasets on 24 September was 0.19 and between
the in situ temperature on 24 September and SAR
backscatter on 25 September the value was 0.52. SAR data
along the transect correlated better with chlorophyll a and
turbidity measurements. For the SAR image from 24
September the corresponding correlations coefficients were
0.65 and 0.63. For radar image that was acquired on 25
September the values were 0.70 and 0.73.

[2] and [8] have shown that changes in SST field affect the
radar backscatter through changes in air-sea boundary layer
stability. This effect was also observed on remote sensing
images from the 24 September (Figure 1c, Figure 2a). On
the other hand [1] showed that in case the presence of
surface slicks (i.e. high chlorophyll concentration) the effect
of temperature is secondary. This could explain why SAR
data correlated better with measurements of biological
parameters than with temperature data.

5. CONCLUSIONS

SAR data complemented with operational high resolution in
situ data provides a good basis for monitoring the evolution
of mesoscale eddies in regions where cloud cover limits the
use of optical remote sensing images. Current study showed
that the upwelling related cold eddies can be detected from
radar imagery. The comparison of remote sensing data and
in situ measurements showed that the correlation coefficient
between SAR data and biological parameters in
low/moderate wind conditions can reach up to ~0.7 which
exceeds the corresponding value between SAR backscatter
and SST.
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ABSTRACT

The sea surface temperature (SST) and chlorophyll a (Chl a) fields during series
of upwelling events in the Gulf of Finland were investigated using remote
sensing imagery from optical, infra-red, and radar sensors. Upwelling caused by
the along-shore wind forcing typically brings cold and nutrient-rich deeper water
to the surface layer, which may promote phytoplankton (cyanobacteria) blooms.
The combined use of remote sensing imagery complemented with in situ and
wind data provides information about SST fields and upwelling-related blooms
as well as the locations and scales of upwelling fronts, filaments, and eddies.

The remote sensing data used in the current study originated from the
following sensors: Moderate Resolution Imaging Spectroradiometer (MODIS),
Medium Resolution Imaging Spectrometer (MERIS), and Advanced Synthetic
Aperture Radar (ASAR),. In order to estimate the suitability of remote sensing
data for monitoring SST and Chl a fields in dynamic conditions, the satellite
imagery was compared with in situ measurements. Comparison between MODIS
SST retrieval and flow-through (FT) temperature showed a good correlation (R
> 0.96), with an root mean square difference of 0.46 °C. A warm bias of 0.24 °C
was observed between the remote sensing SST and the FT temperature. It was
shown that FT temperature measurements from a depth of 4 m could be used for
validation of SST data in cases when the wind speed was over 5 m s as the bias
is reduced significantly compared to the low wind conditions. The Chl a
concentration obtained from MERIS data using the FUB Case 2 waters
processor was well correlated with in situ Chl a (¥ = 0.67), but was
underestimated on average by 25%.

The upwelling characteristics in the Gulf of Finland observed from MODIS
SST imagery (June—September, 2000-2006) showed that upwelling events
occurred more often along the northern coast of the Gulf and covered larger
areas (19% of the Gulf area) compared to the southern Gulf (13%). Upwelling
events were more extensive in the western part of the Gulf than in the eastern
part. During the extreme upwelling, nearly 40% of the Gulf area was covered by
upwelling water. Temperature differences between upwelling water and
surrounding water were up to 15 °C. Due to the different cumulative wind stress
and different topographies of the northern and southern coasts of the Gulf, the
upwelling characteristics differed in the following way: (1) the upwelling events
off the northern coast were more extensive and the upwelling water covered
larger areas of the coastal sea, and (2) the upwelling filaments were
predominantly observed off the northern coast.

Synthetic Aperture Radar (SAR) data (September 2008) allowed the diameter
of the eddy core and the diameter of the eddy rotation field to be estimated. The
study showed that the SST differences of 2—3.5 °C resulted in attenuation of
NRCS (normalized radar cross section) in a range of 10—12 dB in the region of
the upwelling-related eddy.
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Spatio-temporal variability of Chl a caused by a sequence of upwelling
events in July (along the northern coast) and August (along the southern coast)
of 2006 in the Gulf was investigated using MERIS, MODIS, and in situ data.
The spatio-temporal variability of Chl a showed the evident influence of coupled
upwelling and downwelling events and related filaments. The variability of Chl
a was largest in the western and central parts of the Gulf, where mesoscale
activity was the highest. Upwelling events had only a minor influence in the
eastern part of the Gulf, where Chl a concentrations were relatively high and
persistent throughout the study period. The highest Chl a concentrations (up to
14 mg m™) along the northern coast were observed about two weeks after the
upwelling peak. Comparison of the upwelling areas on the SST images and post-
upwelling high Chl a areas on MERIS images showed structural similarities.
The upwelling area along the northern coast (4879 km?) and the high Chl a area
(5526 km?) about two weeks later were roughly coincident. The high Chl a
values were likely induced by (1) growth of phytoplankton promoted by nutrient
input, and (2) the northward Ekman transport of surface waters caused by
easterly wind-forcing at the beginning of August.
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RESUMEE

Kéesolevas to0s uuriti apvellingutega seotud merepinna temperatuuri ja
klorofiilli kontsentratsiooni muutusi Soome lahes, kasutades kaugseire andmeid.
Piki kallast puhuvast tuulest pohjustatud apvelling toob veesamba siigavamatest
kihtidest pinnakihti kiilma ja toitaineterikast vett, mis on iiheks eelduseks
fiitoplanktoni (sinivetikate) ditsenguks. Kaugseire andmete, kontaktmddtmiste ja
tuule andmete kooskasutamine voimaldab saada informatsiooni nii merepinna
temperatuuri (SST) véljade, apvellingutega seotud fiitoplanktoni ditsengute kui
ka apvellinguga seotud keeriste ja filamentide mastaapide kohta.

Antud t60s kasutati kaugseire andmeid, mis pédrinevad jargmistelt
satelliitsensoritelt: MODIS, Envisat/MERIS ja Envisat/ASAR. Hindamaks
kaugseire andmete sobivust apvellingutega seotud merepinna temperatuuri ja
klorofiilli kontsentratsiooni muutlikkuse jalgimiseks teostati vordlev analiiiis
satelliidi andmete ja kontaktmddtmiste vahel. MODIS-e SST andmed ja
labivoolusiisteemiga moddetud temperatuuri andmed olid heas korrelatsioonis
(R > 0,96) ning ruutkeskmine hélve oli 0,46 °C. Vordlusest selgus, et MODIS
iilehindas siistemaatiliselt 0,24 °C vorra merepinna temperatuuri védrtusi. Ka
nditasid vordluse tulemused, et 4 m siigavuselt ldbivoolu siisteemiga kogutud
temperatuuri andmeid saab kasutada kaugseire andmete valideerimiseks vaid
juhul, kui tuule kiirus on iile 5 m s sest siis vihenes ruutkeskmine hilve kahe
erineva moodtmismeetodiga saadud temperatuuri ridade vahel. Klorofiilli
kontsentratsiooni hinnangud, mis saadi kasutades Free University of Berlin poolt
vilja tootatud algoritmi optiliselt komplekssete vete jaoks, olid kiill heas
korrelatsioonis kontaktmd&tmistega (1 > 0,96), kuid alahindas kontsentratsiooni
vadrtusi keskmiselt 25%.

SAR andmete analiiiis voimaldas méérata apvellinguga seotud keerise
kiilma tuuma ja keerise kiirusvélja modtmeid. Samuti on néidatud, et merepinna
temperatuuri kontrast 2-3,5 °C apvellingu piirkonnas pohjustab NRCS
(normalized radar cross section) ndorgenemise 10—12 dB.

Merepinna temperatuuri piltide pealt méédratud apvellingu parameetrite
kohaselt esinesid apvellingu siindmused tihedamini Soome lahe pdhjakaldal, kus
nad katsid keskmiselt 19% lahe pindalast. Keskmine 1dunakalda apvellingu
veega kaetud pindala oli 13% lahe pindalast. Ekstreemsetel juhtumitel v3ib kuni
40% Soome lahe pindalast olla kaetud apvellingu veega. Apvellingud on
ulatuslikumad Soome lahe ld4ne osas kui idapoolses lahe osas. Temperatuuri
erinevused apvellingu poolt pinna kihti toodud vee ja seda timbritseva vee vahel
ulatus kuni 15 °C. Erineva atmosfddri moju ning lahe pohja- ja 16unakalda
topograafia isedrasuste tottu erinesid apvellingu parameetrid jargnevalt:
1) apvellingud lahe Soome rannikumeres olid ulatuslikumad ja apvellingu vesi
kattis suurema osa rannikumerest ja 2) apvellingu filamendid tekkisid pohiliselt
Soome rannikumere apvellingute korral.
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Apvellingute moju klorofiilli vilja ajalis-ruumilisele muutlikkusele Soome
lahes uuriti 2006. a. suviste MERIS-e, MODIS-¢ ja vdlimootmiste andmete
alusel. Juulis oli apvelling lahe pohjapoolses rannikumeres ja augustis
ldunapoolses rannikumeres. MERIS-e klorofiilli kontsentratsiooni jaotuste
analiiiis nditas, et klorofiilli ajalis-ruumilises muutlikkuses kajastusid selgelt
apvellingu ja daunvellingu sindmuste mojud. Klorofiilli kontsentratsiooni
muutlikkus oli suurim lahe ld4ne- ja keskosas, kus mesomastaapsete protsesside
moju oli suurim. Apvellingute mdju klorofiilli kontsentratsioonile oli vdiksem
lahe idapoolses osas, kus kontsentratsioonid olid piisivalt suhteliselt kdrged kogu
vaadeldud perioodi viltel. Korgeimad klorofiilli kontsentratsiooni véértused
(kuni 14 mg m™) esinesid Soome lahe pdhjapoolses rannikumeres kaks nidalat
peale apvellingu siindmuse tippu. Korged klorofiilli kontsentratsioonid olid
tekitatud (1) apvellinguga iilakihti toodud toitainete pdhjustatud fiitoplanktoni
kasvust ja (2) augusti alguses esinenud idakaare tuulte poolt genereeritud
pohjasuunalisest Ekmani transpordist. Apvellinguaegsete merepinna tempera-
tuuri piltidel ja apvellingujargsete klorofiilli kontsentratsiooni piltidel olid
sarnased struktuurid ja ruumiline ulatus. Lahe pdhjakalda apvellingu pindala
(4879 km?) ja kaks nidalat hiljem tekkinud kérge klorofiilli kontsentratsiooniga
ala (5526 km®) olid ligikaudu vérdsed. Korge klorofiilli kontsentratsiooniga
filamentide asukohad langesid kokku pdhja kalda apvellingu kiilmade
filamentide asukohtadega. Intensiivse Soome lahe 16unakalda apvellingu korral
langesid madala klorofiilli kontsentratsiooniga alad kokku kiilma apvellingu
veega kaetud piirkondadega (k.a. filamendid).
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