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was employed to monitor the surface expressions of some biotic and 

veloped to reconstruct the seasonal variations of the above substances in 
pixels occasionally masked by cloudiness. The developed software pack-
age provided a means to obtain the series of intra-annual spatial and tem-
poral variations of chl, sm, doc and sea surface temperature throughout the 
WS from SeaWiFS and AVHRR, respectively. The observed variations are 
controlled by (a) the dynamics of water turbidity and opacity due to sea-
sonal variations in the content of sm and doc driven by the river discharge 
varying influence, and (b) thermo-hydrodynamic processes encompassing 
water density currents, tides, upwellings, fronts, etc. 

1. Introduction 

The White Sea (WS) is attracting growing attention from both scientists 
and society. This is due to a new stage in the development of natural re-
sources of the WS and its catchment area. These are extensive fishing, 
steadily developing farming of mariculture, vast engineering activities aim-
ing to transport natural gas from the deposits in the Barents Sea shelf zone 
to west Europe. In addition, rapidly unfolding exploitation of diamond 
and gold quarries, escalating timber cutting/deforestation and agricul-
tural development along with many other activities are inevitably af-
fecting the WS ecosystem. The ongoing climate change is an extra forcing 
factor that should not be overlooked. 

minerals (sm) and dissolved organic carbon (doc) from space sensor data, 
taneous retrieval of contents of phytoplankton chlorophyll (chl), suspended 
Abstract. A new operational non-satellite-specific algorithm for a simul-

abiotic processes in the White Sea (WS). A special technique has been de-
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The WS waters are mesotrophic (Filatov et al. 2005). The content of 
dissolved organic carbon (doc) is high across the entire sea, whereas the 
bays are also rich in suspended, first and foremost, mineral matter (sm), 
due to river discharge but also land runoff. Hence, the optical properties of 
the WS waters qualify as Case 2 waters (Morel and Prieur 1997). 

In turn, this indicates that the National Aeronautics and Space Admini-
stration (NASA) and European Space Agency (ESA) standard algorithms 
used for the retrieval of chlorophyll (chl) in Case 1 waters cannot be applied 
for the WS. Besides, for a comprehensive characterization of ecological 
processes in mesotrophic water bodies, solely chl data are insufficient and 
information about other water constituents such as sm and doc is also 
mandatory. Therefore, non-standard retrieval algorithms are required for 
processing satellite water colour data from the WS. 

Due to cloud screening and imperfect atmospheric correction, there are 
generally some lacunas in water colour and Sea Surface Temperature 
(SST) data for certain time-intervals and areas of the WS. To overcome 
this impediment, some special technique had to be developed and applied 
to processing remote sensing data on the WS water colour and SST. 

Data collected by the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) 
and the Advanced Very High Resolution Radiometer (AVHRR) were used 
to obtain time and space distributions of chl, sm, doc and SST, respectively. 

2. 

The WS (Figure 1) is a marginal shelf sea, with a total area of 90,800 km2, 
including islands. The greatest width, which is between the cities of Ark-
hangelsk and Kandalaksha, reaches 450 km. The WS has a watershed area 
of about 715, 000 km2. Assessed at 2,200 km3, the average volume water 
exchange between the White and Barents Seas (Filatov et al. 2005) is 
highly essential for the WS hydrology and biogeochemistry. 
The northern part is connected to the Barents Sea through a strait called 
Voronka (Funnel). The southern and central parts of the WS, called 
Bassein (Pool) are the largest and deepest regions of the sea. There are also 
several large bays in the area, namely Dvinskiy, Onezhskiy, Mezenskiy 
and Kandalakshskiy Bays, called (with the exception of the latter one) af-
ter the respective inflowing rivers (Severnaya Dvina, Onega, and Mezen). 
It is the Niva River that flows into Kandalakshskiy Bay. 

The bottom relief of the sea is irregular: the mean depth is 67 m and the 
maximum depth is 350 m (Figure 1). Located within the Bassein, the central 

General characterization of the White Sea 
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depression, with depths exceeding 100 m, extends from Kandalashskiy 
Bay to Dvinskiy Bay. 

 

 
Fig. 1. The WS geographical location and regionalization. 

The southern bays are shallow. Onezhskiy Bay, the shallowest region 
with the depth ranging within 5–25 m, is separated from the central part of 
the sea by the Solovetskiy Archipelago. The outer part of Kandalaksha 
Bay is the deepest (~350 m) region of the WS. 

As compared to the WS total water volume, the freshwater discharge per 
year is small (only 5%), but has major consequences for the marine 
thermo-hydrodynamics and biogeochemistry. The cumulative share of the 
aforementioned rivers in the annual freshwater input into the sea reaches 
88%. The biggest annual discharge comes from the Dvina River (122.3 km3), 
the lowest one (21.7 km3) from the Niva River. The river discharge is 
highest in May with a secondary enhancement in October. 

The water of the tributaries is rich in humic substances: the concentra-
tion of doc can be as high as 18.3 mgC dm–3. In the open parts of the WS, 
the maximum concentration of doc is much lower (4–5 mgC dm–3). 

The WS water is mostly greenish in colour. In river mouths, the colour 
varies from yellow to brownish. The Secchi depth is 7–8 m in the open sea 
and 2–3 m in the delta areas. In summer, when riverine waters propagate 
over larger offshore areas, the seawater transparency is reduced, and the 
prevailing colour is yellow-green. 

The WS is characterized by both the presence of a well-pronounced ver-
tical stratification and fairly large seasonal fluctuations of surface and bulk 
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water temperature. The mean SST reaches 14–18°C in August but declines 
rapidly in October. 

The thermo-hydrodynamics of the WS is fairly intricate although there 
are some persistent features, i.e. coastal currents running along the western 
coastline from north to south and further back to north in the east, as well 
as permanent eddies residing mostly in the Bassein. 

Semi-diurnal and diurnal tides affect significantly the hydrodynamics of 
the WS by influencing first of all sea water level (in Mezenskiy Bay, the 
syzygial tide is 8 m but gradually declines down to 0.7 m in Onezskiy 
Bay), but also the rate of water mass exchange between the WS and the 
Barents Sea. 

A variety of frontal zones are found in the WS. Some are formed under 
the influence of river runoff (the runoff and estuarine fronts), whereas the 
others are driven by tides, seasonal heating as well as by specific features 
of the bottom relief and shoreline contours. 

3. Methodology 

3.1 Water quality retrieval algorithms 

The developed fast operating algorithm for a simultaneous retrieval of the 
concentration vector C = (Cchl, Csm, Cdoc) is based on two segments - the 
Levenberg–Marquardt (L–M) multivariate optimization approach in com-
bination with a Neural Network (NN) emulation technique. As inputs, 
the algorithm uses spaceborne spectral values of subsurface remote 
sensing reflectance, rswR  which by definition is the upwelling spectral 
radiance just beneath the water-air interface, ),0( λ−L  normalized by the 
downwelling spectral irradiance, ),0( λ−E  at the same level. Initially, 
the NN segment of the algorithm rapidly determines the ranges of the 
concentration vector C of the water Colour Producing Agents (CPA), i.e. 
chl, sm and doc, which are then used as inputs for the L–M procedure as 
the starting CPA concentrations to determine for each sensor’s wavelength, 
i the absolute minimum of the functional f(C) = ∑ i gi

2(C) where the term 
rswcalrswrswi RRRg /)( ,−=  

measured, rswR  and calculated, , bR calrsw subsurface remoter sensing 
reflectance. The ),( bC, ba,Rrsw λ  parameterization used in this algorithm 
has been suggested by Jerome et al. (1996) and requires spectral values of 
the CPA absorption and backscattering coefficients (i.e. a hydro-optical 
model). The employed combination of the L–M and NN segments in-
creases manifold the speed of the algorithm determining simultaneously all 
three CPA components. Importantly, the algorithm is not sensor-specific 

is the weighted squared residuals between the 
(λ,C,a,b )
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and can be used to infer the CPA concentrations in Case 2 waters from 
any ocean colour mission satellite sensors. It is neither area-specific given 
an adequate hydro-optical model of the targeted water body. The algorithm 
is outfitted with two quality assessment units eliminating a) pixels with 
imprecise atmospheric correction, and b) pixels corresponding to waters, 
whose hydro-optical properties cannot be accurately described by the em-
ployed hydro-optical model. A detailed description of the employed ad-
vanced bio-optical algorithm is given in (Pozdnyakov et al. 2005a). 

Since there is no hydro-optical model specifically developed for the 
WS, the employed hydro-optical model was the one for Lake Ladoga 
(Pozdnyakov and Grassl 2003). This is justified by the fact that both water 
bodies (i) are within close latitudinal zones, and (ii) have geomorpho-
logicallly similar catchment areas. It implies that doc and sm composition and 
optical properties can be akin for both water bodies. The phytoplankton in 
the WS estuaries are mostly of riverine origin, and hence are rather similar 
to the phytoplankton indigenous to Lake Ladoga (Sapozhnikov 1994). In 
pelagic waters they are maritime and, strictly speaking, differ from those 
inherent in Lake Ladoga, but given close latitudinal zones, they encompass 
by and large the same main algal taxa such as Bacillariophyceae, Chryso-
phyceae, and Cryptophyceae (Sapozhnikov 1994). 

The developed bio-optical algorithm was validated for the conditions of 
the WS. Table 1 illustrates a comparison of water quality variables re-
trieved from SeaWiFS images over Onezhskiy Bay with the respective in 
situ data (Pozdnyakov et al. 2005). The comparison indicates that the algo-
rithm retrieves well chl and doc concentrations, but is less accurate for sm. 
One of the reasons is undersampling. Indeed, in situ measurements refer to 
a point on the surface of the bay where the sample was taken, whereas the 
SeaWiFS pixel measures 1.1 × 1.1 km2. Thus, the remote sensing CPA val-
ues in Table 1 are in reality spatially averaged. Given the well-known spa-
tial inhomogeneity of CPA distributions, such inconsistencies are generally 
inevitable unless the sampling is frequent enough to account for the above 
effect. Based on numerous validations (Pozdnyakov et al. 2005), the as-
sessed CPA retrieval error is ±50%. 

The AVHRR SST data were obtained as ready-to-use products provided 
by NASA (Kidwell 1997) using the window-split algorithm. The SST as-
sessed accuracy is ±0.5°C. 
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Table 1. Comparison of chl (μg dm–3), sm (mg dm–3) and doc (mgC dm–3) concen-
trations retrieved from SeaWiFS images over Onezhskiy Bay with the in situ data 
both obtained on 10 July 2002 for several locations in the bay (Figure 1, inset). 

Stations 1 2 3 4 5 6 
chl 1.6 1.1 1.1 1.5 1.8 1.8 
sm 8.3 5.8 5.9 5.8 6.3 5.3 

in situ 

doc 0.25 0.25 0.65 0.7 0.3 0.1 
chl 1.3 1.2 1.1 1.5 1.6 1.7 
sm 6.5 5.5 4.5 4 4 3.9 

Remote 
sensing 

doc 0.8 0.7 1.1 1 1 0.9 

3.2 Interpolation algorithm 

In order to generate a sequence of images in the cases with frequent 
cloudiness, a special interpolation technique has been developed. Based on 
statistically ample data on the WS area, for each pixel with coordinates x 
and y, established were polynomials relating the retrieved parameter Ψ  
with the respective date, i.e. yielding the temporal variations of the pa-
rameterΨ : Ψ  [x, y] = a0 + a1 ⋅ date + a2 ⋅ date2 + a3 ⋅ date3+…an ⋅ daten, 

j
der. The latter was tested through assessing the significance of the poly-
nomial expansion coefficients. The resulting polynomials were then used 
for the reconstruction of temporal variations in CPAs and SST in each pixel 
across the WS for the days with missing/incomplete satellite observations. 
Importantly, the resulting time resolution of the image sequence can be as 
high as a few days. This technique is also very useful for producing com-
puter-based animations displaying the spatial/temporal variations in CPAs 
and SST. Since this approach is not variable-specific, it can be applied to 
any other satellite-derived product. The algorithm is described in detail in 
(Korosov et al. 2006). 

3.3 In situ measurements 

Shipborne determinations of sm and doc were performed following the 
methodologies described in Greengerg et al. 1992. For sm, the membrane 
Synpor filters of a 0.85 μm nominal pore size were used. The applied sample 
incineration temperature was 500°C. doc was determined by means of bi-
chromatic oxidation with eventual transition to units of mg C dm–3 via a 
specific coefficient of proportionality (0.375). For chl Vladipore filters 
(with 1 μm pores) and the UNESCO spectrometric method were used 

where a  ( j = 0…n) are the expansion coefficients, n is the polynomial or-
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(UNESCO/SCOR 1966). At each station, sampling was performed at three 
depths: 0.5 m, 2 m and 3 m. However, the preceding high winds resulted in 
enhanced vertical mixing, so that vertically averaged CPA concentrations 
differed but insignificantly from subsurface counter values. Located within 
the area of a narrow depth range (20–40 m), all stations (Figure 1) were 
performed on the same day of the satellite overflight. The errors of in situ 
determinations of smchl CC , and docC  are ±5, 1.5 and 10%, respectively. 

4. Remote sensing results 

4.1 Spatial and temporal variations of chl, sm, doc and SST 

The methodology described in section 3.1 was employed to process 
SeaWiFS images over the WS for the entire period of the sensor operation, 
i.e. 1998–2004. AVHRR data were processed for the same period. Distri-
butions of chl, sm, doc and SST were obtained with a time interval of five 
days. Based on these data, monthly averages were calculated for the period 
April–September (Figure 2). 

The spring phytoplankton are mostly diatoms, which amply develop in 
cool water. In April, while some parts of the WS still remain covered by ice 
(Filatov et al. 2005), the phytoplankton start developing in the southern part 
of Onezhskiy Bay, and, to a lesser degree, upward to the north, in Dvinskiy 
Bay in the area immediately neighbouring the delta of the Severnaya Dvina 
River (Figure 2). There is an area of enhanced chl concentrations to the 
south of the Solovetskiy Archipelago, this area being known as a stable 
upwelling zone. These distributions are governed by both the nutrients and 
light availability. In the bays, the nutrients are brought in with river dis-
charge, while in the vicinity of the Solovetskiy Archipelago, they are en-
trained upward by the upwelling movements. Enhanced chl concentration 
can be observed along the southern coastline of the Gorlo. The concentra-
tions of doc and sm are still very low throughout the sea. 

In May, as SST gradually increases, but mostly in shallow Onezhskiy 
and Dvinskiy bays (however, not yet in Mezenskiy Bay, which is more to 
the north), and the river discharge is the highest (see Section 2), the pattern 
of CPA and SST distributions change accordingly (Figure 2). 

The phytoplankton strongly develop in Onezhskiy and Dvinskiy Bays 
and also in the pelagic region of the WS. At the same time, the phyto-
plankton outburst starts also in Mezenskiy Bay, mainly cold water diatoms 
that have already bloomed in the two southern bays. 
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–3), 
over the White Sea, for the time period 1998–2004, as obtained from AVHRR and 
SeaWiFS data. 

 
Fig. 2. Panel 1. Monthly averaged SST (°C) and concentration of  chl (μg dm
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–3 –3), 

data. 

) and doc (mgC dmFig. 2. Panel 2. Monthly averaged concentrations of sm (mg dm
over the White Sea, for the time period 1998–2004, as obtained from SeaWiFS 
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The observed appreciable increase of concentrations of sm and doc in 
the bays is definitely due to the peaking river discharge, which is rich in 
both sm and dissolved and suspended soil humus fractions. Phytoplankton 
are abundant in the Gorlo, mostly along its southern coastline, the algae 
being advected from Dvinskiy Bay by the coastal current (see Section 2). 

Two frontal zones due to river discharge in Onezhskiy and Dvinskiy 
Bays are distinctly discernible in the SST distribution (Figure 2). 

In June, the concentrations of CPAs start somewhat receding, which is 
due to the developing depletion of nutrients for phytoplankton and lower 
river discharge for sm and doc. At the same time, the frontal zone separat-
ing the Bassein and Gorlo as well as the tide-driven upwelling zone around 
the Solovetskiy Archipelago become more obvious in the SST distribution 
(Figure 2). Warm water extends northwards, reaching the deep parts of the 
WS, i.e. Kadalakshskiy Bay and the Bassein. As a result, the thermal gra-
dients across the frontal zones that are due to river discharge temporarily 
diminish. 

In July, the SST in the main shallow bays continues to increase and 
reaches 17–18°C in the innermost parts of Onezhskiy and Dvinskiy Bays. 
The thermal gradients within the river discharge frontal zones become 
again enhanced, whereas the spatial distribution of SST becomes rather 
homogeneous over vast areas covering Kandalakshskiy Bay and the Bassein 
but also Mezenskiy Bay. However, there is a strip of relatively cool water 
extending from the Voronka through the Gorlo along its northern coast 
(known as the Derugin current), which is the residual of the frontal zone 
caused by the tides. 

The phytoplankton concentration continues receding throughout the WS 
as the nutrient availability becomes more and more scarce. Low levels of 
river discharge result in shrinking of the associated frontal zones in 
Onezhskiy and Dvinskiy Bays as well as in a substantial decrease of con-
tent of sm and doc there. 

The changes in SST observed in thermal tendencies during July con-
tinue into August: the water temperature increases further, reaching 20°C 
not only in bays but also along the north–western coastline of the WS. The 
thermal fronts persist in the bays, and the tidal front separating the Gorlo 
and Bassein becomes again expressed somewhat stronger. 

At the same time, the biogeochemical cycle in the WS reaches the phase 
when the nutrient concentrations increase slightly again after the mid-summer 
minimum. A second, although far less strong phytoplankton bloom begins. 
Concentrations of sm and doc remain at low levels. 

The phytoplankton growth continues till mid September. The autum-
nal/secondary maximum is not characterized by a well-developed algal 
biomass peak, as it is influenced by the declining water temperature and 
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lower solar irradiance, although the nutrients might remain fairly abundant 
during autumn (Filatov et al. 2005). Concentrations of sm begin to increase 
slightly, which is thought to be due to the second/autumnal increase in 
river discharge, peaking in October. However, apparently this does not en-
tail a substantial enhancement of doc concentrations. 

The surface thermal expressions of the upwelling front in Onezhskiy 

In October, the SST is rather homogeneously distributed throughout the 
sea. The phytoplankton activity comes to an end indicated by the seawater 
transparency (Secchi depth) that increases to eventually reach its maxi-
mum of 7–8 m. 

Thus, for the first time the major biogeochemical and thermohydro-
dynamic features have been visualized from the collected satellite data in 
the visible and thermal infrared. 

4.2 Comparison with historical in situ data 

In the absence of in situ data covering the entire White Sea synchronously 
(or at least, quasi-synchronously) with spatial resolution comparable to 
satellite sensors, historical in situ data on CPA concentration or SST value 
ranges have to be used. 

Regarding CPAs, historical in situ data exist only for chl and doc con-
centrations. In the middle and outer parts of Dvinskiy Bay the chl concen-
tration in surface waters was registered between 21 June and 8 July 1991 at 
8–10 μg dm–3 and 3.0–10 μg dm–3, respectively, whereas in the inner part 
of Kandalakshskiy Bay it was at 3–4 μg dm–3. In the Gorlo, the surface 
water chl concentration was 3 μg dm–3. The concentration of doc, varies 
across the sea remaining, however, below about 5 mg dm–3 in pelagic 
areas, but can reach 18 mg dm–3 in the innermost parts of the bays. A com-
parison with remotely sensed concentrations in Figure 2 shows good gen-
eral agreement, although, of course, it would be unreasonable to expect a 
better match because the historical in situ data are scarce and date back to 
the early 1990s. 

For SST, the available in situ data indicate that in late June-early July, it 
reaches about 4°C and 7°C along the northern and southern coast of the 
Gorlo. In the Bassein, it ranges between 4°C at the boundary with the 
Gorlo and 14°C in the areas neighbouring the outer parts of the principal 
bays. In the bays, it increases with the approach to river estuaries, even 
reaching 19–21°C (Filatov et al. 2005). These SST ranges compare well 
the range of SST obtained from the satellite data. 

become further accentuated. 
Bay as well as the tidal front, constituting the Bassein/Gorlo abutment, 
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5. Concluding remarks 

Thus, for the first time, the WS, has been comprehensively studied from 
space via combining satellite visible and infrared data. The developed 
advanced methodologies allowed revealing the spatial and temporal varia-
tions SST and CPAs and causally relate ecologically important biogeo-
chemical processes with the sea’s thermo-hydrodynamics. The documented 
perennial life cycles of the phytoplankton community, entrainment and 
dispersion of phytoplankton by currents, establishment, weakening and 
disappearance of fronts of various nature provide a much deeper insight 
into the essence, dynamics and interactions between marine biotic and 
abiotic processes. 
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