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1 Introduction 
Oceans and marginal seas constitute the domains of the Earth System with increasing 
societal significance, as defined by a number of global and European policy documents, 
such as the UN Sustainable Development Goals, Paris Climate Agreement, and the EU 
Green Deal. Improved ocean governance necessitates that present marine information 
systems, based on in situ observations, remote sensing, and numerical modelling (both 
in operational forecasting and in climate projection modes) would undergo fast 
development, in order to provide timely, more detailed, and more accurate information 
products.  

When making numerical forecasts using models, improved accuracy in relation to 
observations is usually achieved by data assimilation (DA), which includes interpolation 
or reconstruction of observations and/or model errors, both in meteorology and 
oceanography (Ghil and Malanotte-Rizzoli, 1991; Ide et al., 1997). Oceanographic data 
assimilation has specific features (Ghil, 1989), owing to the nature of governing processes 
(landlocked basins, shallow areas, and wind driving characterized oceans; the atmosphere 
is unbounded, “deep”, and self-driving by polar-tropical gradients), but also of methods 
and observation coverage. 

In the Baltic Sea data assimilation tests started in 2000s. Studies on sea level 
assimilation have been performed by a number of research groups (Canizares et al., 
2001; Sørensen and Madsen, 2004, Ivanov et al., 2012), based on the different variations 
of Kalman filter. Assimilation of scalar variables like temperature and salinity has been 
tested by Funkquist (2006) who used 3D optimal interpolation (3D OI) for satellite and 
profile data. The OI method needs prescription of correlation functions which were 
estimated by Høyer and She (2007), She et al. (2007) and Fu et al. (2011a). Cressman 
method of successive corrections (SC) for satellite-based SST data was used by Nowicki 
et al. (2015). Regarding operational forecasts, several experiments have been performed 
to test the results of DA methods: 3DVAR with isotropic (Zhuang et al., 2011) and 
anisotropic (Liu et al., 2009) recursive filters to estimate covariance functions, Ensemble 
Optimal Interpolation (Fu et al., 2011b) and Singular Evolutive Interpolated Kalman Filter 
(Losa et al., 2012, 2014). In long-term studies, reanalysis has been made using 3DVAR  
(Fu et al, 2012; Fu, 2016), SC (Axell, 2013), Ensemble Optimal Interpolation (Liu et al., 
2013; 2014) and Ensemble 3DVAR (Axell and Liu, 2016). (Paper I) 

In optimal interpolation (OI) (Gandin, 1963) it is usually assumed that local covariance 
decreases with a distance between the points by some fading functions, like Gaussian, 
damped cosine or exponential decay. In the open sea where observations are dense (e.g., 
satellite SST in cloud-free conditions), the OI is sufficiently good (Høyer and She, 2007). 
For cases with sparse observations or in coastal areas with complicated covariance 
patterns, a more comprehensive reconstruction method should be needed. (Paper II) 

In relation to improvements of DA, several statistical methods have been developed 
for the data reconstruction, like various options of regression, optimal interpolation and 
Empirical Orthogonal Functions (EOFs). Reconstruction of acceptable quality (in terms of 
statistics) should account for the multiscale spatial and temporal covariance. There is a 
number of processes that cause significant covariance over large distance, for example, 
warm and cold weather events, occurrence of storms, differential heating or cooling of 
shallow coastal areas compared to the deeper offshore regions (Legrand et al., 2015), 
patterns of freshwater plumes from rivers (Soosaar et al., 2016). Covariance patterns 



10 

have geometrically often elliptical form, that are stretched along the coasts or isobaths 
(Fu et al., 2011a).  

Complementary to the classical OI, methods based on the EOF have been developed 
and applied. The methods have produced reliable large-scale patterns, which were 
approximated by dominant EOFs (Kaplan et al., 1997; Kim, 1997; Menemenlis et al., 1997; 
Beckers and Rixen, 2003); in the regions of dense sampling multivariate approach can be 
applied, and the anomalies from large-scale fields are interpolated using OI or some of 
its variations. (Paper II) 

The novelty of this research is developing and testing a new statistical data 
assimilation algorithm. Testing the traditional assimilation methods with new sea surface 
temperature data sets from satellite remote sensing (Paper I) pointed to the need for a 
more detailed evaluation of spatial covariance statistics of the assimilated variable.  
A new EOF-based method for the reconstruction of gridded data fields of sea surface 
temperature and salinity was developed in the course of these covariance studies  
(Paper II). The new reconstruction method was applied in the new data assimilation 
algorithm (Paper III) that revealed a significant reduction of forecast errors, compared to 
the control run without data assimilation. 

Surface temperature and salinity were chosen as variables for DA in the present study 
since they are important parameters for the modelling of the hydrodynamics, and there 
are abundant observational datasets available. DA of subsurface data was not included 
in the present study because of a much smaller amount of data, and will be considered 
in the future.  

The thesis has the following specific objectives: 
• to test marine data assimilation into the model of the northeastern Baltic using 

satellite SST products from CMEMS and FerryBox observations (Paper I), 
• to develop and test the method for large-scale EOF analysis of sub-regional  

time-dependent SST and SSS data, based on the covariance estimates from the 
model results (Paper II), 

• to implement this statistical reconstruction technique into the DA of the forecast 
model (Paper III),  

• to study the feasibility of this assimilation method (Paper III), 
• to assess the performance of the model with DA (Papers I and III).  
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2 Materials and methods 

2.1 Description of the study area 
The study was conducted in the northeastern part of the Baltic Sea (Fig. 1), between 21°E 
and 30°E from west to east and between 57°N to 61°N from south to north. The region 
includes the Gulf of Finland, the Gulf of Riga, and the northeastern Baltic Proper.  

The topography of the Baltic Sea is irregular with variable depths. There are narrow 
and shallow straits (Skagerrak, Kattegat, Belts and Öresund), deep basins (Arkona basin, 
Gotland deep) and several large gulfs (the Gulf of Finland, the Gulf of Riga, the Bothnian 
sea). Some sub-basins have sills (Bothnian Bay, the Gulf of Riga) restricting the inflow  
of bottom water from the Baltic Proper. The entire sea is regarded as a brackish  
estuarine-type multi-basin water body (Elken and Matthäus, 2008; Leppäranta and 
Myrberg, 2009). 

The coastline of the region is very diverse. There is the Aland archipelago in the NW 
part and many small islands along the southern shore of Finland. Neva Bay in the NE has 
a triangular shape and smooth forms. The Estonian coast of the Gulf of Finland has 
interchanging sections of rocky and sandy beaches and a few islands. In the W there are 
two large islands (Saaremaa and Hiiumaa) with narrow straits connecting enclosed 
Väinameri with Baltic Proper, the Gulf of Riga, and the Gulf of Finland. There is a smooth 
coastline along the Gulf of Riga that has a partly elliptical shape.  

The region lies in the temperate climatic zone. In the summer, SST maximum usually 
exceeds 15 °C in July or August (Alenius et al., 1998), whereas temperatures up to 25 °C 
can occur in the shallow coastal zones (Stramska and Białogrodzka, 2015). Almost every 
winter, sea ice forms with variable extent and thickness; during severe winters (Vihma 
and Haapala, 2009), the Gulf of Finland and the Gulf of Riga are fully ice-covered 
(Jevrejeva et al., 2004).  

The wind regime is anisotropic, with dominant SW winds (Soomere, 2003; Soomere 
and Keevallik, 2003). During a period covered in this study, five storms were observed in 
the Baltic Proper at Utö station (Arra, 2018). 

The river discharge impacts the basin in different ways. The Gulf of Finland and the 
Gulf of Riga together receive 34% of the total freshwater discharge to the Baltic Sea as 
can be calculated from the data by Bergström (1994) and Johansson (2017). This 
increases SSS values from east to west, characteristic to estuarine areas (Yurkovskis  
et al., 1993; Alenius et al., 1998), reaching 7–8 g kg-1 in the Baltic Proper (Kõuts and 
Omstedt, 1993). SSS has numerous high-gradient frontal regions influenced by 
fragmented coastline and multiple rivers entering the basin. Large-scale SSS patterns are 
guided by unsteady circulation that depends on the climatic variations of atmospheric 
forcing (Alenius et al., 1998). 

The thermal regime is dominated by a seasonal heat cycle and modified by differential 
heating and cooling at variable depths in coastal and offshore areas. The warm upper 
layer of 10–20 m thickness is well mixed down to the thermocline or to the bottom, 
depending on which of them is shallower. Occasionally, wind-driven coastal upwelling 
processes disrupt this warm layer (e.g., Uiboupin and Laanemets, 2009). Upwelling and 
downwelling patterns induced by the transient wind fields have strong impact on SST 
(e.g., Laanemets et al., 2011).  

The salinity distribution varies in different sub-basins of the region. Water exchange 
of the Gulf of Finland (Maljutenko and Raudsepp, 2019) and the Gulf of Riga (Lips et al, 
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2016; Maljutenko, 2019) is governed by an inflow of more saline waters in the deep 
layers and outflow of less saline waters in the surface layers. During stronger winds with 
easterly directions, this estuarine circulation may be temporarily reversed (Elken et al. 
2003; Liblik et al., 2013). The Gulf of Finland waters have lower salinity as of those in the 
Baltic Proper, and there is no barrier between them, so saline waters can freely enter the 
Gulf of Finland and create an estuarine halocline there (Elken et al., 2003; Liblik et al., 
2013). In the Gulf of Riga situation is different: only surface waters from the Baltic Proper 
can overpass the sill between two sub-basins (Lilover et al., 1998). 

The surface circulation in the Baltic Proper is cyclonic (Lehmann and Hinrichsen, 
2000), unlike the Gulf of Riga where clockwise circulation may also occur (Maljutenko, 
2019). Depending on the time scale, season, period, method of calculation, and depth 
there are various estimates of gyres in the Gulf of Finland according to different studies. 
Surface circulation in the Gulf of Finland near the coast of Finland has a weak eastward 
component and strong westward flow in Neva Bay and along the Estonian coast 
(Soomere et al., 2011). While horizontal circulation in both of the gulfs has been 
historically considered cyclonic, anticyclonic gyres occur as well. Mesoscale variability 
has rather short spatial scales; the Rossby deformation radius (𝑅𝑅𝑑𝑑) values are from a few 
km to about seven km (Alenius et al., 2003). 

 

 
 

Figure 1. Map of the study area in the northeastern Baltic with depth contours. Shown are the sea 
areas of the Gulf of Finland, Gulf of Riga and part of the northeastern Baltic Proper. Insert presents 
the map of surface salinity of the Baltic and North seas by Rodhe (1998). The arrows present the 
mean basin-wide river discharges in 1000 m3 s-1. The location of our study area is given on the insert 
by a red box. (Paper III) 

2.2 Model description 
The HBM model (Berg and Poulsen, 2012) originates from the BSHcmod model (Kleine, 
1994) initially developed by the Federal Maritime and Hydrographic Agency at the 
beginning of the 1990s. Later it was modified and used by a variety of institutions within 
the HIROMB cooperation.  
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The model was chosen for the present research since it was routinely used for 
operational forecast in Estonia.  

HBM uses the Arakawa C-grid, and produces a forecast for 16 ocean variables 
including temperature, salinity (which were studied in this research), current speed, ice 
concentration and others. More information is given in the report by Berg and Poulsen 
(2012) which has full description of the model and its validation. 

The larger domain of the model covers the entire Baltic Sea including Danish straits 
with a portion of the southern part of the North Sea. For smaller areas, there are setups 
with finer resolution; one of them covers the northeastern Baltic, it has been used in the 
present research.  

The HBM-EST setup has a 0.5’ N x 1’ E resolution containing the Gulf of Finland, the 
Gulf of Riga and the northeastern portion of the Baltic Proper (Lagemaa, 2012).  
The model fields are three-dimensional having 455 x 529 x 39 points (by latitude, 
longitude and depth correspondingly) with 750 088 wet-points, and 71 986 of them on 
the surface. Data for the western open boundary originate from the Baltic-wide HBM 
model, provided by the Copernicus Marine Environment Monitoring Service (CMEMS, 
https://marine.copernicus.eu/, last access: 2 May 2020). Atmospheric forcing is provided 
by the Estonian implementation of HIRLAM (Männik and Merilain, 2007). Forecasts can 
be made up to 48 hours with a time step of one hour. In this research 24 hour forecast 
was used.  

For DA experiments, the model was run with data from the 1st of May until the 31st of 
December 2015. This short period was chosen due to computational reasons, since the 
aim was to keep the high resolution needed for the operational forecasts, which are 
made routinely by the Estonian Weather Service. Model data from the control run (free 
run) without DA were available in the archive for all the DA experiments. For the 
calculation of EOF modes, model data for the longer period were used, as will be 
described in Sect. 2.3.3. 

2.3 Assimilation algorithms 
2.3.1 General approach 
All assimilation methods were performed in the two-dimensional surface layer for 
computational efficiency; there were no observations on deeper model levels. In the 
model results, vertical profiles did not have distinctive graphical signatures of 
assimilation (abrupt steps or jumps) since vertical mixing dominated over introduced 
innovations, as the observations were assimilated every day. 

2.3.2 Optimal interpolation 
OI was developed by Gandin (1963), and in this research it was used for assimilation 
(Paper I). The algorithm uses the least-square minimization of analysis errors to calculate 
the weight coefficients. The preparation of data and the algorithm itself are described 
below.  

Preparation includes the filtering and averaging of observational data. Irregular 
satellite observations were averaged in each wet-point of the 455x529 grid.  

Existing values were then averaged again for the coarse grid 45x53, leaving 744  
wet-points.  

The algorithm has three steps.  

https://marine.copernicus.eu/
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1) The first step is to derive the equations, based on the minimization of function  

𝑄𝑄 = �𝑓𝑓0 −� 𝑤𝑤j�𝑓𝑓j + 𝜀𝜀j�
𝑛𝑛

j=1
�
2������������������������������
⟹ 𝑚𝑚𝑚𝑚𝑚𝑚. It is minimized with respect to interpolation 

weights 𝑤𝑤𝑗𝑗 , where 𝑓𝑓0 = 𝑥𝑥�𝑎𝑎 − 𝑥𝑥𝑏𝑏, which is the difference between the unknown “true” 
state (𝑥𝑥�𝑎𝑎) and background (𝑥𝑥𝑏𝑏) in the model point 𝑚𝑚; 𝑓𝑓𝑗𝑗 = 𝑦𝑦𝑗𝑗 − 𝑦𝑦�𝑗𝑗 is the difference 
between observed values (𝑦𝑦𝑗𝑗) and modelled values (𝑦𝑦�𝑗𝑗) taken at the observation points; 
𝜀𝜀𝑗𝑗 – random errors of observations.  

Minimization is done by setting the 𝑚𝑚 constraints for the derivatives 
𝜕𝜕𝜕𝜕
𝜕𝜕𝑤𝑤𝑗𝑗

= 0 using 

the conditions 𝑓𝑓�̅�𝑗 = 0, 𝑓𝑓0̅ = 0, 𝜀𝜀�̅�𝑗 = 0, 𝜀𝜀j𝑓𝑓j���� = 0, 𝜀𝜀0𝑓𝑓0����� = 0. As a result we obtain for the i-th 
model point the system of 𝑚𝑚 linear equations regarding 𝑤𝑤𝑗𝑗  

 

� 𝑓𝑓𝑘𝑘𝑓𝑓j�����𝑤𝑤𝑗𝑗
𝑛𝑛

𝑗𝑗=1
+ 𝜎𝜎𝜀𝜀𝑘𝑘

2 𝑤𝑤𝑗𝑗 = 𝑓𝑓𝑘𝑘𝑓𝑓0����� ,    (1) 

where 𝑘𝑘 = 1 …𝑚𝑚 is a number of equation.  
By dividing Eq. (1) with the variance 𝜎𝜎𝑓𝑓2 = 𝑓𝑓𝑘𝑘2���, we obtain correlation instead of spatial 

covariance. 
2) The second step is calculating the vector of weights 𝐰𝐰 = 𝐛𝐛(𝐁𝐁 + 𝜂𝜂2𝐈𝐈)−1, based on 

Eq. (1) divided by variance. Here 𝐛𝐛 = 𝑓𝑓𝑘𝑘𝑓𝑓0�������

𝜎𝜎𝑓𝑓
2  is correlation vector between the observation 

point and the i-th model point, 𝐁𝐁 = �𝑓𝑓𝑘𝑘𝑓𝑓j������

𝜎𝜎𝑓𝑓
2 � – correlation matrix between the individual 

observation points, 𝐈𝐈 – a unit matrix, 𝜂𝜂2 – relative noise variance.  
3) The third step is a calculation of the assimilated value 

 
𝑥𝑥𝑎𝑎 = 𝑥𝑥𝑏𝑏 + 𝒘𝒘(𝒚𝒚 − 𝒚𝒚�) = 𝑥𝑥𝑏𝑏 + ∑ 𝑤𝑤𝑗𝑗�𝑦𝑦𝑗𝑗 −  𝑦𝑦�𝑗𝑗� 𝑛𝑛

𝑗𝑗=1 .    (2)  

Correlations  𝐁𝐁 and 𝐛𝐛 were approximated by the Gaussian function from the distance 
𝑟𝑟 between the correlated points. Anisotropic correlation features were taken into 
account by the directional distribution of the correlation scale from the angle 𝜃𝜃 in the 
form of ellipse dependence 𝐷𝐷 = 𝑎𝑎 sin(𝜃𝜃 − 𝜃𝜃0) + 𝑏𝑏 cos(𝜃𝜃 − 𝜃𝜃0) relative to the reference 
angle  𝜃𝜃0. Ellipse semi-axes are designated as 𝑎𝑎 and 𝑏𝑏.This way the correlation has been 

adopted in the form 𝐵𝐵(𝑟𝑟,𝜃𝜃) = exp � −𝑟𝑟2

𝐷𝐷2(𝜃𝜃)
�, where 𝐷𝐷 = 𝐷𝐷(𝜃𝜃) was pre-calculated in the 

each model grid point according to the coastline and topography. According to the 
results by Høyer and She (2007), longer correlation scales were taken along the coasts 
and the isobaths and shorter scales in the perpendicular direction. The typical horizontal 
impact scale along the coast or isobath was chosen at 15 km. Standard deviations for the 
entire run were taken 𝜎𝜎02 = 0.5 and 𝜎𝜎𝑚𝑚2 = 1.0.  

2.3.3 Successive corrections 
The successive correction method or Cressman method was introduced by Cressman 
(1959). The algorithm is based on the following assumptions: a) between the state 
variables are univariate relations; b) weights of the individual observations 𝑤𝑤𝑗𝑗  in Eq. 3. 
decrease with the distance 𝑑𝑑𝑗𝑗  between the observation point 𝑗𝑗 and the model grid point 
𝑚𝑚. The weights are positive within the influence radius and zero outside of it.  

Assimilation is done in two steps.  
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1) The first step is a calculation of weights: 
 

𝑤𝑤𝑗𝑗 =
𝑚𝑚𝑎𝑎𝑚𝑚�0,

𝑅𝑅2−𝑑𝑑𝑗𝑗
2

𝑅𝑅2+𝑑𝑑𝑗𝑗
2�

∑ 𝑚𝑚𝑎𝑎𝑚𝑚�0,
𝑅𝑅2−𝑑𝑑𝑗𝑗

2

𝑅𝑅2+𝑑𝑑𝑗𝑗
2�

𝑛𝑛
𝑗𝑗=1 +𝜂𝜂2

  ,   (3) 

where 𝑅𝑅 is influence radius (37 km, see details below) around the model point 𝑚𝑚;  
𝑗𝑗 – observation point running index; 𝑘𝑘 – number of observations out of total 𝑚𝑚 observations 
are located; 𝜂𝜂2 – relative noise variance; introduced for reduction of the assimilation 
weights in realistic noisy conditions. It is estimated from the variances of observation 

errors 𝜎𝜎𝑜𝑜2 and background errors 𝜎𝜎𝑏𝑏2, 𝜂𝜂2 = 𝜎𝜎𝑜𝑜2

𝜎𝜎𝑏𝑏
2. In the noiseless case (𝜂𝜂2 = 0) the sum of 

the weights is equal to unity (Paper I). 
2) The second step is a calculation of analysis (Eq. 2).  
Data assimilation for SST (Paper I) was made with influence radius value of 37 km  

(20 nautical miles, 40 grid points). This length is about ten times larger than Rossby 
deformation radius. Therefore, the impact of individual mesoscale eddies is suppressed, 
but basin-scale SST features are kept. Weight function has a greater impact within the 
nearest 5 km, then it decreases to zero for 37 km.  

The preparation for assimilation includes averaging the observations over each grid 
cell in order to avoid oversampling problems. During the testing of the scheme,  
the values of 𝜎𝜎𝑜𝑜2 and 𝜎𝜎𝑏𝑏2 were not known in advance. For the chosen dataset acceptable 

results were obtained with 𝑅𝑅 = 37 km and 𝜂𝜂2 = 𝜎𝜎𝑜𝑜2

𝜎𝜎𝑏𝑏
2 = 2. These values were used 

throughout the entire model run.  

2.3.4 DA using reconstruction from empirical orthogonal functions 
EOF is a statistical method, developed for meteorological applications (Lorenz, 1956), 
and is mainly used for the decomposition of continuous space-time field into the sum of 
basic functions of space and expansion functions of time. This approach allows for the 
reduction of the number of variables without significant loss of signal. A detailed 
description of the classical EOF technique with examples can be found e.g. in von Storch 
ja Zwiers (1999).  

A new method was developed (Paper II) that allows for the making of a gridded 
reconstruction of irregular point observations, using EOF modes calculated from the 
model results. 

The preparation is done in several steps:  
1) The first step is the calculation of eigenvectors based on the covariance matrix: 
 
𝐁𝐁 = 1

𝑁𝑁−1
𝐗𝐗𝐓𝐓𝐗𝐗,  

 
where 𝐗𝐗 is matrix of deviations from mean model results, 𝑁𝑁 – number of wet-points, 

𝐁𝐁 – covariance matrix between all possible pairs of wet-points.  
2) The second step is the calculation of eigenvalues and space-dependent eigenvectors: 
 
𝐁𝐁𝐁𝐁 = 𝚲𝚲𝐁𝐁,  
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where 𝐁𝐁 is matrix of eigenvectors, 𝚲𝚲 – matrix of eigenvalues.  
As far as modes are orthogonal, covariance is additive with respect to the EOF modes, 

i.e., the full covariance is the sum of the covariance of the component data sets. 
Calculated covariance is not homogeneous, which is usually assumed in the 
implementation of OI. 

3) The third step is a reconstruction of observations to the entire grid at time 𝑚𝑚: 
 
𝒙𝒙�𝑖𝑖 = 𝐁𝐁𝒂𝒂�𝑖𝑖 ,                    (4) 
 
where 𝒙𝒙�𝑖𝑖  is vector of reconstructed observations, 𝐁𝐁 – matrix of eigenvectors,  

𝒂𝒂�𝑖𝑖  – vector of observational amplitudes.  
The expression to find observational amplitudes is 
 
𝐚𝐚�i = �𝐁𝐁𝐓𝐓𝐇𝐇i

𝐓𝐓𝐇𝐇i𝐁𝐁�
−1𝐁𝐁𝐓𝐓𝐇𝐇i

𝐓𝐓𝐲𝐲i ,             (5) 
 
where 𝐇𝐇𝑖𝑖  is observation operator, 𝐲𝐲𝑖𝑖  – observation values.  
Usually only 𝐿𝐿 most energetic modes are taken into account.  

The 𝐚𝐚�𝑖𝑖  values should follow the least-square minimization of reconstruction error in 
relation to observations ‖𝐲𝐲𝑖𝑖 − 𝐇𝐇𝑖𝑖𝐁𝐁𝐚𝐚�𝑖𝑖‖2 ⇒ min. Note, that during standard EOF 
decomposition, there are values of “observations” available at all space points (𝐲𝐲𝑖𝑖 = 𝐱𝐱𝑖𝑖), 
the observation operator 𝐇𝐇𝑖𝑖  is unity, and therefore Eq(5) reduces to the standard EOF 
formula 𝐚𝐚�𝑖𝑖 = 𝐁𝐁𝐓𝐓𝐱𝐱𝑖𝑖. 

While (4)-(5) present the time-fixed reconstruction when all observations are taken 
exactly at time 𝑚𝑚 , then extended time-dependent reconstruction assumes that within the 
short time span the amplitudes depend linearly on time: �̂�𝐛𝑝𝑝 = 𝐚𝐚�𝑖𝑖 + 𝐝𝐝𝑖𝑖 ∙ δ𝑡𝑡𝑝𝑝, where 𝐚𝐚�𝑖𝑖  is 
the time-fixed amplitude, 𝐝𝐝𝑖𝑖  is the rate of change vector and δ𝑡𝑡𝑝𝑝 = 𝑡𝑡𝑝𝑝 − 𝑡𝑡𝑖𝑖  is the 
difference between the observation and reference times. The amplitudes �̂�𝐛𝑖𝑖 are found 
again by least-square minimization and they are used in (4) instead of 𝐚𝐚�𝑖𝑖. 

DA algorithm uses the transformation of the reconstructed one-dimensional vector 
of observations 𝒙𝒙�𝑖𝑖   back into the two-dimensional gridded field 𝜓𝜓𝑜𝑜. The dynamic 
equation with Newtonian relaxation of the field 𝜓𝜓 to observations is written 

 
𝜕𝜕𝜓𝜓 𝜕𝜕𝑡𝑡⁄ = 𝐹𝐹(𝜓𝜓) − 1

𝜏𝜏
(𝜓𝜓 − 𝜓𝜓𝑜𝑜) ,                 (6) 

 
where 𝐹𝐹 is model operator, 𝜏𝜏 – adjustable relaxation time (5 or 10 days in this 

research). 
Discrete DA has two steps:  
1) The first step is the calculation of raw forecast from the analysis of the previous DA 

step: 
 
𝜓𝜓𝑓𝑓 = 𝜓𝜓𝑎𝑎−1 + Δ𝑡𝑡 𝐹𝐹(𝜓𝜓𝑎𝑎−1),  
 
where 𝜓𝜓𝑓𝑓 is raw forecast field without DA, 𝜓𝜓𝑎𝑎−1 – analysis field from previous DA step, 

Δ𝑡𝑡 – DA time step, 𝐹𝐹(𝜓𝜓𝑎𝑎−1) – cycle of model time-stepping operators within Δ𝑡𝑡.  
2) The second step is the calculation of analysis: 
 
𝜓𝜓𝑎𝑎 = (1 − 𝛼𝛼)𝜓𝜓𝑓𝑓 + 𝛼𝛼𝜓𝜓𝑜𝑜 ,  
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where 𝜓𝜓𝑎𝑎 is analysis field for the new DA step, 𝜓𝜓𝑜𝑜  – reconstructed observations on 

the model grid, 𝛼𝛼 = ∆𝑡𝑡 𝜏𝜏⁄  – inverse non-dimensional relaxation time.  
In time-dependent reconstruction (see details in Papers II and III), it is necessary to 

choose both the reference time and duration of the time interval. As with the time-fixed 
reconstruction, the highest mode suitable for assimilation is determined by comparing 
the amplitude values against statistical limits. The method allows for estimation of EOF 
amplitudes and reconstruction of gridded fields solely by backward observational data. 
This is the case for operational forecasts, where only past observations can be 
assimilated for producing the present nowcast maps. 

2.4 Observational data 
2.4.1 FerryBox observations and shipborne monitoring 
Automatic observations made from ships crossing the sea areas were used both as 
independent data for validation and quality assessment (Paper I) and as input for 
assimilation (Paper III). FerryBox is a measurement system installed on board commercial 
ferries, collecting temperature, salinity, chlorophyll a fluorescence and turbidity data. 
This technology is used to study basin-scale and mesoscale processes, upwellings and to 
measure horizontal profiles of oceanographic parameters e.g., temperature and salinity 
(Kikas and Lips 2016). The water is sampled at about 4 m below the surface at different 
rates, but every 20 s measurement is recorded, thus covering roughly 160–200 m in a 
horizontal direction. There are quality check procedures to eliminate unexpected and 
physically unrealistic values and cross-checking with the same data from the return trip 
is performed as well (Kikas and Lips, 2016). A comprehensive description of technical 
parameters of the FerryBox system can be found in Lips et al. (2008). 

Observations are available on the routes starting from the ports of Tallinn,  
Helsinki, Travemünde, and Stockholm (Fig. 2a) on the forth-and-back tracks twice a day  
(Tallinn – Helsinki) or less frequently (other routes). For the particular grid cell of the 
model, one mean SST value (Papers I and III) and one SSS value (Paper III) for each day 
were calculated regardless of the time within the day and the number of observations. 
Within these intervals, mean coordinates and observation time were collected for the 
use in EOF analysis. Observations from the shipborne monitoring were also included  
in the data set of EOF assimilation. Compared with the FerryBox data, shipborne 
monitoring enlarged the area covered by observations (locations of the observations  
are shown in Fig. 2b by dots), but the amount of data was very small and time intervals 
were large. 

The data were taken as they are within the CMEMS depository for 2015. The data had 
passed an advanced quality check. 
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a)  

 

b) 

 
Figure 2. Distribution of observations. (a) Map of FerryBox observation points along ship tracks 
(blue) and shipborne monitoring observations (red) over the study period. Shown are also the 
locations near Tallinn (south) and Helsinki (north) depicting the route of FB line (yellow circles with 
black contour); (b) Observation amount over longitude and time. FerryBox data are shown by colour 
image; each image cell presents the number of initial observations over intervals of 10 days and  
18’ E longitude. Shipborne observations are shown by black dots. (Paper III) 

 

2.4.2 Satellite observations 
Sea surface temperature data, observed from satellites, were used as input observational 
data within data assimilation with OI and SC algorithms (Paper I). Gridded observation 
maps were obtained from the CMEMS multi-sensor product, which is built from  
bias-corrected mono-sensor products at a horizontal resolution of 0.02 by 0.02 degrees.  

SST product from satellite observations is composed by merging of various satellite 
SST level 2 data (Bonekamp et al., 2016). The data have passed a significant number of 
quality controls. The raw data have been calibrated through an inter-sensor bias 
correction procedure. Nighttime SST maps were based on original SST observations 
without any smoothing or interpolation. Details of the product are described on the 
CMEMS web resource http://cmems-resources.cls.fr/documents/QUID/CMEMS-OSI-
QUID-010-009-a.pdf (last access: 8 May 2020). Data were acquired from NASA, NOAA, 
IFREMER, EUMETSAT OSI-SAF and ESA using sensors like METOP_B, SEVIRI, VIIRS_NPP, 
MODIS and others. (Paper I)  

Depending on cloud cover, there were from 200 up to 21000 observations per day. 
Some obviously erroneous SST values were filtered out (which differed more than 10 °C 
from model ones). All of them were used for assimilation with the Cressman method.  
A data thinning algorithm was used for optimal interpolation in order to reduce 
oversampling, leaving one value for the area of 2.5 by 5 nautical miles.  

A single SST value was used for each day; it was reduced to midnight based on several 
available observations at different times (near-real-time). 

In order to make sure that the EOF algorithm will perform in the best possible way, 
experiments with pseudo-observations were conducted. It was found that ca 5000 
observations were needed to produce reliable results. As input data for assimilation, 
model values at specified locations were taken instead of real observations (Paper II). 

 
 

http://cmems-resources.cls.fr/documents/QUID/CMEMS-OSI-QUID-010-009-a.pdf
http://cmems-resources.cls.fr/documents/QUID/CMEMS-OSI-QUID-010-009-a.pdf
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2.5 Validation of assimilation results  
Following the approach by Taylor (2001), for each comparison of the two variables𝑓𝑓𝑛𝑛  and 
𝑔𝑔𝑛𝑛 a common data set is defined where missing values of one or both data sets are 
ignored. If the standard deviations of the data sets are 𝜎𝜎𝑓𝑓, 𝜎𝜎𝑔𝑔 and the coefficient of their 
mutual correlation is 𝑟𝑟𝑓𝑓,𝑔𝑔, then the centred (with bias removed) root-mean-squared 
difference (RMSD) of the data sets 𝑄𝑄′ reads 

 
𝑄𝑄′2 = 𝜎𝜎𝑓𝑓2 + 𝜎𝜎𝑔𝑔2 − 2𝜎𝜎𝑓𝑓𝜎𝜎𝑔𝑔𝑟𝑟𝑓𝑓,𝑔𝑔 .               (7) 
 
Maps or transect plots can be visually compared and described (Crosnier and  

Le Provost, 2007). This method is appropriate for situations when no rigorous criteria are 
set or they are unknown. Some features can be identified, inconsistencies removed and 
algorithms altered.  

From an assimilation perspective, time-series of good analysis lay between the free 
run and the observations. Maps of good analysis should not have artificial and physically 
impossible properties, like bull’s eye formation around a single point observation, 
rectangular shapes etc.; this should be valid also in the regions of missing observations 
where quantitative validation is not possible.  

The model performance with respect to observations was evaluated over the grid cells 
– time span pairs, where and when the observations were available. Since there were 
low number of observations, DA results were also checked against control run without 
DA, though in this case it is not possible to conclude on improvement, but only to analyse 
the changes due to DA. Standard statistical characteristics were calculated for the 
individual fields: mean, standard deviation, in case of differences (for example, relative 
to observations): bias, RMSD (root-mean-square difference, equals to the standard 
deviation of difference field), and the Pearson correlation coefficient.  

A comparison was made against independent data for SST (Paper I), and partially 
against the data which was used in assimilation (Paper III) as there were no salinity 
observations available from satellites. 

When SST and SSS data were assimilated simultaneously using EOF reconstruction 
(Paper III), data from the DA experiments with a relaxation time of 5 and 10 days were 
compared to the same averaged observational FB data as the data from the model run 
without assimilation (FR). The problems concerning performance evaluations of 
operational ocean models were described by Hernandez et al. (2015). In this research 
different portion of the observations were withheld in order to see the impact of the 
assimilation using 50% of the available data (Gregg et al., 2009). The implementation of 
EOF DA described in the thesis involved about 13 k observational averages over coarse 
5’ N × 10’ E grid. The reconstruction procedure by Eqs. (4)–(5) has no direct connection 
to the ongoing modelling (although it includes statistical results from longer model runs) 
and the fields of 𝜓𝜓𝑜𝑜 in Eq. (6) are the only link where observations enter the DA process. 
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3 Results 
The most important result of the entire work is the development of a method that allows 
the assimilation of fragmented observations into a model and gets better results than 
with free-run or simple algorithms. Additionally, it is shown that SST and SSS fields can 
be realistically reconstructed using the EOF technique with model-generated values. 
CMEMS data can be used as input for assimilation in the NE Baltic.  

Several experiments were conducted in this study. The first experiment was 
conducted to make sure CMEMS data are acceptable for data assimilation. The second 
experiment revealed possibilities for two simple algorithms (SC and OI) to improve 
forecast comparing with free run (without assimilation). The third experiment showed 
that EOF can be used for the reconstruction of SST fields. The fourth experiment 
confirmed the ability of the EOF technique to assimilate sparse observations to the large 
fine-grid. 

3.1 Assimilation of satellite SST data from CMEMS 
In the adopted data assimilation approach, SST satellite observations were used to 
correct the model forecast. FerryBox data were taken from the Tallinn-Helsinki route  
(Fig. 2a), which has the most frequent observations. Therefore, comparisons are 
presented for this route. 

A statistical comparison of weekly mean values of free run (FR) forecast and 
assimilated SC and OI forecasts with FB data revealed that assimilation provided better 
correspondence to the independent observations (Table 1). Improvements were noted 
in degrees of bias, root-mean-squared difference RMSD, and the overall correlation 
(Table 1). The main performance estimator – RMSD – was < 1 °C in all the cases. 

Time series of SST from daily SAT data revealed during the warming period in the open 
part of the Gulf of Finland (Fig. 3), generally higher temperatures than FB. The SAT data 
were spiky compared with the FB data: warmer spikes occurred during the warming 
period and colder spikes during the cooling. The free run (FR) forecast provided in the 
offshore waters slightly smaller SST than observed. Data assimilation using SC and OI 
“dragged” the model results towards SAT observations (Fig. 3b), still, the SST spikes did 
not appear in the assimilated model results. 
 

a) 

 

b) 

 
Figure 3. Daily SST time series in 2015 on the Tallinn-Helsinki FerryBox transect in the central part 
of the Gulf of Finland: FB during observation time and nightly values for FR and SAT. See 
Abbreviations for explanations of the legend. (Paper I) 
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a) 

 

b) 

 
Figure 4. Time-latitude map of weekly mean sea nightly surface temperature difference of 
assimilated with SC (a) and OI (b) in reference to Ferrybox data, between Tallinn and Helsinki. 
(Paper I) 

 
The difference between the two assimilated SST datasets from the FB data is shown 

in Fig. 4. In the central part of the Gulf of Finland (latitudes 59.5–60 N) there is a strong 
seasonal signal. Thin layer temperature registered by satellite was 0.3–0.7 °C larger than 
the bulk temperature of the upper layer (observed at a 4 m depth) during spring and 
summer until August, and insignificantly (less than 0.5 °C) smaller in autumn and early 
winter. Larger SAT minus FB differences emerged occasionally in areas immediate to the 
coasts. In December the thin surface layer cooled down by 0.5–1.5 °C more than the 
deeper surface layer along the whole transect, also including the coastal waters. 

Total RMSD between analysis and validated data was less than 1 °C for SST. Within the 
selected parameters of assimilation algorithms, the computationally effective SC 
algorithm gave slightly better results than OI in relation to independent FerryBox data. 

A statistical comparison of weekly mean values of FR forecast and assimilated SC and 
OI forecasts with FB data (Table 1) revealed that assimilation provides better 
correspondence to the independent observations. Presented deviations contain the 
seasonal cycle, since all the statistics were calculated with respect to the constant mean 
value over the whole period from April to December. Standard deviations of SST were in 
the range of 4.2 to 4.6 °C. Calculated correlations were quite high – more than 0.93.  

 
Table 1. Statistics of FR, SC, OI and SAT with reference to FB data (weekly data).  

 FR SC OI SAT FB 
bias [°C] -0.45 -0.34 -0.42 -0.31 0.00 
RMSD [°C] 0.97 0.84 0.96 0.66 0.00 
correlation   0.931 0.937 0.934 0.936 1.000 
mean [°C] 10.99 11.11 11.03 11.13 11.45 
standard 
deviation [°C] 

4.35 4.45 4.48 4.57 4.19 

 
With reference to the SAT data, FR had RMSD = 0.96. Data assimilation reduced this 

value to 0.82 (SC) and 0.93 (OI).  
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3.2 Assimilation of in-situ data with EOF method 
3.2.1  SST and SSS reconstruction with EOF  
The main idea behind EOF is temporal covariance between distant locations.  

Covariance as a function of the space lag of original data (Fig. 5) usually did not follow 
the normal distribution neither did it exponentially decrease. Large covariance values, 
especially for SST (not shown), for remote wet points, are due to the similarity of their 
thermohaline regime (shallow coastal areas, zones influenced by river discharge, local 
basins with low-intensity circulation). The covariance of the most energetic modes 
followed closely at larger scales the covariance of original data. Covariance of residual 
fields (sum of the remaining higher EOF modes) had a strong normal distribution and it 
decayed fast with increasing space lag. Correlation (not shown) dipped 0.2 at a distance 
of 30 km for both SST and SSS, justifying the use of OI for this part of the variability. 

 

 
 

Figure 5. Covariance of SSS as a function of space lag between the model points. Shown are heavily 
smoothed two-dimensional relative histograms of the original data (dotted lines, percentiles 90, 
95, and 99 %) and mean covariance of original data (black line). The SSS covariance of the sum of 
the six most energetic EOF modes is also shown (red line) and higher EOF modes (blue line). 
(Paper II) 

 
Remapping one-dimensional vectors 𝑒𝑒𝑘𝑘 back into the two-dimensional geographical 

framework gives insight into underlying physical processes. First, most energetic modes 
(Fig. 6 shows the modes for SSS), had nearly “flat” patterns without sign change;  
their amplitudes were dominated by a seasonal signal. Higher modes were considered 
random due to mesoscale eddies and other fine-scale processes, therefore their 
correlation decayed rapidly with increasing distance. In the SST patterns, the first mode 
dominated heavily (97.64% of variance explained) due to the seasonal cycle. Regarding 
the SSS patterns, the share of different modes was more distributed and the first six 
modes explained 72.88% of the total variance. The details of the calculated modes and 
their interpretation can be found in Paper II (Table 1 and Table 2).  

In order to make sure that the EOF algorithm will perform in the best possible way, 
experiments with pseudo-observations were conducted. It was found that ca 5000 
observations were needed for producing reliable results. As input data for assimilation, 
model values at specified locations were taken instead of real observations (Paper II).  
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Figure 6. EOF patterns for the four first modes of SSS. Shown are the explained variance percentage 
of each mode. The contour interval for non-dimensional normalized modes (744 points) is 0.02. 
(Paper II) 

 
With a decreasing number of observations 𝐾𝐾, errors slightly increased when 𝐾𝐾 > 𝐿𝐿, 

where 𝐿𝐿 is the number of modes. For example, SSS absolute error was < 0.3 g kg-1 for 
88% of cases with 𝐾𝐾 = 51 and 80% of cases with 𝐾𝐾 = 10. Regarding SST, the errors  
were < 0.6 °C in 90% and 82% of cases, respectively. Regression of all the values of both 
SST and SSS yields tangent between initial and reconstructed data 0.99, their correlations 
follow 𝑟𝑟 > 0.95. Relative errors of all the SST data, compared with the horizontal 
standard deviation of each time instance, were from 6.7% (observation grid step 37 km) 
to 8.6% (93 km). Relative errors of SSS were somewhat larger – 18% and 25%, 
respectively. For 𝐾𝐾 < 𝐿𝐿 the errors increased abruptly and singularity errors occurred in 
Eqs. (5)-(6). 

In one of the experiments (Paper II), the whole region was split into three sub-regions: 
the Gulf of Finland, Gulf of Riga, and northeastern Baltic Proper (Fig. 1), and individual 
EOF modes were calculated for each of the sub-areas. Except for the northeastern Baltic 
Proper, the first two SST modes for the Gulf of Finland and Gulf of Riga were similar to 
the patterns obtained for the whole area. Pairwise correlations of the SST amplitudes 
were > 0.95 between the Gulf of Finland, the Gulf of Riga and the whole region. There 
was no evidence that any particular season or sub-region was modelled with greater 
accuracy than this.  
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3.2.2 Assimilation using EOF reconstruction 
When waters with an SST above 17 °C dominated the area, all the maps indicated 
moderate upwelling near the northern coasts of the basins (Fig. 7). However, the spatial 
extent of the colder waters and the minimum temperatures were different. Warmest 
“cold” waters were observed on satellite images.  
 

 
 
Figure 7. Maps (longitude E, latitude N) of the SST in the study area on 3 August 2015: (a) free 
model run without DA, (b) in situ observations reconstructed using EOF method, (c) DA with a 
relaxation time of 5 days (weight 0.2), (d) satellite observations. (Paper III) 
 

Various mesoscale features emerged on SST (Fig. 7) and SSS (Fig. 8) maps, like colder 
upwelling filaments along the northern coasts of the Gulf of Finland and the Gulf of Riga, 
and decaying anticyclonic warm-core eddies near the southern coast of the Gulf of 
Finland.  

The model forecasted spreading of the Daugava river waters by narrow coastal strips 
of lower salinity in the NE and NW directions (Fig. 8). Locations with dense observations 
allowed us to validate the model and visually evaluate assimilation quality. While SST 
followed the seasonal cycle (Fig. 9), with weather-dependent deviations, then SSS 
behavior was more irregular. All the compared SST data sources showed less variability 
than that of SSS in the given variation scales of SST and SSS (16 °C and 2 g·kg-1 respectively). 
Still, for most of the time the assimilation curve (blue line, Fig. 9b) was closer to the 
FerryBox observations than the control run, for both SST and SSS (Fig. 9). 
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Figure 8. Maps (longitude E, latitude N) of SSS in the study area on 3 August 2015: (a) free model 
run without DA, (b) in situ observations reconstructed using EOF method, (c) DA with relaxation 
time 5 days (weight 0.2). (Paper III) 
 
DA improved the model performance significantly: centered RMSD of SST was reduced 
by 22% and SSS by 34%, compared to the control run (Table 2). From DA01 to DA02, slight 
improvement of DA performance was observed, therefore DA02 was adopted. Spatial 
pattern of RMSD changes between the DA and FR (Fig. 10) indicates that most significant 
improvement (RMSD reduction up to 50%), both for SST and SSS, took place in the 
observation-covered areas in the Gulf of Finland. Too cold waters produced by FR near 
the northern coast of the Gulf of Finland were effectively corrected by DA (see also  
Fig. 7), therefore highest improvement percentage scores were detected in this region. 
Near the western open boundary, non-assimilated SST and SSS values of the larger model 
were advected into the area, therefore RMSD reduction was small, or even negative for 
SSS. 

Daily maps of EOF DA data were converted also to weekly averages, as it was done for 
OI and SC methods in Table 1 and Fig. 4, see details in Paper I. Weekly RMSD is 13% lower 
for SST and 9% for SSS, compared to the daily data (Table 2). Weekly statistics suppressed 
the mesoscale variability, not resolved by EOF reconstruction, and revealed better match 
between the DA and the observations. DA decreased the bias, especially for SSS, and 
increased correlation of SSS between analysis and observations. 
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Table 2: Statistics of daily data in 0.5’ N × 1’ E grid cells with FerryBox (FB) observations: free model 
run without data assimilation (FR), data assimilation DA01 (observation weight 0.1), DA02 (weight 
0.2) and FB. Bias, RMSD and correlation are taken with reference to FB. (Paper III) 

 FR DA01 DA02 FB 
SST [°C]     

Mean 12.03 12.15 12.25 12.48 
Standard deviation 3.98 3.92 3.93 3.97 
Bias -0.45 -0.33 -0.23 0 
RMSD 0.72 0.59 0.56 0 
Correlation 0.98 0.99 0.99 1.00 

SSS [g kg-1]     
Mean 5.61 5.79 5.85 5.93 
Standard deviation 0.35 0.29 0.31 0.37 
Bias -0.31 -0.14 -0.08 0 
RMSD 0.35 0.24 0.23 0 
Correlation 0.52 0.76 0.78 1.00 

 

 
Figure 9. Time series of SST (a, c) and SSS (b, d) near Tallinn (a, b, 59.4833° N, 24.7667° E) and 
Helsinki (c, d, 59.9500° N, 24.8833° E), locations shown in Fig. 2a. FerryBox data are shown by dots, 
black lines represent control run without DA, red lines correspond to DA with relaxation time 5 days 
(weight of observations 0.2), blue lines for 10 days (weight 0.1). (Paper III) 
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Figure 10. Improvement of RMSD of DA compared to that of FR, both taken in reference to 110 k 
FerryBox observations. Comparison is made for 20 x 20 grid cells (10’ N x 20’ E) for SST (a) and SSS 
(b) over the whole study period. Legend codes: few points – less than 100 observations in a box, 
small values - absolute percentage change less than 10%, negative – DA RMSD growth more than 
10%, positive – DA improvement (RMSD reduction) from 10% to 30%, large positive – improvement 
more than 30%. (Paper III) 
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4 Conclusion 
Three different assimilation methods were used with HBM-EST simulations – OI, SC and 
EOF. Calculation was performed on model data for year 2015 and satellite observations 
provided by CMEMS, validation was made with in situ data. The findings can be 
summarized as follows:  
• The tests with marine data assimilation into the model of the northeastern Baltic 

showed that satellite SST products from CMEMS can be well used for data 
assimilation in the sub-regional marine forecasts (Paper I).  

• SST from the DA, produced using satellite data, was compared with FB observations; 
it was confirmed that for areas with dense observations OI and SC algorithms are 
appropriate and can be used to produce good quality results (Paper I). 

• Estimation of the model performance for both cases with or without DA gave for the 
SC and OI methods similar pattern of differences relative to FB data. Comparing the 
results by SC and OI methods, SC produced slightly more accurate results than OI 
with the given set of parameters. Namely, SC provided smaller bias and RMSD and 
larger correlation as compared to the FB data. (Paper I) 

• Statistically justified EOF reconstruction method is developed that allows to handle 
large-scale patterns of observed fields in the sub-regions. The entire region can be 
covered with interpolated and extrapolated observations using model-based EOF 
patterns. Summation of all modes yields initial field variance (Paper II). 

• Study of the EOF reconstruction method revealed that in the smaller sea regions, 
which are affected by the same large-scale forcing patterns, the dominating EOF 
patterns have obvious physical interpretations. Their shape does not depend very 
much on the selection of boundaries as shown by experiments with split regions 
(Paper II). 

• Implementation of the EOF statistical reconstruction technique into the DA of the 
forecast model yielded reduction of RMSD and interpolation errors. Mesoscale 
deviations from large-scale EOF patterns follow well-defined covariance decay with 
space lag; therefore, they could be treated by optimal interpolation or similar 
method (Paper III). 

• EOF DA method has small computational effort compared to the localized methods 
like OI etc (Paper III).  

• Intermediate results are in the form of maps that are easily understandable and can 
be checked visually or taught to be analysed by artificial intelligence (Paper III).  

• Since the quality of DA and forecast are primarily determined by the quality of EOF 
reconstruction (when extensive mesoscale observations are not available), then it 
would be possible to perform faster calculations with orthogonal EOF basis vectors 
(Paper III). 

• DA made major improvement in modelling of SSS. Further improvements can be 
made as RMSD to the observations makes 62% of observed standard deviations 
(Paper III).  
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Abstract 
Development of data assimilation for forecasts in Estonian 
marine areas   
This research was performed in order to solve practical problems concerning quality of 
operational marine forecast for Estonian coastal waters. This was done through data 
assimilation using available observation data from satellites and FerryBox.  

The main objective of the work was to find assimilation algorithm which allows to 
produce forecast with smaller errors compared to model run without assimilation. 
Observation coverage and spatiotemporal characteristics can vary significantly, but this 
should not impact quality of the assimilation.  

HBM model was used for experiments as it currently produces operational forecast 
for Estonian marine areas. The region was limited to northeastern part of Baltic Sea, 
including Gulf of Finland, Gulf of Riga and northeastern part of Baltic Proper. Temporal 
resolution of the model was taken 24 hours, spatial resolution is 0.5’ N x 1’ E.  

Assimilation was performed only for the first water layer (depth 3m) since 
observations were taken from satellite or FerryBox. Experiments were performed with 
three algorithms.  

Two of them are well-known straightforward methods – successive corrections (SC) 
and optimal interpolation (OI). These algorithms are computationally robust and can be 
used for areas with abundant observation coverage. Assimilation reduces RMSD of e.g. 
SST by 0.01–0.13 °C.  

The novelty of the research is development of a new method, which allows to 
assimilate small amount of scattered observations and improve forecast over entire grid, 
including areas without observations. The algorithm is based on calculation of EOF 
modes of model fields and reconstruction of observations using small portions of data. 
This method uses grid transposition (from fine to coarse and then back to fine grid 
through bilinear interpolation) in order to reduce computational load.  

New method can be used for assimilation for regions that are under similar forcing 
resulting in high covariance over large distances. Therefore variability of assimilated 
fields can be presented by limited number of dominating EOF modes. Calculation of EOF 
modes should be done with model that describes marine physical processes very well.  

During all the experiments the same time period was used (01.05.2015–31.12.2015) 
in order to maintain comparability between different algorithms.  

Feasibility study of the EOF assimilation method showed that the EOF patterns have 
obvious physical interpretations and their shape does not depend very much on the 
selection of boundaries of sub-regions. The output is presented as two-dimensional maps 
which can be interpreted in terms of underlying physics.  

EOF DA method reduces RMSD for SST by 0.14–0.16 °C and SSS by 0.11–0.12 g·kg-1. 
Calculations of EOF modes were done with 5-year model data. First four modes can be 
used for assimilation, they explain 99.3% and 65.4% of variance for SST and SSS 
respectively.  

EOF DA method has small computational effort compared to the localized methods 
and can be used in operational forecast at Department of Marine Systems.  
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Lühikokkuvõte 
Eesti merealade prognoosisüsteemi arendamine vaatlusandmete assimileerimise abil 

Käesolev doktoritöö kirjeldab uuringuid, mis viidi läbi eesmärgiga pakkuda täpsemat 
lahendust Eesti merealade operatiivsele prognoosisüsteemile. Arendamine hõlmas 
satelliitandmete ja kruiisilaevade vaatlusandmete assimileerimist.  

Peamine eesmärk oli leida arvutialgoritm, mis korrigeeriks prognoosi ning vähendaks 
vigu, mis on iga mudeli puhul paratamatud, võrreldes mudeli tulemustega ilma 
assimileerimiseta. Läbi selle saavutatakse prognoosi kõrgem täpsus, kuna arvutusi 
järgmiseks päevaks alustatakse korrigeeritud väärtusest. Vaatluste tihedus võib kõikuda 
üle kogu basseini, samuti võivad olla väga erinevad ajalised parameetrid, kuid see ei 
tohiks oluliselt mõjutada mudeli prognoosi kvaliteeti peale assimileerimist.  

Eksperimentide jaoks kasutati HBM mudelit, mis töötab operatiivsel režiimil Eesti 
merealade jaoks. Uurimispiirkonnaks on Läänemere kirdeosa, mis hõlmab Soome ja Liivi 
lahte, Väinamerd ning Läänemere avaosa, mis jääb 21°E meridiaanist ida poole. Mudeli 
assimileerimise ajasamm oli võetud 24 tundi ning ruumiline võrgupesa suurus oli 
0.5’ N x 1’ E.  

Assimileerimine oli rakendatud ainult ülemise kihi jaoks (1. kihi paksus 3 m) kuna 
satelliitandmed olid pinnakihi kohta ning FerryBox andmed pärinesid sügavuselt 3–4 m.  
Eksperimentide käigus katsetati kolme erinevat algoritmi.  

Nendest kaks on tuntud ja lihtsad algoritmid – järjestikulised muudatused (SC) ja 
optimaalinterpolatsioon (OI). Neile meetoditele on omane madal arvutusvõime, neid 
saab kasutada assimileerimisel piirkondades, mille kohta on rohkelt vaatlusi üle kogu 
basseini. Algoritmid vähendavad nt temperatuuri ruutkeskmist viga 0.01–0.13 °C võrra.  

Töö uudsuseks on uue meetodi arendamine, mis lubab taastada vaatluste väärtusi üle 
kogu mudelivõrgu väheste vaatluste korral, mis ei tarvitse olla samas alambasseinis. 
Algoritm põhineb EOF moodide arvutamisel mudeliandmete alusel ning vaatluste 
rekonstrueerimisel, kasutades väikest andmekogust. Selle meetodi arvutusvõime 
tõhustamiseks kasutatakse jämevõrku, mis on peenvõrgust, kus toimub assimileerimine, 
100 korda väiksema ruumilise resolutsiooniga, ning teisendus tagasi peenvõrgule on 
tehtud bilineaarse interpolatsiooniga.  

Uus meetod sobib kasutamiseks assimileerimisel piirkondades, mis asuvad 
homogeense mõjuvälja alal, ja mille merevee parameetreid iseloomustab kõrge 
kovariatsioon suurtel kaugustel. Seega terve välja muutlikkust saab kirjeldada 
domineerivate moodide vähese arvuga. EOF moodide arvutus eeldab, et kasutatav 
mudel kirjeldab meres toimuvaid füüsikalisi protsesse küllaltki hästi.  

Kõikides kirjeldatud eksperimentides oli kasutatud mudeliandmeid samast ajalisest 
perioodist (01.05.2015–31.12.2015), et tagada võrreldavus erinevate meetodite vahel.  

EOF assimileerimismeetodi võimekuste uuring näitas, et tugevamatel EOF mustritel 
on füüsikaline tagapõhi ning nende kuju ei sõltu sellest, millisest alambasseinis pärinevad 
lähteandmed. Assimileerimise väljundiks on kahedimensioonilised kaardid, mida saab 
tõlgendada füüsikaliste seaduspärasustega.  

EOF assimileerimismeetod vähendab pinnatemperatuuri keskmist ruutviga  
0.14–0.16 °C võrra ning pinnasoolsuse oma 0.11–0.12 g·kg-1 võrra. EOF moodid olid 
arvutatud 5 aasta mudeliandmete põhjal. Esimesed neli moodi kirjeldavad üle 99,3% 
pinnatemperatuuri ja 65,4% pinnasoolsuse muutlikkusest.  

Arendatud meetod on arvutuslikult tõhus ning sobib kasutamiseks operatiivses 
režiimis Tallinna Tehnikaülikooli Meresüsteemide instituudis.  
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Appendix  

 
 
 
 
 
 

 

Paper I 
Zujev, M. and Elken, J., 2018. Testing marine data assimilation in the northeastern  
Baltic using satellite SST products from Copernicus Marine Environment Monitoring 
Service. Proceedings of the Estonian Academy of Sciences, 67 (3), 217−230. 
10.3176/proc.2018.3.03. 
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���
�ÀÁÁÁ�Â����������Ã Ä ¿�Å��ÆÇ��ÈÉÊÀË���Æ�ÌÀÍ��
���Î�



���������� 	�
�����
������������������������������	���

���� !"#$%�&�'�������(�����������������������
�)��*������%���+����,��-��-����������%���'���*������
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���
��///�%����������- � &�,��0.��5�4�����0������
�����



���������� 	�
�����
������������������������������	���

���� !"#���$������%�%��&��'�����%(()�(��*��������'+��%'���,-��.��/��01����2$�����������
�$�
����3��%��
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[bookmark: _Toc73973614]Introduction

Oceans and marginal seas constitute the domains of the Earth System with increasing societal significance, as defined by a number of global and European policy documents, such as the UN Sustainable Development Goals, Paris Climate Agreement, and the EU Green Deal. Improved ocean governance necessitates that present marine information systems, based on in situ observations, remote sensing, and numerical modelling (both in operational forecasting and in climate projection modes) would undergo fast development, in order to provide timely, more detailed, and more accurate information products. 

When making numerical forecasts using models, improved accuracy in relation to observations is usually achieved by data assimilation (DA), which includes interpolation or reconstruction of observations and/or model errors, both in meteorology and oceanography (Ghil and Malanotte-Rizzoli, 1991; Ide et al., 1997). Oceanographic data assimilation has specific features (Ghil, 1989), owing to the nature of governing processes (landlocked basins, shallow areas, and wind driving characterized oceans; the atmosphere is unbounded, “deep”, and self-driving by polar-tropical gradients), but also of methods and observation coverage.

In the Baltic Sea data assimilation tests started in 2000s. Studies on sea level assimilation have been performed by a number of research groups (Canizares et al., 2001; Sørensen and Madsen, 2004, Ivanov et al., 2012), based on the different variations of Kalman filter. Assimilation of scalar variables like temperature and salinity has been tested by Funkquist (2006) who used 3D optimal interpolation (3D OI) for satellite and profile data. The OI method needs prescription of correlation functions which were estimated by Høyer and She (2007), She et al. (2007) and Fu et al. (2011a). Cressman method of successive corrections (SC) for satellite-based SST data was used by Nowicki et al. (2015). Regarding operational forecasts, several experiments have been performed to test the results of DA methods: 3DVAR with isotropic (Zhuang et al., 2011) and anisotropic (Liu et al., 2009) recursive filters to estimate covariance functions, Ensemble Optimal Interpolation (Fu et al., 2011b) and Singular Evolutive Interpolated Kalman Filter (Losa et al., 2012, 2014). In long-term studies, reanalysis has been made using 3DVAR 
(Fu et al, 2012; Fu, 2016), SC (Axell, 2013), Ensemble Optimal Interpolation (Liu et al., 2013; 2014) and Ensemble 3DVAR (Axell and Liu, 2016). (Paper I)

In optimal interpolation (OI) (Gandin, 1963) it is usually assumed that local covariance decreases with a distance between the points by some fading functions, like Gaussian, damped cosine or exponential decay. In the open sea where observations are dense (e.g., satellite SST in cloud-free conditions), the OI is sufficiently good (Høyer and She, 2007). For cases with sparse observations or in coastal areas with complicated covariance patterns, a more comprehensive reconstruction method should be needed. (Paper II)

In relation to improvements of DA, several statistical methods have been developed for the data reconstruction, like various options of regression, optimal interpolation and Empirical Orthogonal Functions (EOFs). Reconstruction of acceptable quality (in terms of statistics) should account for the multiscale spatial and temporal covariance. There is a number of processes that cause significant covariance over large distance, for example, warm and cold weather events, occurrence of storms, differential heating or cooling of shallow coastal areas compared to the deeper offshore regions (Legrand et al., 2015), patterns of freshwater plumes from rivers (Soosaar et al., 2016). Covariance patterns have geometrically often elliptical form, that are stretched along the coasts or isobaths (Fu et al., 2011a). 

Complementary to the classical OI, methods based on the EOF have been developed and applied. The methods have produced reliable large-scale patterns, which were approximated by dominant EOFs (Kaplan et al., 1997; Kim, 1997; Menemenlis et al., 1997; Beckers and Rixen, 2003); in the regions of dense sampling multivariate approach can be applied, and the anomalies from large-scale fields are interpolated using OI or some of its variations. (Paper II)

The novelty of this research is developing and testing a new statistical data assimilation algorithm. Testing the traditional assimilation methods with new sea surface temperature data sets from satellite remote sensing (Paper I) pointed to the need for a more detailed evaluation of spatial covariance statistics of the assimilated variable. 
A new EOF-based method for the reconstruction of gridded data fields of sea surface temperature and salinity was developed in the course of these covariance studies 
(Paper II). The new reconstruction method was applied in the new data assimilation algorithm (Paper III) that revealed a significant reduction of forecast errors, compared to the control run without data assimilation.

Surface temperature and salinity were chosen as variables for DA in the present study since they are important parameters for the modelling of the hydrodynamics, and there are abundant observational datasets available. DA of subsurface data was not included in the present study because of a much smaller amount of data, and will be considered in the future. 

The thesis has the following specific objectives:

· to test marine data assimilation into the model of the northeastern Baltic using satellite SST products from CMEMS and FerryBox observations (Paper I),

· to develop and test the method for large-scale EOF analysis of sub-regional 
time-dependent SST and SSS data, based on the covariance estimates from the model results (Paper II),

· to implement this statistical reconstruction technique into the DA of the forecast model (Paper III), 

· to study the feasibility of this assimilation method (Paper III),

· to assess the performance of the model with DA (Papers I and III). 






[bookmark: _Toc73973615]Materials and methods

[bookmark: _Toc42589986][bookmark: _Toc73973616]Description of the study area

The study was conducted in the northeastern part of the Baltic Sea (Fig. 1), between 21°E and 30°E from west to east and between 57°N to 61°N from south to north. The region includes the Gulf of Finland, the Gulf of Riga, and the northeastern Baltic Proper. 

The topography of the Baltic Sea is irregular with variable depths. There are narrow and shallow straits (Skagerrak, Kattegat, Belts and Öresund), deep basins (Arkona basin, Gotland deep) and several large gulfs (the Gulf of Finland, the Gulf of Riga, the Bothnian sea). Some sub-basins have sills (Bothnian Bay, the Gulf of Riga) restricting the inflow 
of bottom water from the Baltic Proper. The entire sea is regarded as a brackish 
estuarine-type multi-basin water body (Elken and Matthäus, 2008; Leppäranta and Myrberg, 2009).

The coastline of the region is very diverse. There is the Aland archipelago in the NW part and many small islands along the southern shore of Finland. Neva Bay in the NE has a triangular shape and smooth forms. The Estonian coast of the Gulf of Finland has interchanging sections of rocky and sandy beaches and a few islands. In the W there are two large islands (Saaremaa and Hiiumaa) with narrow straits connecting enclosed Väinameri with Baltic Proper, the Gulf of Riga, and the Gulf of Finland. There is a smooth coastline along the Gulf of Riga that has a partly elliptical shape. 

The region lies in the temperate climatic zone. In the summer, SST maximum usually exceeds 15 °C in July or August (Alenius et al., 1998), whereas temperatures up to 25 °C can occur in the shallow coastal zones (Stramska and Białogrodzka, 2015). Almost every winter, sea ice forms with variable extent and thickness; during severe winters (Vihma and Haapala, 2009), the Gulf of Finland and the Gulf of Riga are fully ice-covered (Jevrejeva et al., 2004). 

The wind regime is anisotropic, with dominant SW winds (Soomere, 2003; Soomere and Keevallik, 2003). During a period covered in this study, five storms were observed in the Baltic Proper at Utö station (Arra, 2018).

The river discharge impacts the basin in different ways. The Gulf of Finland and the Gulf of Riga together receive 34% of the total freshwater discharge to the Baltic Sea as can be calculated from the data by Bergström (1994) and Johansson (2017). This increases SSS values from east to west, characteristic to estuarine areas (Yurkovskis 
et al., 1993; Alenius et al., 1998), reaching 7–8 g kg-1 in the Baltic Proper (Kõuts and Omstedt, 1993). SSS has numerous high-gradient frontal regions influenced by fragmented coastline and multiple rivers entering the basin. Large-scale SSS patterns are guided by unsteady circulation that depends on the climatic variations of atmospheric forcing (Alenius et al., 1998).

The thermal regime is dominated by a seasonal heat cycle and modified by differential heating and cooling at variable depths in coastal and offshore areas. The warm upper layer of 10–20 m thickness is well mixed down to the thermocline or to the bottom, depending on which of them is shallower. Occasionally, wind-driven coastal upwelling processes disrupt this warm layer (e.g., Uiboupin and Laanemets, 2009). Upwelling and downwelling patterns induced by the transient wind fields have strong impact on SST (e.g., Laanemets et al., 2011). 

The salinity distribution varies in different sub-basins of the region. Water exchange of the Gulf of Finland (Maljutenko and Raudsepp, 2019) and the Gulf of Riga (Lips et al, 2016; Maljutenko, 2019) is governed by an inflow of more saline waters in the deep layers and outflow of less saline waters in the surface layers. During stronger winds with easterly directions, this estuarine circulation may be temporarily reversed (Elken et al. 2003; Liblik et al., 2013). The Gulf of Finland waters have lower salinity as of those in the Baltic Proper, and there is no barrier between them, so saline waters can freely enter the Gulf of Finland and create an estuarine halocline there (Elken et al., 2003; Liblik et al., 2013). In the Gulf of Riga situation is different: only surface waters from the Baltic Proper can overpass the sill between two sub-basins (Lilover et al., 1998).

The surface circulation in the Baltic Proper is cyclonic (Lehmann and Hinrichsen, 2000), unlike the Gulf of Riga where clockwise circulation may also occur (Maljutenko, 2019). Depending on the time scale, season, period, method of calculation, and depth there are various estimates of gyres in the Gulf of Finland according to different studies. Surface circulation in the Gulf of Finland near the coast of Finland has a weak eastward component and strong westward flow in Neva Bay and along the Estonian coast (Soomere et al., 2011). While horizontal circulation in both of the gulfs has been historically considered cyclonic, anticyclonic gyres occur as well. Mesoscale variability has rather short spatial scales; the Rossby deformation radius () values are from a few km to about seven km (Alenius et al., 2003).
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[bookmark: _Toc41295820][bookmark: _Toc41571806]Figure 1. Map of the study area in the northeastern Baltic with depth contours. Shown are the sea areas of the Gulf of Finland, Gulf of Riga and part of the northeastern Baltic Proper. Insert presents the map of surface salinity of the Baltic and North seas by Rodhe (1998). The arrows present the mean basin-wide river discharges in 1000 m3 s-1. The location of our study area is given on the insert by a red box. (Paper III)

[bookmark: _Toc73973617]Model description

The HBM model (Berg and Poulsen, 2012) originates from the BSHcmod model (Kleine, 1994) initially developed by the Federal Maritime and Hydrographic Agency at the beginning of the 1990s. Later it was modified and used by a variety of institutions within the HIROMB cooperation. 

The model was chosen for the present research since it was routinely used for operational forecast in Estonia. 

HBM uses the Arakawa C-grid, and produces a forecast for 16 ocean variables including temperature, salinity (which were studied in this research), current speed, ice concentration and others. More information is given in the report by Berg and Poulsen (2012) which has full description of the model and its validation.

The larger domain of the model covers the entire Baltic Sea including Danish straits with a portion of the southern part of the North Sea. For smaller areas, there are setups with finer resolution; one of them covers the northeastern Baltic, it has been used in the present research. 

The HBM-EST setup has a 0.5’ N x 1’ E resolution containing the Gulf of Finland, the Gulf of Riga and the northeastern portion of the Baltic Proper (Lagemaa, 2012). 
The model fields are three-dimensional having 455 x 529 x 39 points (by latitude, longitude and depth correspondingly) with 750 088 wet-points, and 71 986 of them on the surface. Data for the western open boundary originate from the Baltic-wide HBM model, provided by the Copernicus Marine Environment Monitoring Service (CMEMS, https://marine.copernicus.eu/, last access: 2 May 2020). Atmospheric forcing is provided by the Estonian implementation of HIRLAM (Männik and Merilain, 2007). Forecasts can be made up to 48 hours with a time step of one hour. In this research 24 hour forecast was used. 

For DA experiments, the model was run with data from the 1st of May until the 31st of December 2015. This short period was chosen due to computational reasons, since the aim was to keep the high resolution needed for the operational forecasts, which are made routinely by the Estonian Weather Service. Model data from the control run (free run) without DA were available in the archive for all the DA experiments. For the calculation of EOF modes, model data for the longer period were used, as will be described in Sect. 2.3.3.

[bookmark: _Toc73973618]Assimilation algorithms

[bookmark: _Toc73973619]General approach

All assimilation methods were performed in the two-dimensional surface layer for computational efficiency; there were no observations on deeper model levels. In the model results, vertical profiles did not have distinctive graphical signatures of assimilation (abrupt steps or jumps) since vertical mixing dominated over introduced innovations, as the observations were assimilated every day.

[bookmark: _Toc73973620]Optimal interpolation

OI was developed by Gandin (1963), and in this research it was used for assimilation (Paper I). The algorithm uses the least-square minimization of analysis errors to calculate the weight coefficients. The preparation of data and the algorithm itself are described below. 

Preparation includes the filtering and averaging of observational data. Irregular satellite observations were averaged in each wet-point of the 455x529 grid. 

Existing values were then averaged again for the coarse grid 45x53, leaving 744 
wet-points. 

The algorithm has three steps. 

1) The first step is to derive the equations, based on the minimization of function 
. It is minimized with respect to interpolation weights , where , which is the difference between the unknown “true” state  and background () in the model point ;  is the difference between observed values () and modelled values () taken at the observation points;  – random errors of observations. 

Minimization is done by setting the  constraints for the derivatives  using the conditions , , , , . As a result we obtain for the ith model point the system of  linear equations regarding 



[bookmark: _Ref41293479] ,				(1)

where  is a number of equation. 

By dividing Eq. (1) with the variance , we obtain correlation instead of spatial covariance.

2) The second step is calculating the vector of weights , based on Eq. (1) divided by variance. Here  is correlation vector between the observation point and the ith model point,  – correlation matrix between the individual observation points,  – a unit matrix,  – relative noise variance. 

3) The third step is a calculation of the assimilated value



 			(2) 

Correlations  and  were approximated by the Gaussian function from the distance  between the correlated points. Anisotropic correlation features were taken into account by the directional distribution of the correlation scale from the angle  in the form of ellipse dependence  relative to the reference angle . Ellipse semi-axes are designated as  and .This way the correlation has been adopted in the form , where  was pre-calculated in the each model grid point according to the coastline and topography. According to the results by Høyer and She (2007), longer correlation scales were taken along the coasts and the isobaths and shorter scales in the perpendicular direction. The typical horizontal impact scale along the coast or isobath was chosen at 15 km. Standard deviations for the entire run were taken  and . 

[bookmark: _Toc73973621]Successive corrections

The successive correction method or Cressman method was introduced by Cressman (1959). The algorithm is based on the following assumptions: a) between the state variables are univariate relations; b) weights of the individual observations  in Eq. 3. decrease with the distance  between the observation point  and the model grid point . The weights are positive within the influence radius and zero outside of it. 

Assimilation is done in two steps. 

1) The first step is a calculation of weights:



 	,			(3)

where  is influence radius (37 km, see details below) around the model point ; 
 – observation point running index;  – number of observations out of total  observations are located;  – relative noise variance; introduced for reduction of the assimilation weights in realistic noisy conditions. It is estimated from the variances of observation errors  and background errors , . In the noiseless case () the sum of the weights is equal to unity (Paper I).

2) The second step is a calculation of analysis (Eq. 2). 

Data assimilation for SST (Paper I) was made with influence radius value of 37 km 
(20 nautical miles, 40 grid points). This length is about ten times larger than Rossby deformation radius. Therefore, the impact of individual mesoscale eddies is suppressed, but basin-scale SST features are kept. Weight function has a greater impact within the nearest 5 km, then it decreases to zero for 37 km. 

The preparation for assimilation includes averaging the observations over each grid cell in order to avoid oversampling problems. During the testing of the scheme, 
the values of  and  were not known in advance. For the chosen dataset acceptable results were obtained with km and . These values were used throughout the entire model run. 

[bookmark: _Toc73973622]DA using reconstruction from empirical orthogonal functions

EOF is a statistical method, developed for meteorological applications (Lorenz, 1956), and is mainly used for the decomposition of continuous space-time field into the sum of basic functions of space and expansion functions of time. This approach allows for the reduction of the number of variables without significant loss of signal. A detailed description of the classical EOF technique with examples can be found e.g. in von Storch ja Zwiers (1999). 

A new method was developed (Paper II) that allows for the making of a gridded reconstruction of irregular point observations, using EOF modes calculated from the model results.

The preparation is done in several steps: 

1) The first step is the calculation of eigenvectors based on the covariance matrix:



, 



where  is matrix of deviations from mean model results,  – number of wet-points,  – covariance matrix between all possible pairs of wet-points. 

2) The second step is the calculation of eigenvalues and space-dependent eigenvectors:



, 



where  is matrix of eigenvectors,  – matrix of eigenvalues. 

As far as modes are orthogonal, covariance is additive with respect to the EOF modes, i.e., the full covariance is the sum of the covariance of the component data sets. Calculated covariance is not homogeneous, which is usually assumed in the implementation of OI.

3) The third step is a reconstruction of observations to the entire grid at time :



, 								           (4)



where  is vector of reconstructed observations,  – matrix of eigenvectors,  – vector of observational amplitudes. 

The expression to find observational amplitudes is



 , 						      (5)



where  is observation operator,  – observation values. 

Usually only  most energetic modes are taken into account. 

The  values should follow the least-square minimization of reconstruction error in relation to observations . Note, that during standard EOF decomposition, there are values of “observations” available at all space points (), the observation operator  is unity, and therefore Eq(5) reduces to the standard EOF formula .

While (4)-(5) present the time-fixed reconstruction when all observations are taken exactly at time  , then extended time-dependent reconstruction assumes that within the short time span the amplitudes depend linearly on time: , where  is the time-fixed amplitude,  is the rate of change vector and  is the difference between the observation and reference times. The amplitudes  are found again by least-square minimization and they are used in (4) instead of .

DA algorithm uses the transformation of the reconstructed one-dimensional vector of observations  back into the two-dimensional gridded field . The dynamic equation with Newtonian relaxation of the field  to observations is written



 ,						           (6)



where is model operator,  – adjustable relaxation time (5 or 10 days in this research).

Discrete DA has two steps: 

1) The first step is the calculation of raw forecast from the analysis of the previous DA step:



, 



where  is raw forecast field without DA,  – analysis field from previous DA step,  – DA time step,  – cycle of model time-stepping operators within . 

2) The second step is the calculation of analysis:



, 



where  is analysis field for the new DA step,  – reconstructed observations on the model grid,  – inverse non-dimensional relaxation time. 

In time-dependent reconstruction (see details in Papers II and III), it is necessary to choose both the reference time and duration of the time interval. As with the time-fixed reconstruction, the highest mode suitable for assimilation is determined by comparing the amplitude values against statistical limits. The method allows for estimation of EOF amplitudes and reconstruction of gridded fields solely by backward observational data. This is the case for operational forecasts, where only past observations can be assimilated for producing the present nowcast maps.
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[bookmark: _Toc73973624]FerryBox observations and shipborne monitoring

Automatic observations made from ships crossing the sea areas were used both as independent data for validation and quality assessment (Paper I) and as input for assimilation (Paper III). FerryBox is a measurement system installed on board commercial ferries, collecting temperature, salinity, chlorophyll a fluorescence and turbidity data. This technology is used to study basin-scale and mesoscale processes, upwellings and to measure horizontal profiles of oceanographic parameters e.g., temperature and salinity (Kikas and Lips 2016). The water is sampled at about 4 m below the surface at different rates, but every 20 s measurement is recorded, thus covering roughly 160–200 m in a horizontal direction. There are quality check procedures to eliminate unexpected and physically unrealistic values and cross-checking with the same data from the return trip is performed as well (Kikas and Lips, 2016). A comprehensive description of technical parameters of the FerryBox system can be found in Lips et al. (2008).

Observations are available on the routes starting from the ports of Tallinn, 
Helsinki, Travemünde, and Stockholm (Fig. 2a) on the forth-and-back tracks twice a day 
(Tallinn – Helsinki) or less frequently (other routes). For the particular grid cell of the model, one mean SST value (Papers I and III) and one SSS value (Paper III) for each day were calculated regardless of the time within the day and the number of observations. Within these intervals, mean coordinates and observation time were collected for the use in EOF analysis. Observations from the shipborne monitoring were also included 
in the data set of EOF assimilation. Compared with the FerryBox data, shipborne monitoring enlarged the area covered by observations (locations of the observations 
are shown in Fig. 2b by dots), but the amount of data was very small and time intervals were large.

The data were taken as they are within the CMEMS depository for 2015. The data had passed an advanced quality check.
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[bookmark: _Toc41571808]Figure 2. Distribution of observations. (a) Map of FerryBox observation points along ship tracks (blue) and shipborne monitoring observations (red) over the study period. Shown are also the locations near Tallinn (south) and Helsinki (north) depicting the route of FB line (yellow circles with black contour); (b) Observation amount over longitude and time. FerryBox data are shown by colour image; each image cell presents the number of initial observations over intervals of 10 days and 
18’ E longitude. Shipborne observations are shown by black dots. (Paper III)



[bookmark: _Toc73973625]Satellite observations

Sea surface temperature data, observed from satellites, were used as input observational data within data assimilation with OI and SC algorithms (Paper I). Gridded observation maps were obtained from the CMEMS multi-sensor product, which is built from 
bias-corrected mono-sensor products at a horizontal resolution of 0.02 by 0.02 degrees. 

SST product from satellite observations is composed by merging of various satellite SST level 2 data (Bonekamp et al., 2016). The data have passed a significant number of quality controls. The raw data have been calibrated through an inter-sensor bias correction procedure. Nighttime SST maps were based on original SST observations without any smoothing or interpolation. Details of the product are described on the CMEMS web resource http://cmems-resources.cls.fr/documents/QUID/CMEMS-OSI-QUID-010-009-a.pdf (last access: 8 May 2020). Data were acquired from NASA, NOAA, IFREMER, EUMETSAT OSI-SAF and ESA using sensors like METOP_B, SEVIRI, VIIRS_NPP, MODIS and others. (Paper I) 

Depending on cloud cover, there were from 200 up to 21000 observations per day. Some obviously erroneous SST values were filtered out (which differed more than 10 C from model ones). All of them were used for assimilation with the Cressman method. 
A data thinning algorithm was used for optimal interpolation in order to reduce oversampling, leaving one value for the area of 2.5 by 5 nautical miles. 

A single SST value was used for each day; it was reduced to midnight based on several available observations at different times (near-real-time).

In order to make sure that the EOF algorithm will perform in the best possible way, experiments with pseudo-observations were conducted. It was found that ca 5000 observations were needed to produce reliable results. As input data for assimilation, model values at specified locations were taken instead of real observations (Paper II).





[bookmark: _Toc73973626]Validation of assimilation results 

Following the approach by Taylor (2001), for each comparison of the two variables  and  a common data set is defined where missing values of one or both data sets are ignored. If the standard deviations of the data sets are ,  and the coefficient of their mutual correlation is , then the centred (with bias removed) root-mean-squared difference (RMSD) of the data sets  reads



 .						         (7)



Maps or transect plots can be visually compared and described (Crosnier and 
Le Provost, 2007). This method is appropriate for situations when no rigorous criteria are set or they are unknown. Some features can be identified, inconsistencies removed and algorithms altered. 

From an assimilation perspective, time-series of good analysis lay between the free run and the observations. Maps of good analysis should not have artificial and physically impossible properties, like bull’s eye formation around a single point observation, rectangular shapes etc.; this should be valid also in the regions of missing observations where quantitative validation is not possible. 

The model performance with respect to observations was evaluated over the grid cells – time span pairs, where and when the observations were available. Since there were low number of observations, DA results were also checked against control run without DA, though in this case it is not possible to conclude on improvement, but only to analyse the changes due to DA. Standard statistical characteristics were calculated for the individual fields: mean, standard deviation, in case of differences (for example, relative to observations): bias, RMSD (root-mean-square difference, equals to the standard deviation of difference field), and the Pearson correlation coefficient. 

A comparison was made against independent data for SST (Paper I), and partially against the data which was used in assimilation (Paper III) as there were no salinity observations available from satellites.

When SST and SSS data were assimilated simultaneously using EOF reconstruction (Paper III), data from the DA experiments with a relaxation time of 5 and 10 days were compared to the same averaged observational FB data as the data from the model run without assimilation (FR). The problems concerning performance evaluations of operational ocean models were described by Hernandez et al. (2015). In this research different portion of the observations were withheld in order to see the impact of the assimilation using 50% of the available data (Gregg et al., 2009). The implementation of EOF DA described in the thesis involved about 13 k observational averages over coarse 5’ N  10’ E grid. The reconstruction procedure by Eqs. (4)–(5) has no direct connection to the ongoing modelling (although it includes statistical results from longer model runs) and the fields of  in Eq. (6) are the only link where observations enter the DA process.






[bookmark: _Toc73973627]Results

The most important result of the entire work is the development of a method that allows the assimilation of fragmented observations into a model and gets better results than with free-run or simple algorithms. Additionally, it is shown that SST and SSS fields can be realistically reconstructed using the EOF technique with model-generated values. CMEMS data can be used as input for assimilation in the NE Baltic. 

Several experiments were conducted in this study. The first experiment was conducted to make sure CMEMS data are acceptable for data assimilation. The second experiment revealed possibilities for two simple algorithms (SC and OI) to improve forecast comparing with free run (without assimilation). The third experiment showed that EOF can be used for the reconstruction of SST fields. The fourth experiment confirmed the ability of the EOF technique to assimilate sparse observations to the large fine-grid.

[bookmark: _Toc73973628]Assimilation of satellite SST data from CMEMS

In the adopted data assimilation approach, SST satellite observations were used to correct the model forecast. FerryBox data were taken from the Tallinn-Helsinki route 
(Fig. 2a), which has the most frequent observations. Therefore, comparisons are presented for this route.

A statistical comparison of weekly mean values of free run (FR) forecast and assimilated SC and OI forecasts with FB data revealed that assimilation provided better correspondence to the independent observations (Table 1). Improvements were noted in degrees of bias, root-mean-squared difference RMSD, and the overall correlation (Table 1). The main performance estimator – RMSD – was < 1 °C in all the cases.

Time series of SST from daily SAT data revealed during the warming period in the open part of the Gulf of Finland (Fig. 3), generally higher temperatures than FB. The SAT data were spiky compared with the FB data: warmer spikes occurred during the warming period and colder spikes during the cooling. The free run (FR) forecast provided in the offshore waters slightly smaller SST than observed. Data assimilation using SC and OI “dragged” the model results towards SAT observations (Fig. 3b), still, the SST spikes did not appear in the assimilated model results.
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Figure 3. Daily SST time series in 2015 on the Tallinn-Helsinki FerryBox transect in the central part of the Gulf of Finland: FB during observation time and nightly values for FR and SAT. See Abbreviations for explanations of the legend. (Paper I)
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Figure 4. Time-latitude map of weekly mean sea nightly surface temperature difference of assimilated with SC (a) and OI (b) in reference to Ferrybox data, between Tallinn and Helsinki. (Paper I)



The difference between the two assimilated SST datasets from the FB data is shown in Fig. 4. In the central part of the Gulf of Finland (latitudes 59.5–60 N) there is a strong seasonal signal. Thin layer temperature registered by satellite was 0.3–0.7 C larger than the bulk temperature of the upper layer (observed at a 4 m depth) during spring and summer until August, and insignificantly (less than 0.5 C) smaller in autumn and early winter. Larger SAT minus FB differences emerged occasionally in areas immediate to the coasts. In December the thin surface layer cooled down by 0.5–1.5 C more than the deeper surface layer along the whole transect, also including the coastal waters.

Total RMSD between analysis and validated data was less than 1 C for SST. Within the selected parameters of assimilation algorithms, the computationally effective SC algorithm gave slightly better results than OI in relation to independent FerryBox data.

A statistical comparison of weekly mean values of FR forecast and assimilated SC and OI forecasts with FB data (Table 1) revealed that assimilation provides better correspondence to the independent observations. Presented deviations contain the seasonal cycle, since all the statistics were calculated with respect to the constant mean value over the whole period from April to December. Standard deviations of SST were in the range of 4.2 to 4.6 C. Calculated correlations were quite high – more than 0.93. 



Table 1. Statistics of FR, SC, OI and SAT with reference to FB data (weekly data). 

		

		FR

		SC

		OI

		SAT

		FB



		bias [C]

		-0.45

		-0.34

		-0.42

		-0.31

		0.00



		RMSD [C]

		0.97

		0.84

		0.96

		0.66

		0.00



		correlation  

		0.931

		0.937

		0.934

		0.936

		1.000



		mean [C]

		10.99

		11.11

		11.03

		11.13

		11.45



		standard deviation [C]

		4.35

		4.45

		4.48

		4.57

		4.19







With reference to the SAT data, FR had RMSD = 0.96. Data assimilation reduced this value to 0.82 (SC) and 0.93 (OI). 



[bookmark: _Toc73973629]Assimilation of in-situ data with EOF method

[bookmark: _Toc73973630] SST and SSS reconstruction with EOF 

The main idea behind EOF is temporal covariance between distant locations. 

Covariance as a function of the space lag of original data (Fig. 5) usually did not follow the normal distribution neither did it exponentially decrease. Large covariance values, especially for SST (not shown), for remote wet points, are due to the similarity of their thermohaline regime (shallow coastal areas, zones influenced by river discharge, local basins with low-intensity circulation). The covariance of the most energetic modes followed closely at larger scales the covariance of original data. Covariance of residual fields (sum of the remaining higher EOF modes) had a strong normal distribution and it decayed fast with increasing space lag. Correlation (not shown) dipped 0.2 at a distance of 30 km for both SST and SSS, justifying the use of OI for this part of the variability.
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Figure 5. Covariance of SSS as a function of space lag between the model points. Shown are heavily smoothed two-dimensional relative histograms of the original data (dotted lines, percentiles 90, 95, and 99 %) and mean covariance of original data (black line). The SSS covariance of the sum of the six most energetic EOF modes is also shown (red line) and higher EOF modes (blue line). (Paper II)



Remapping one-dimensional vectors  back into the two-dimensional geographical framework gives insight into underlying physical processes. First, most energetic modes (Fig. 6 shows the modes for SSS), had nearly “flat” patterns without sign change; 
their amplitudes were dominated by a seasonal signal. Higher modes were considered random due to mesoscale eddies and other fine-scale processes, therefore their correlation decayed rapidly with increasing distance. In the SST patterns, the first mode dominated heavily (97.64% of variance explained) due to the seasonal cycle. Regarding the SSS patterns, the share of different modes was more distributed and the first six modes explained 72.88% of the total variance. The details of the calculated modes and their interpretation can be found in Paper II (Table 1 and Table 2). 

In order to make sure that the EOF algorithm will perform in the best possible way, experiments with pseudo-observations were conducted. It was found that ca 5000 observations were needed for producing reliable results. As input data for assimilation, model values at specified locations were taken instead of real observations (Paper II). 
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Figure 6. EOF patterns for the four first modes of SSS. Shown are the explained variance percentage of each mode. The contour interval for non-dimensional normalized modes (744 points) is 0.02. (Paper II)



With a decreasing number of observations , errors slightly increased when , where  is the number of modes. For example, SSS absolute error was < 0.3 g kg-1 for 88% of cases with  and 80% of cases with . Regarding SST, the errors 
were < 0.6 C in 90% and 82% of cases, respectively. Regression of all the values of both SST and SSS yields tangent between initial and reconstructed data 0.99, their correlations follow . Relative errors of all the SST data, compared with the horizontal standard deviation of each time instance, were from 6.7% (observation grid step 37 km) to 8.6% (93 km). Relative errors of SSS were somewhat larger – 18% and 25%, respectively. For  the errors increased abruptly and singularity errors occurred in Eqs. (5)-(6).

In one of the experiments (Paper II), the whole region was split into three sub-regions: the Gulf of Finland, Gulf of Riga, and northeastern Baltic Proper (Fig. 1), and individual EOF modes were calculated for each of the sub-areas. Except for the northeastern Baltic Proper, the first two SST modes for the Gulf of Finland and Gulf of Riga were similar to the patterns obtained for the whole area. Pairwise correlations of the SST amplitudes were > 0.95 between the Gulf of Finland, the Gulf of Riga and the whole region. There was no evidence that any particular season or sub-region was modelled with greater accuracy than this. 

[bookmark: _Toc73973631]Assimilation using EOF reconstruction

When waters with an SST above 17 °C dominated the area, all the maps indicated moderate upwelling near the northern coasts of the basins (Fig. 7). However, the spatial extent of the colder waters and the minimum temperatures were different. Warmest “cold” waters were observed on satellite images. 
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Figure 7. Maps (longitude E, latitude N) of the SST in the study area on 3 August 2015: (a) free model run without DA, (b) in situ observations reconstructed using EOF method, (c) DA with a relaxation time of 5 days (weight 0.2), (d) satellite observations. (Paper III)



Various mesoscale features emerged on SST (Fig. 7) and SSS (Fig. 8) maps, like colder upwelling filaments along the northern coasts of the Gulf of Finland and the Gulf of Riga, and decaying anticyclonic warm-core eddies near the southern coast of the Gulf of Finland. 

The model forecasted spreading of the Daugava river waters by narrow coastal strips of lower salinity in the NE and NW directions (Fig. 8). Locations with dense observations allowed us to validate the model and visually evaluate assimilation quality. While SST followed the seasonal cycle (Fig. 9), with weather-dependent deviations, then SSS behavior was more irregular. All the compared SST data sources showed less variability than that of SSS in the given variation scales of SST and SSS (16 °C and 2 g·kg-1 respectively). Still, for most of the time the assimilation curve (blue line, Fig. 9b) was closer to the FerryBox observations than the control run, for both SST and SSS (Fig. 9).
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Figure 8. Maps (longitude E, latitude N) of SSS in the study area on 3 August 2015: (a) free model run without DA, (b) in situ observations reconstructed using EOF method, (c) DA with relaxation time 5 days (weight 0.2). (Paper III)



DA improved the model performance significantly: centered RMSD of SST was reduced by 22% and SSS by 34%, compared to the control run (Table 2). From DA01 to DA02, slight improvement of DA performance was observed, therefore DA02 was adopted. Spatial pattern of RMSD changes between the DA and FR (Fig. 10) indicates that most significant improvement (RMSD reduction up to 50%), both for SST and SSS, took place in the observation-covered areas in the Gulf of Finland. Too cold waters produced by FR near the northern coast of the Gulf of Finland were effectively corrected by DA (see also 
Fig. 7), therefore highest improvement percentage scores were detected in this region. Near the western open boundary, non-assimilated SST and SSS values of the larger model were advected into the area, therefore RMSD reduction was small, or even negative for SSS.

Daily maps of EOF DA data were converted also to weekly averages, as it was done for OI and SC methods in Table 1 and Fig. 4, see details in Paper I. Weekly RMSD is 13% lower for SST and 9% for SSS, compared to the daily data (Table 2). Weekly statistics suppressed the mesoscale variability, not resolved by EOF reconstruction, and revealed better match between the DA and the observations. DA decreased the bias, especially for SSS, and increased correlation of SSS between analysis and observations.





Table 2: Statistics of daily data in 0.5’ N  1’ E grid cells with FerryBox (FB) observations: free model run without data assimilation (FR), data assimilation DA01 (observation weight 0.1), DA02 (weight 0.2) and FB. Bias, RMSD and correlation are taken with reference to FB. (Paper III)

		

		FR

		DA01

		DA02

		FB



		SST [C]

		

		

		

		



		Mean

		12.03

		12.15

		12.25

		12.48



		Standard deviation

		3.98

		3.92

		3.93

		3.97



		Bias

		-0.45

		-0.33

		-0.23

		0



		RMSD

		0.72

		0.59

		0.56

		0



		Correlation

		0.98

		0.99

		0.99

		1.00



		SSS [g kg-1]

		

		

		

		



		Mean

		5.61

		5.79

		5.85

		5.93



		Standard deviation

		0.35

		0.29

		0.31

		0.37



		Bias

		-0.31

		-0.14

		-0.08

		0



		RMSD

		0.35

		0.24

		0.23

		0



		Correlation

		0.52

		0.76

		0.78

		1.00
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Figure 9. Time series of SST (a, c) and SSS (b, d) near Tallinn (a, b, 59.4833° N, 24.7667° E) and Helsinki (c, d, 59.9500° N, 24.8833° E), locations shown in Fig. 2a. FerryBox data are shown by dots, black lines represent control run without DA, red lines correspond to DA with relaxation time 5 days (weight of observations 0.2), blue lines for 10 days (weight 0.1). (Paper III)
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Figure 10. Improvement of RMSD of DA compared to that of FR, both taken in reference to 110 k FerryBox observations. Comparison is made for 20 x 20 grid cells (10’ N x 20’ E) for SST (a) and SSS (b) over the whole study period. Legend codes: few points – less than 100 observations in a box, small values - absolute percentage change less than 10%, negative – DA RMSD growth more than 10%, positive – DA improvement (RMSD reduction) from 10% to 30%, large positive – improvement more than 30%. (Paper III)








[bookmark: _Toc73973632]Conclusion

Three different assimilation methods were used with HBM-EST simulations – OI, SC and EOF. Calculation was performed on model data for year 2015 and satellite observations provided by CMEMS, validation was made with in situ data. The findings can be summarized as follows: 

· The tests with marine data assimilation into the model of the northeastern Baltic showed that satellite SST products from CMEMS can be well used for data assimilation in the sub-regional marine forecasts (Paper I). 

· SST from the DA, produced using satellite data, was compared with FB observations; it was confirmed that for areas with dense observations OI and SC algorithms are appropriate and can be used to produce good quality results (Paper I).

· Estimation of the model performance for both cases with or without DA gave for the SC and OI methods similar pattern of differences relative to FB data. Comparing the results by SC and OI methods, SC produced slightly more accurate results than OI with the given set of parameters. Namely, SC provided smaller bias and RMSD and larger correlation as compared to the FB data. (Paper I)

· Statistically justified EOF reconstruction method is developed that allows to handle large-scale patterns of observed fields in the sub-regions. The entire region can be covered with interpolated and extrapolated observations using model-based EOF patterns. Summation of all modes yields initial field variance (Paper II).

· Study of the EOF reconstruction method revealed that in the smaller sea regions, which are affected by the same large-scale forcing patterns, the dominating EOF patterns have obvious physical interpretations. Their shape does not depend very much on the selection of boundaries as shown by experiments with split regions (Paper II).

· Implementation of the EOF statistical reconstruction technique into the DA of the forecast model yielded reduction of RMSD and interpolation errors. Mesoscale deviations from large-scale EOF patterns follow well-defined covariance decay with space lag; therefore, they could be treated by optimal interpolation or similar method (Paper III).

· EOF DA method has small computational effort compared to the localized methods like OI etc (Paper III). 

· Intermediate results are in the form of maps that are easily understandable and can be checked visually or taught to be analysed by artificial intelligence (Paper III). 

· Since the quality of DA and forecast are primarily determined by the quality of EOF reconstruction (when extensive mesoscale observations are not available), then it would be possible to perform faster calculations with orthogonal EOF basis vectors (Paper III).

· DA made major improvement in modelling of SSS. Further improvements can be made as RMSD to the observations makes 62% of observed standard deviations (Paper III). 
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Development of data assimilation for forecasts in Estonian marine areas  

This research was performed in order to solve practical problems concerning quality of operational marine forecast for Estonian coastal waters. This was done through data assimilation using available observation data from satellites and FerryBox. 

The main objective of the work was to find assimilation algorithm which allows to produce forecast with smaller errors compared to model run without assimilation. Observation coverage and spatiotemporal characteristics can vary significantly, but this should not impact quality of the assimilation. 

HBM model was used for experiments as it currently produces operational forecast for Estonian marine areas. The region was limited to northeastern part of Baltic Sea, including Gulf of Finland, Gulf of Riga and northeastern part of Baltic Proper. Temporal resolution of the model was taken 24 hours, spatial resolution is 0.5’ N x 1’ E. 

Assimilation was performed only for the first water layer (depth 3m) since observations were taken from satellite or FerryBox. Experiments were performed with three algorithms. 

Two of them are well-known straightforward methods – successive corrections (SC) and optimal interpolation (OI). These algorithms are computationally robust and can be used for areas with abundant observation coverage. Assimilation reduces RMSD of e.g. SST by 0.01–0.13 °C. 

The novelty of the research is development of a new method, which allows to assimilate small amount of scattered observations and improve forecast over entire grid, including areas without observations. The algorithm is based on calculation of EOF modes of model fields and reconstruction of observations using small portions of data. This method uses grid transposition (from fine to coarse and then back to fine grid through bilinear interpolation) in order to reduce computational load. 

New method can be used for assimilation for regions that are under similar forcing resulting in high covariance over large distances. Therefore variability of assimilated fields can be presented by limited number of dominating EOF modes. Calculation of EOF modes should be done with model that describes marine physical processes very well. 

During all the experiments the same time period was used (01.05.2015–31.12.2015) in order to maintain comparability between different algorithms. 

Feasibility study of the EOF assimilation method showed that the EOF patterns have obvious physical interpretations and their shape does not depend very much on the selection of boundaries of sub-regions. The output is presented as two-dimensional maps which can be interpreted in terms of underlying physics. 

EOF DA method reduces RMSD for SST by 0.14–0.16 °C and SSS by 0.11–0.12 g·kg-1. Calculations of EOF modes were done with 5-year model data. First four modes can be used for assimilation, they explain 99.3% and 65.4% of variance for SST and SSS respectively. 

EOF DA method has small computational effort compared to the localized methods and can be used in operational forecast at Department of Marine Systems. 
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Eesti merealade prognoosisüsteemi arendamine vaatlusandmete assimileerimise abil

Käesolev doktoritöö kirjeldab uuringuid, mis viidi läbi eesmärgiga pakkuda täpsemat lahendust Eesti merealade operatiivsele prognoosisüsteemile. Arendamine hõlmas satelliitandmete ja kruiisilaevade vaatlusandmete assimileerimist. 

Peamine eesmärk oli leida arvutialgoritm, mis korrigeeriks prognoosi ning vähendaks vigu, mis on iga mudeli puhul paratamatud, võrreldes mudeli tulemustega ilma assimileerimiseta. Läbi selle saavutatakse prognoosi kõrgem täpsus, kuna arvutusi järgmiseks päevaks alustatakse korrigeeritud väärtusest. Vaatluste tihedus võib kõikuda üle kogu basseini, samuti võivad olla väga erinevad ajalised parameetrid, kuid see ei tohiks oluliselt mõjutada mudeli prognoosi kvaliteeti peale assimileerimist. 

Eksperimentide jaoks kasutati HBM mudelit, mis töötab operatiivsel režiimil Eesti merealade jaoks. Uurimispiirkonnaks on Läänemere kirdeosa, mis hõlmab Soome ja Liivi lahte, Väinamerd ning Läänemere avaosa, mis jääb 21°E meridiaanist ida poole. Mudeli assimileerimise ajasamm oli võetud 24 tundi ning ruumiline võrgupesa suurus oli 0.5’ N x 1’ E. 

Assimileerimine oli rakendatud ainult ülemise kihi jaoks (1. kihi paksus 3 m) kuna satelliitandmed olid pinnakihi kohta ning FerryBox andmed pärinesid sügavuselt 3–4 m.  Eksperimentide käigus katsetati kolme erinevat algoritmi. 

Nendest kaks on tuntud ja lihtsad algoritmid – järjestikulised muudatused (SC) ja optimaalinterpolatsioon (OI). Neile meetoditele on omane madal arvutusvõime, neid saab kasutada assimileerimisel piirkondades, mille kohta on rohkelt vaatlusi üle kogu basseini. Algoritmid vähendavad nt temperatuuri ruutkeskmist viga 0.01–0.13 °C võrra. 

Töö uudsuseks on uue meetodi arendamine, mis lubab taastada vaatluste väärtusi üle kogu mudelivõrgu väheste vaatluste korral, mis ei tarvitse olla samas alambasseinis. Algoritm põhineb EOF moodide arvutamisel mudeliandmete alusel ning vaatluste rekonstrueerimisel, kasutades väikest andmekogust. Selle meetodi arvutusvõime tõhustamiseks kasutatakse jämevõrku, mis on peenvõrgust, kus toimub assimileerimine, 100 korda väiksema ruumilise resolutsiooniga, ning teisendus tagasi peenvõrgule on tehtud bilineaarse interpolatsiooniga. 

Uus meetod sobib kasutamiseks assimileerimisel piirkondades, mis asuvad homogeense mõjuvälja alal, ja mille merevee parameetreid iseloomustab kõrge kovariatsioon suurtel kaugustel. Seega terve välja muutlikkust saab kirjeldada domineerivate moodide vähese arvuga. EOF moodide arvutus eeldab, et kasutatav mudel kirjeldab meres toimuvaid füüsikalisi protsesse küllaltki hästi. 

Kõikides kirjeldatud eksperimentides oli kasutatud mudeliandmeid samast ajalisest perioodist (01.05.2015–31.12.2015), et tagada võrreldavus erinevate meetodite vahel. 

EOF assimileerimismeetodi võimekuste uuring näitas, et tugevamatel EOF mustritel on füüsikaline tagapõhi ning nende kuju ei sõltu sellest, millisest alambasseinis pärinevad lähteandmed. Assimileerimise väljundiks on kahedimensioonilised kaardid, mida saab tõlgendada füüsikaliste seaduspärasustega. 

EOF assimileerimismeetod vähendab pinnatemperatuuri keskmist ruutviga 
0.14–0.16 °C võrra ning pinnasoolsuse oma 0.11–0.12 g·kg-1 võrra. EOF moodid olid arvutatud 5 aasta mudeliandmete põhjal. Esimesed neli moodi kirjeldavad üle 99,3% pinnatemperatuuri ja 65,4% pinnasoolsuse muutlikkusest. 

Arendatud meetod on arvutuslikult tõhus ning sobib kasutamiseks operatiivses režiimis Tallinna Tehnikaülikooli Meresüsteemide instituudis. 
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