
Chapter 8
Evaluation and Tuning of Model Trajectories
and Spreading Rates in the Baltic Sea Using
Surface Drifter Observations

Joakim Kjellsson, Kristofer Döös, and Tarmo Soomere

Abstract Results from experiments with surface drifters in the Baltic Sea in 2010–
2011 are presented and discussed. In a first experiment, 12 SVP-B (Surface Velocity
Program, with Barometer) drifters with a drogue at 12–18 m depth were deployed
in the Baltic Sea. In a second experiment, shallow drifters extending to a depth
of 1.5 m were deployed in the Gulf of Finland. Results from the SVP-B drifter
experiment are compared to results from a regional ocean model and a trajectory
code. Differences between the observed SVP-B drifters and simulated drifters are
found for absolute dispersion (i.e., squared displacement from initial position) and
relative dispersion (i.e., squared distance between two initially paired drifters). The
former is somewhat underestimated since the simulated currents are neither as fast
nor as variable as those observed. The latter is underestimated both due to the above-
mentioned reasons and due to the resolution of the ocean model.

For the shallower drifters, spreading in the upper 1–2 m of the Gulf of Finland
is investigated. The spreading rate is about 200 m/day for separations <0.5 km,
500 m/day for separations below 1 km and in the range of 0.5–3 km/day for sep-
arations in the range of 1–4 km. The spreading rate does not follow Richardson’s
law. The initial spreading, up to a distance of about d = 100–150 m, is governed
by the power law d ∼ t0.27 whereas for larger separations the distance increases as
d ∼ t2.5.
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8.1 Background

Many studies of the ocean rely on Lagrangian trajectories. Knowledge of the ori-
gin and destination of a water particle, as well as the spreading of several initially
closely located particles, is necessary for a number of purposes, for example esti-
mating the fate of oil spills (Soomere et al. 2010) or living organisms (Corell et al.
2012), as well as for planning rescue operations or finding lost items. Trajectories
can be either observed using drifters or floats, or simulated using a computer model
of the ocean and a trajectory algorithm. Model-simulated trajectories may be used
to track entire water masses (Döös 1995; Blanke and Raynaud 1997; Döös et al.
2004), or to map transport and dispersion in the ocean (Pizzigalli et al. 2007). As
these studies become more frequent, the need for evaluating the modelled results
against observations is continuously growing.

In the World Ocean, several studies have used surface drifters or floats to vali-
date model-simulated trajectories. These studies have covered, e.g., the North At-
lantic (Garraffo et al. 2001; McClean et al. 2002; Lumpkin et al. 2002), the Pacific
(Garfield et al. 2001), and the global ocean (Döös et al. 2011). Although they have
employed different models, and different sets of Lagrangian observations, a com-
mon conclusion is that the squared displacement from the initial position (the abso-
lute dispersion) shows a fair agreement between models and observations. Discrep-
ancies between them are often found when studying the squared distance between
two initially paired drifters (relative dispersion), and/or the variability of the currents
(eddy kinetic energy). Relative dispersion and/or eddy kinetic energy is found too
low1 in models of resolution 1/4◦–1◦, thus the simulated drifters do not separate as
much as the observed ones (Lumpkin et al. 2002; McClean et al. 2002; Döös et al.
2011).

Discrepancies between models and observations can partly be attributed to the
coarse model resolution, which does not take turbulence on small scales into ac-
count, and implies a need for parameterizing subgrid-scale motions (Döös et al.
2011; Griffa et al. 2004). For example, an extensive analysis of the performance of
six circulation models was performed for the Gulf of Finland (Myrberg et al. 2010).
Errors in the wind forcing can also explain some of the differences in some models,
e.g., Keevallik and Soomere (2010) highlighted systematic bias between modelled
and measured wind directions and air flow properties in the central part of the Gulf
of Finland.

To be able to implement realistic parameterizations of subgrid turbulence it is
crucial to understand the circulation on small scales. For the Baltic Sea, there have
been several studies using model-simulated trajectories (Döös et al. 2004; Soomere
et al. 2010; Corell et al. 2012), but very little observational Lagrangian data. To
the authors’ knowledge, there has been only one experiment using Surface Velocity
Program (SVP) drifters similar to the ones used in this study (Håkansson and Rahm

1The notion ‘too low’ is used here to denote the situation when a modelled quantity is systemati-
cally smaller than its values estimated from measurements. Similarly, the notion ‘too high’ or ‘too
large’ denotes the case when a modelled quantity systematically exceeds its measured values.
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1993; Launiainen et al. 1993). These drifter data sets have not been used to evaluate
the accuracy of any ocean circulation model. This lack of observations can, at least
partly, be explained by the small horizontal extent over which the depth of the Baltic
Sea exceeds the depth of the SVP drifter drogue (which sits between 12 and 18 m
depth), and by the heavy ship traffic. The risk of a surface drifter getting caught up
in too shallow waters or colliding with a ship is likely higher in the Baltic Sea than
in the open ocean.

For the Baltic Sea, only a few short-term drifter experiments have been per-
formed in the uppermost 1–2 m thick layer. For instance, shallow drifters have been
used to validate the output of the High Resolution Operational Model of the Baltic
Sea (HIROMB) and to study ice drift in the Gulf of Finland (Kõuts et al. 2010).
Also, experiments targeting at the validation of the Seatrack Web oil spill model
were performed with the same drifters in the middle of the Gulf of Finland, western
Estonian archipelago and in the eastern sector of the Northern Gotland Basin (Ver-
jovkina et al. 2010). Their duration ranged from 8 hours up to 7 days. The longest
distance covered by a drifter during a single experiment was 52 nautical miles.

This chapter presents an overview of results of experiments with SVP surface2

drifters and shallow (∼1.5 m deep) drifters (called GPS/GSM drifters below) de-
ployed in the Baltic Sea in 2010–2011. The advection of SVP drifters has also been
simulated using a regional ocean model and a trajectory code. The drifter obser-
vations and model trajectories were compared using several statistical measures.
Results from the comparison may then be applied to tune the algorithms used to
simulate the trajectories to obtain a better fit to observations. The realism of the
original and tuned model trajectories is discussed, as well as the implications for
Lagrangian modelling in the Baltic Sea. We also present results of a series of exper-
iments with the GPS drifters in the Gulf of Finland that were designed to quantify
the spreading of floats’ pairs in the uppermost 1–1.5 m thick layer. This behaviour
is discussed in the context of predictions from the turbulence theory.

8.2 Surface Drifters in the Baltic Sea

Twelve SVP-B (Surface Velocity Program, with barometer port) drifters (Lumpkin
and Pazos 2007) were deployed in the Baltic Sea in 2010–2011 (Kjellsson and Döös
2012). Their drift was tracked over the time interval of 14 July 2010–19 November
2011. The drifters were manufactured by Marlin–Yug Ltd. in Sevastopol, Ukraine,
and are approved by the Naval Oceanographic Office (NAVOCEANO) to comply
with the World Ocean Circulation Experiment (WOCE) type. SVP-B drifters are
equipped with a surface buoy containing GPS-sensors for measuring the position,
sea surface temperature and atmospheric pressure, and a system to transmit the data
to the Argos or Iridium satellites. Attached to the surface buoy is a holey sock an-
chored between 12 and 18 m depth. This configuration allows for the drifters to

2They actually follow subsurface currents at depths 12–18 m.
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Fig. 8.1 (a) The 12 SVP-B surface drifters used in this study mapped on top of the bathymetry
(Kjellsson and Döös 2012). Dots indicate the start of a segment of the drifter’s trajectory after every
256 hours. Surface drifters are given a letter corresponding to the deployment event. A and B are
the two pairs deployed in 2010, C and D the two triplets in 2011, and E is the pair deployed in
2011 in the Gulf of Finland. (b) Simulated segments of SVP drifters’ trajectories. 36 simulated
segments were released for each SVP drifter segment except those during the winter (December—
January–February) season. Depth <18 m is indicated by cyan shading

mostly follow subsurface currents at these depths. A schematic picture of the SVP
drifters can be found in Lumpkin and Pazos (2007). Data—including the state of
the drifter—are transmitted once an hour. The position data retrieved from the Ar-
gos and Iridium satellites allows for the identification and elimination of any (occa-
sional) erroneous GPS positions. Our data set did not contain any erroneous posi-
tions.

Two pairs of SVP drifters were deployed in the Baltic Sea in July and August
2010 (Fig. 8.1a and Table 8.1). The deployment point was chosen to be near the
major fairway where an oil spill could potentially occur. A triplet of drifters was
then deployed at the same point in June 2011. As four of these seven SVP drifters
got lost (apparently owing to collisions with ships) within a relatively short time
period, another triplet was deployed at some distance to the northwest of the pre-
vious location in August 2011. Two of the drifters from the two pairs stranded and
were then re-deployed as a third pair in the Gulf of Finland in November 2011. All
deployments, except the last pair, were made from the ferry Silja Festival on her
regular crossing from Stockholm to Riga.

Drifters of a different kind were deployed in the Gulf of Finland to study pair
separations in the uppermost layer (Soomere et al. 2011). These drifters were not of
the WOCE standard. They were fixed within the uppermost ∼1.5 m thick layer. The
active component (a high sensitivity (−159 dB) GPS/GSM device CT-24, Sanav
Corp., Taiwan) of these lightweight floating buoys reported its position 4 times an
hour. The device was mounted on the top of a 2 m long and 50 mm in diameter
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Table 8.1 The first transmitted positions (∼ release positions) of all 12 SVP surface drifters, and
their lifetime

Drifter Initial Lon/Lat Start date Lifetime

# 1 20.6984◦ E/58.3559◦ N 14 July 2010 96 days

# 2 20.6988◦ E/58.3562◦ N 14 July 2010 102 days

# 3 20.6967◦ E/58.3568◦ N 17 August 2010 317 days

# 4 20.6971◦ E/58.3567◦ N 17 August 2010 11 days

# 5 20.7002◦ E/58.3539◦ N 9 June 2011 22 days

# 6 20.6976◦ E/58.3532◦ N 9 June 2011 63 days

# 7 20.6987◦ E/58.3539◦ N 9 June 2011 25 days

# 8 19.8129◦ E/58.8452◦ N 10 August 2011 101 days

# 9 19.8128◦ E/58.8447◦ N 10 August 2011 100 days

# 10 19.8096◦ E/58.8462◦ N 10 August 2011 101 days

# 11 24.7421◦ E/59.6804◦ N 7 November 2011 12 days

# 12 24.7415◦ E/59.6796◦ N 7 November 2011 12 days

plastic pipe, about 2/3 of which was submerged and about 1/3 (60 cm) was above
the water surface. A picture of one of the drifters can be found in Soomere et al.
(2011). Three deployments were made with altogether 8 drifters. Each time drifters
were deployed at a distance of about 50–150 m from each other and let to drift from
a few days to a few weeks. Two deployments took place about 8 km west of the
island of Naissaar and one in Muuga Bay.

8.3 Simulated Drifters

Simulated drifters were computed using the Lagrangian trajectory code TRACMASS
(see Chap. 7 and Döös 1995; Blanke and Raynaud 1997) and velocity fields from the
Rossby Centre regional Ocean climate (RCO) model (Meier et al. 1999, 2003). The
RCO model (Chap. 4) is a coupled ice–ocean circulation model, and a regionalized
version of the global Ocean Circulation and Climate Advanced Model (OCCAM)
(Webb et al. 1997). Here, the model grid covers the Baltic Sea with an open bound-
ary at Kattegat. The resolution is 1/15◦ × 1/30◦, i.e., ∼2 nautical miles, with 41
vertical levels, where each layer in the upper 40 m is 3 m thick. RCO uses a k–ε

mixing scheme (Meier et al. 2003) to simulate effects of subgrid turbulence, which
applies to both velocity components (u,v) in the momentum equations and tracers
(temperature, salinity, etc.).

The ocean model RCO and the atmospheric model RCA (Kjellström et al.
2005) are both components of the regional coupled atmosphere–ocean model RCAO
(Döscher et al. 2002) that is used for simulating the future climate over Scandinavia.
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In our data set, the RCO model has been run in hindcast mode using atmospheric
forcing from the ERA-40 reanalysis (Uppala et al. 2005) and observed river runoff.
The ERA-40 fields have been downscaled to the RCO model grid by using them
as input for the regional atmospheric model RCA. Winds have subsequently been
corrected to include some gustiness (Höglund et al. 2009). Several studies have val-
idated the RCO model output data against observations of temperature, sea surface
height, and salinity. Meier (2002) used data from four separate stations in the Baltic
Sea, and found that the model data agreed reasonably well. See Chap. 4 for a detailed
overview of many features of this model. In the present study, the output data of the
RCO model, including temperature, salinity, and three-dimensional (3D) velocity,
were available every 6 hours for June 1961–May 2005.

The TRACMASS trajectories are computed off-line, that is, after the fields from
the RCO model have been integrated and stored. This allows for faster and less
memory consuming computations. A thorough discussion of the pro’s and con’s of
the on-line and off-line methods of trajectory calculations is presented in Chap. 7.
The simulated trajectories were not fully Lagrangian: to mimic the motion of the
drifters, only horizontal components of the velocities were used to calculate the
advection of the particles. The velocity of advection was evaluated as a weighted
average of the modelled currents for depths between 12 and 18 m. The simulated
drifters were locked at the depth of 15 m. To simulate (the impact of) drifter strand-
ing, any model drifter that at some time instant reached a depth shallower than 18 m
was considered as stranded and the relevant data was removed from the statistics.

The TRACMASS code includes tunable parameterizations of subgrid-scale tur-
bulence and diffusion to imitate subgrid-scale motions (Döös and Engqvist 2007;
Döös et al. 2011). The turbulence scheme adds a random perturbation to the veloc-
ity fields, while the diffusion scheme adds a random perturbation to the position. In
the zonal direction, the impact of turbulence is included as

unew = uorig + uturb, (8.1)

uturb = κ
1

(�tmin)1/3
(q − 0.5)uorig, (8.2)

where q is a random number between 0 and 1. The same value of q is used at both
the eastern and western grid box walls. The quantity �tmin is the time until the
trajectory has moved through the grid box or until the velocity fields are updated
(every hour) and may therefore be individual for each trajectory (see Chap. 7 for
details). There is thus no uniquely defined time step of the ‘upgrade’ of the velocity
or position in the parameterization of turbulence or diffusion. The random increment
added by the turbulence scheme is proportional to the mass flux through the grid
box, the time step, a random number, and a parameter κ . The equations are similar
in the meridional direction.

The value of the parameter κ was set by simulating trajectories with no turbu-
lence parameterization and comparing the results to observed SVP drifters. An em-
pirical value can then be estimated by simulating trajectories using different κ and
comparing to observed drifter trajectories.
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The scheme is a low-order one in the sense that it does not take into account
properties such as Lagrangian time scales or Lagrangian velocity autocorrelation.
Schemes like this are often called ‘Markov 0’ processes (Rupolo 2007). Several
more advanced processes of ‘Markov 1’ or ‘Markov 2’ type have been tested in
other studies but never used with the TRACMASS code, and thus are not used in
this study. The possible advantages of using Markov 1 or Markov 2 models will be
discussed in Sect. 8.9.

8.4 Lagrangian Statistics

Absolute dispersion is a measure of the square of travelled distance from the origin,
i.e., the trajectory length, as a function of time. An average of this quantity over M

trajectories is here evaluated by integrating the velocity

D2
A(tn) ≡ 1

M

M∑

m=1

(∫ ∣∣ui,m(tn)
∣∣dt

)2

, (8.3)

where tn is the time (discrete steps), dt is the time step (1 hour in experiments with
the SVP drifters), m is the trajectory number, and i indicates which velocity compo-
nent is used. The turbulent absolute dispersion, D2

A

′
(tn) is found by integrating the

turbulent velocity u′ = u−u, where u is a time average of the trajectory, in a similar
fashion. The mean displacement is defined as the displacement from the origin as a
function of time

DD(tn) ≡ 1

M

M∑

m=1

√√√√
2∑

i=1

[
xi,m(tn) − xi,m(0)

]2
, (8.4)

where t = 0 is associated with the beginning of a trajectory segment.
Relative dispersion is often defined as the square of the distance from the mean

position at a certain time. However, here it is defined as half of the pair separation,
i.e., the square of half of the distance between two drifters at a given time step, which
is equal to the squared distance from the mean position of the two drifters. With the
same notations as for the absolute dispersion, the average relative dispersion over P

pairs is defined as

D2
R(tn) ≡ 1

P

P∑

p=1

2∑

i=1

(
di,p(tn)

2

)2

, di,p(tn) = xi,q(tn) − xi,r (tn), (8.5)

where di,p is the pair separation and p is the pair consisting of drifters r and q . The
square of the separation ensures positive values.

The Lagrangian velocity is obtained by using a non-centred finite difference
scheme

ui,m(tn) ≡ dxi,m(tn)

dt
≈ xi,m(tn) − xi,m(tn−1)

tn − tn−1
, (8.6)
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with the indices having the same meaning as above. Similarly, the acceleration was
calculated using a similar finite difference scheme applied to the particular velocity
component:

ai,m(tn) ≡ dui,m(tn)

dt
≈ ui,m(tn) − ui,m(tn−1)

tn − tn−1
. (8.7)

Note that velocity is not defined at the first time instant (or position), and accelera-
tion is not defined at the first and second time instant.

The Lagrangian velocity autocorrelation describes the correlation of the velocity
at one time with that of previous times:

R(τ) = σ 2(τ )

σ 2(τ = 0)
≈ Rq = σ 2

q

σ 2
0

, (8.8)

where σ 2(τ ) and σ 2(τ = 0) are the Lagrangian velocity autocovariances for time
lag τ and no lag (τ = 0), respectively. Here q is the discrete time step and Rq is the
autocorrelation at time step q . The quantity σ 2(τ ) is defined as

σ 2(τ ) = lim
T →∞

1

T

∫ T

0
u′(t + τ) · u′(t) dt ≈ σ 2

q ≡
2∑

i=1

1

N − q − 1

N−q−1∑

n=1

u′
i,nu

′
i,n+q,

(8.9)

where u′
i,n = ui,n − ui and ui is a time average of the segment. Note that the total

velocity autocovariance is the sum of its zonal and meridional components: σ 2 =
σ 2

i=1 + σ 2
i=2.

Using the autocorrelation R(τ), the Lagrangian integral time scale TL is defined
as

TL =
∫ t1

0
R(τ)dτ. (8.10)

This is a measure of the memory of a trajectory, that is, the time lag during which the
Lagrangian velocity is correlated. When computing this integral, the upper bound,
t1, is the point where R(τ) = 0 occurs for the first time. This truncation is perhaps
the most commonly used one, due to the often noisy character of the autocorrelation
function R(τ) for large τ . Lumpkin et al. (2002) compared this choice with several
other approximations, and found that all approaches produced essentially the same
results. Thus it is natural to assume that the approximation used here is a robust one.

8.5 Results

8.5.1 The Surface Drifters

The 12 drifter trajectories were of different length because of variable drifter life-
time. The mean drifter lifetime was ∼80 days (Table 8.1). For this reason, each
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Fig. 8.2 Pair separation
(distance between drifters) for
each individual drifter pair

drifter trajectory was split up into shorter segments of fixed length (called SVP seg-
ments or simply segments below). To make the Fast Fourier Transformation (FFT)
calculations more convenient, the segments’ length was taken as a power of two,
28 = 256 hours. It was important that the segments (i) were long enough for con-
secutive segments of each trajectory to be uncorrelated (this property will be dis-
cussed later) and (ii) yield a reasonably long time series of single-particle statistics.
They also needed to be shorter than the shortest SVP drifter trajectory (∼11 days).
This resulted in 85 segments altogether. From our viewpoint of statistical properties
of dispersion these segments can be interpreted as trajectories of 85 independent
drifters.

Tracks of the SVP drifters are shown in Fig. 8.1a. The drifter deployments
yielded 9 pairs (Fig. 8.2). It should be noted that the pair separation (related to rela-
tive dispersion by Eq. (8.5)) grew at very different rates and that the pairs had very
different lifetimes. For instance, the pair ‘E1 & E2’ dispersed rapidly after 5 days,
while the pair ‘D1 & D3’ stayed essentially paired for more than 20 days.

Velocities at each time step, except for the last one, were calculated for each SVP
drifter from Eq. (8.6). The drifter velocities show strong currents near Poland, west
of Estonia and west of Gotland (Fig. 8.3a). The Lagrangian time scales computed
for each segment from Eq. (8.10) are shown in Fig. 8.3b. In this case, the turbulent
velocities were calculated by subtracting the time-averaged velocity of the segment,
not the full trajectory. A comparison of Figs. 8.3a and 8.3b shows that regions of
high velocity tend to have higher frequencies of variability, and thus shorter La-
grangian velocity time scales. Note that the relevant time scales are ∼1–2 days,
similar to those calculated from SVP drifters in other parts of the World Ocean
(Rupolo 2007), and much shorter than the segment length.

The SVP drifters also collected data of sea surface temperature (Fig. 8.4) and
atmospheric pressure. During summertime temperatures reached ∼24 °C, while de-
scending to near 0 °C in winter. The only SVP drifter surviving the winter always
measured temperatures above 0 °C. By using available ice charts it was verified that
the drifter avoided ice-covered waters.
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Fig. 8.3 (a) SVP drifter trajectories coloured by their total Lagrangian velocities. The colour range
is from 0 to 0.4 m/s. (b) SVP drifter trajectories coloured by the Lagrangian integral time scales.
Calculations of Lagrangian time scales yielded one value per drifter segment (256 hours). Colours
range from 0 to 2 days

Fig. 8.4 The sea surface
temperature measured by
each SVP drifter. Horizontal
time axis is days from the first
deployment, 14 July 2010, up
to December 2011 when the
data collection was stopped.
The SSTs were constantly
above 0 °C, suggesting
ice-free conditions

8.5.2 Model Evaluation

The years 2010–2011 were not available in our RCO data set and thus a direct com-
parison of measured and modelled statistical features of drift was not possible. Also,
the first and last years (1961 and 2005) in the RCO data set were incomplete and
could therefore not be used. Statistics extracted from the SVP drifter segments was
therefore compared to statistics derived from the motion of simulated drifters in
1962–2004. This comparison is not exactly straightforward because the SVP drifter
data in 2010–2011 were collected under ice-free conditions but large parts of the
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Baltic Proper3 and the Gulf of Finland have been frozen during some winters in
1962–2004. The presence of ice definitely impacts both the modelled and real veloc-
ity fields but in our comparison the related effects only become evident for simulated
drifters (assuming that the RCO model simulated the sea ice correctly). Including
simulated winter drifters in some ice-free years while excluding those from years
of a frozen Baltic Sea would give extra weight to some years in the statistics and
would thereby bias the comparison. For this reason, all segments recorded by the
SVP drifters during the period December 2010–February 2011 were removed from
the data, leaving 76 drifter segments for the comparisons with the modelled data.

The starting longitude and latitude as well as hour, day, and month for each of the
76 drifter segments were used as starting points for simulated drifters in each full
model year (1962–2004). Thus, 36 simulated drifters were released around each
starting point in each model year, resulting in 36 × 76 = 2736 segments for each
model year. Four of the 36 simulated drifters around each starting point originated
in the same grid box as the surface drifter segment, while the others were spread
horizontally in the eight adjacent grid boxes.

As each grid box was about two nautical miles wide, the described process con-
verted each starting point of a SVP drifter segment into a ‘cloud’ (with a radius of
about 3 nautical miles or ∼5.5 km) of model drifters. Doing so made it possible to
take into account the natural subgrid-scale variability of currents around the starting
point of each drifter. The large number of simulated drifters also resulted in clearer
statistics. In an additional experiment, the number of simulated drifters was dou-
bled, resulting in no significant difference in the statistical parameters. It was thus
concluded that the set of 36 simulated drifters per each SVP drifter formed a suffi-
cient pool of samples to calculate the necessary statistics. No turbulence or diffusion
parameterization was used at this point. In order to better replicate the conditions of
the motion of SVP drifters, the advection of the simulated ones was calculated using
the horizontal velocities at 12–18 m depth, with no vertical velocity. Moreover, only
simulated drifters that stayed for 256 hours in waters deeper than 18 m were used in
the comparison. Simulated drifter segments from the year 1962 (Fig. 8.1b) covered
similar sea regions as the SVP drifter segments but their separation rate was smaller.

The positions of simulated drifters were stored every hour to have the same tem-
poral resolution as for the SVP drifters. However, the velocity fields from the RCO
model were only available every 6 hours. Hence, variations on time scales shorter
than 12 hours were not resolved by the model, and time scales slightly longer were
poorly resolved. The average velocity power spectrum of all SVP drifter segments
(Fig. 8.5, left panel), shows a peak near the frequency of 2 cycles per day, corre-
sponding to a period of ∼14 hours. This peak obviously reflects the presence of
inertial oscillations (see Chap. 2, Sect. 2.3.4 for details).

While this peak was very pronounced for the SVP drifters, it was also visible
for the pool of all simulated drifters in each model year but in this case appeared
as a double peak. This distortion is most likely an effect of the inertial oscillations

3We use here the notion Baltic Proper to denote the Eastern, Northern and Western Gotland Basin,
Bornholm Basin and Gdańsk Bay (Chap. 2, Fig. 2.1).
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Fig. 8.5 Power spectra of the Lagrangian velocity for SVP drifters (thick black line) and simulated
drifters in each year 1962–2004 (thin coloured lines) for the unfiltered data (left) and with a 14-hour
running mean applied to both SVP and simulated drifter positions (right)

being poorly resolved, leading to aliasing (errors in the frequency). It is very likely
that similar distortions occurred in the statistics of trajectories simulated using the
RCO velocity fields in Chaps. 9 and 10. In order to remove the distorted part of
statistics, a 14-hour running mean was applied to the drifter positions of both the
SVP and modelled drifters before further processing of the data. After filtering out
the inertial oscillations the power spectra for the SVP and simulated drifters were
quite similar (Fig. 8.5, right panel).

The mean displacement was calculated for both SVP drifter segments and sim-
ulated drifters using Eq. (8.4). The procedure yielded one time series for all SVP
drifter segments and one for each model year (1962–2004) (Fig. 8.6c). The total
and turbulent components of absolute dispersion (Eq. (8.3)) were also calculated
(Figs. 8.6a, b). The absolute dispersion increased with time during the entire dura-
tion of the segments, while the mean displacement started to level off at the end of
the segments (∼10 days). This indicates that the horizontal extent over which the
mean depth is >18 m in the Baltic Sea is rather small, and that drifters can only drift
for ∼40 km until they become influenced by this.

The discrepancies between observed and simulated drifters in Fig. 8.6 indicate
that the simulated velocities are lower than the observed ones. Indeed, the distri-
bution of absolute velocities for all drifter segments, and for all simulated drifters
in each model year (Fig. 8.7) showed the latter to be narrower (thus exhibiting less
variability) and centred over lower values than the former. Note that there are far
more simulated drifters in a given model year than the 76 observed SVP drifter
segments. For this reason all the distributions are normalized to have the integral
equal to 1. The results thus suggest that the horizontal velocities in the RCO model
generally are lower and less variable than those of the SVP drifters.

Every trajectory is characterized by two Lagrangian velocity autocorrelation
functions, one for the zonal and another for the meridional velocity. The total ve-
locity autocorrelation is the average of the two. It was calculated and averaged over
all SVP drifter segments and also over all simulated drifters (Eqs. (8.8)–(8.9)) in
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Fig. 8.6 (a) Absolute dispersion by integrating the total velocity D2
A on a log–log scale; (b) abso-

lute dispersion by integrating the turbulent velocity D2
A

′
; (c) mean displacement. Solid black lines

indicate the ensemble mean for SVP drifter segments, solid coloured lines are ensemble means
for simulated segments for each year 1962–2004. Dashed black lines show the 10th and 90th per-
centiles for SVP drifter segments

Fig. 8.7 Normalized
distributions of the total
Lagrangian velocities
(Eq. (8.6)) for SVP drifter
segments (black line) and
simulated drifters in all model
years (colour lines). The
distributions of simulated
velocities are narrower and
displaced towards lower
values than the distribution of
SVP drifter velocities

each year (Fig. 8.8). Note that the velocity autocorrelation is normalized autoco-
variance (Eq. (8.9)) and that the autocovariance is calculated from u′ and v′ defined
as u′ = u − u and v′ = v − v (Rupolo 2007).
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Fig. 8.8 Ensemble-mean Lagrangian velocity autocorrelation R(τ) for SVP drifter segments
(thick black line) and for model trajectories in each model year (colour lines). Dashed lines show
the 10th and 90th percentiles of the SVP drifter segments. The horizontal coordinate is the time
lag τ ranging up to 8 days. Note that all trajectories, observed and modelled, were filtered using
a 14-hour running mean. The smallest τ for which R(τ) = 0 is the upper limit of the integral in
Eq. (8.10)

As noted above, a good agreement between statistical characteristics of simulated
and SVP drifter segments was found only after the inertial oscillations had been
filtered out with a 14-hour running mean (Fig. 8.8) since the inertial oscillations
are poorly resolved in the RCO model output (Fig. 8.5). The Lagrangian integral
time scale TL was calculated by integrating the autocorrelations using Eq. (8.10),
where the lowest τ for which R(τ) = 0 was used as upper limit of the integral (see
Lumpkin et al. 2002 for comments on this, and other, methods). This was done for
both zonal and meridional velocity autocorrelations. The total Lagrangian integral
time scale is defined as the average of the two time scales. Hence, there was one
time scale for each drifter segment.

The distributions of TL for all the SVP drifter segments and simulated drifters in
each model year were both centred over time scales ∼1 day (Fig. 8.9). The distri-
butions were normalized as there were more simulated drifters than observed ones.
There was good agreement between the drifter data and corresponding model re-
sults, largely attributable to the agreement in velocity autocorrelations. This can
be interpreted as indicating that the variabilities in the observed and simulated La-
grangian velocities have similar time scales.

The relative dispersion cannot be calculated from the SVP drifter segments
since the drifters need to be paired initially. For this reason, only the 12 com-
plete SVP drifter trajectories and the corresponding simulated drifters originating
from the starting points of these SVP trajectories were used. Both were filtered
with the 14-hour running mean as mentioned before. As each of the SVP drifter
pairs was modelled by 2 × 36 = 72 simulated drifters, and each of the triplets
using 3 × 36 = 108 simulated drifters, this yielded 9 pairs of SVP drifters, and
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Fig. 8.9 Normalized
distribution of the total
Lagrangian integral time
scales calculated using the
autocorrelations in Fig. 8.8.
Shown are SVP drifter
segments (thick black line)
and simulated drifters
(thinner, coloured lines) in
each model year

>5000 simulated pairs for each model year. The SVP drifters were initially sepa-
rated by4 O(100) m, but the simulated drifters had an initial separation ranging from
O(100) m to O(1000) m as they were spread more widely around the SVP drifter
starting point. Initially, only modelled drifter pairs with initial separation of <1 km
(equivalently, D2

R(0) < 0.25 km) were used for the comparison with the SVP drifter
pairs.

The relative dispersion was evaluated as an ensemble average over all SVP drifter
pairs and also over all simulated drifter pairs for each model year. This quantity was
found to be much lower for the simulated pairs of trajectories than for the SVP
drifter pairs (Fig. 8.10). Part of this difference may be due to the fact that the RCO
model has a resolution of ∼5.5 km. Therefore, processes that lead to separation
on scales below this value are generally not resolved, and no parameterization of
turbulence or diffusion was used. Studies with an OGCM (Poje et al. 2010) have
shown that although D2

R increases with t , the values are generally lower at coarser
resolutions, which is consistent with Fig. 8.10. However, in this study, the growth
rates of D2

R(t) are different for SVP drifters and model drifters, which was not
the case when running the OGCM and merely varying the resolution. Hence, the
observed difference is due to more than just the coarse resolution of the RCO model.

To check whether or not the moderate resolution of the RCO model is the domi-
nant reason for a too low separation of the modelled pairs, the motions of simulated
pairs with an initial separation in the range of 4–12 km (approx. 1 to 3 grid boxes)
were also compared to the behaviour of pairs of SVP drifters (Fig. 8.11). The simu-
lated relative dispersion should then be compared to the relative dispersion of SVP
drifters after their distance has reached 4 km. This process takes about 9 days. Fig-
ure 8.11 shows the relative dispersion as a function of pair separation. Even when
the simulated pairs were separated by one grid box, the relative dispersion of mod-

4The ‘Big O’ notation is commonly used to describe the limiting behaviour of a function f by com-
paring it to the behaviour of a simpler function g (Chap. 3). Here we use it to roughly characterize
the distance between drifters.
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Fig. 8.10 (a) Mean pair separation. (b) Mean relative dispersion. The black solid line shows the
mean of all SVP drifter pairs, and the coloured lines show the mean of all simulated pairs in each
model year 1962–2004. Dashed lines show the 10th and 90th percentile of the SVP drifter pairs.
The initial separation of pairs of both drifters and model trajectories is O(100) m, that is, much
smaller than the model grid box width

Fig. 8.11 As Fig. 8.10, but an average is calculated of all model years 1962–2004 (red line). The
blue line shows the same average of model years, but with drifter pairs initially separated by >4 km

elled pairs did not agree with that of the SVP drifter pairs. This finding indicates
that the discrepancies are not only due to the limited resolution of the RCO model.

8.6 Tuning the Trajectories

As previously noted, the simulated velocities of drifters were generally lower and
less variable than the observed ones (Fig. 8.7). From Fig. 8.12 the mean displace-
ment DD can be estimated as ∼37 km after 256 hours for the SVP drifter segments.
The corresponding average of modelled drifters over all model years is ∼30 km af-
ter 256 hours. This indicates that the modelled mean displacement is generally only
4/5 of the observed one.

As a first approximation to resolve this discrepancy, all model velocities were
multiplied by 1.25 (since (30/37) × 1.25 ≈ 1) and the simulations of model tra-
jectories repeated. This resulted in the mean displacement and absolute dispersion
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Fig. 8.12 (a) Total absolute dispersion, D2
A. (b) Turbulent absolute dispersion, D2

A

′
. (c) Mean

displacement of SVP drifter segments (black), and for all simulated trajectories in all model years
1962–2004 (red). Also shown are the results when including parameterized subgrid turbulence
(blue), and when multiplying the modelled velocity fields by 1.25 (yellow)

of the simulated drifters shifted to values closer to those calculated from the drifter
segments (Fig. 8.12). This suggests that the simulated velocities were too low in the
original RCO simulation. Interestingly, this increase in the velocity magnitude by
25 % did not, however, yield more variability in the motion of modelled drifters.

In another simulation, we employed the turbulence scheme for TRACMASS as
introduced in Döös and Engqvist (2007), Döös et al. (2011). This scheme added
extra velocity to the simulated drifters, but not necessarily in the direction of the
modelled advection. All data was filtered with a 14-hour running mean as before.
The magnitude of the subgrid turbulence, controlled by the parameter κ in Eq. (8.2),
was tuned to get the values of mean displacement close to that of the SVP drifter
data. A fair fit was achieved for κ = 200 (Fig. 8.12). This estimate is close to the
value of κ used in Döös et al. (2011) for the open ocean conditions. For turbulent
absolute dispersion D2

A

′
using subgrid turbulence led to better match of the statistics

of modelled and SVP drifters than simply multiplying the velocities by 1.25.
For both above-mentioned methods, the distributions of Lagrangian integral time

scales, TL, are shown in Fig. 8.13. Note that TL is calculated using the deviations
from the time-averaged velocities, u′ and v′ defined as u′ = u − u and v′ = v − v.
The random motions introduced by the subgrid turbulence shortened the Lagrangian
integral time scales even though the data was filtered by a 14-hour running mean.
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Fig. 8.13 Normalized distribution of the Lagrangian integral time scales for all SVP drifter seg-
ments (thick black line) and all simulated trajectories in each model year (thin colour line). Left
panel shows for model simulations with added subgrid turbulence of κ = 200, and the right shows
model simulations where the horizontal velocities at each point and time step are multiplied by
1.25

This did not occur when the velocities were simply multiplied by 1.25. The reason
is that the latter operation does not introduce any new motion and merely amplifies
the advection that is already present, while a ‘Markov 0’ model has no memory
since the turbulence is completely random. As mentioned above, there exist more
advanced turbulence parameterizations in other Lagrangian models that account for
velocity autocorrelation (e.g., ‘Markov 1’ and ‘Markov 2’ type). Such schemes are
not available yet in TRACMASS.

The relative dispersion calculated from the motion of trajectories simulated us-
ing the two above-described variations of the evaluation of velocities is shown in
Fig. 8.14. Multiplying the simulated velocities by a constant factor did not increase
the relative dispersion significantly compared to the data presented in Fig. 8.11.
Adding subgrid turbulence, however, resulted in an increase of both relative disper-
sion and pair separation. The resulting values of these quantities were closer to those
extracted from the SVP drifter data. For initially close drifters (D2

R(0) < 0.25 km),
adding the parameterization of subgrid turbulence resulted in a good agreement at
times >10 days (Fig. 8.14). Note, however, that the magnitude of the impact of sub-
grid processes used in this calculation was chosen to give a good fit for absolute
dispersion and mean displacement, and thus some differences in relative dispersion
are not unexpected.

8.7 Spreading Rates in the Uppermost Layer of the Gulf
of Finland

The separation of drifters can be also approximated by a power function or an expo-
nential law of the time t elapsed since the release of the particles. The spreading rate
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Fig. 8.14 Mean pair separation (left) and relative dispersion (right) for SVP drifter pairs (thick
black line), and for all simulated drifters in all model years (colour lines). As in Fig. 8.11, two sets
of trajectories are shown for each simulation; those with initial pair separation <1 km (red, green,
orange) and those with >4 km (blue, cyan, purple). The simulations shown are the original (red,
blue), one with added subgrid turbulence (orange, purple) and one where all modelled velocities
were increased by 25 % (green, cyan). Multiplying the velocity fields by 1.25 does not alter the
relative dispersion, so the green and red as well as blue and cyan lines overlap

is then the rate of change of the separation distance with time (and thus related to rel-
ative dispersion, see Eq. (8.5)). The classical notion for the average distance between
two particles in a turbulent velocity field, Richardson’s law (Richardson 1926), ap-
plies in fully developed 3D turbulent flows where the average difference between
velocity fluctuations u(r, t) follows the (Kolmogorov’s) power law (Falkovich et al.
2001):

〈∣∣u(x, t) − u(x + �x, t)
∣∣〉 = A|�x|a. (8.11)

Here angle brackets denote averaging over the coordinate x = (x, y, z) and/or over
the ensemble of flows, A is a constant and the exponent a = 1/3 is specific to the
fully developed 3D turbulent flow. In such an environment, the average distance d

between a pair of particles scales as

d ∝ tb, where b = 1

1 − a
. (8.12)

In the case of Kolmogorov’s law a = 1/3, the corresponding exponent is b = 3/2.
The character of spreading is markedly different in two-dimensional (2D) flows

where, at scales smaller than the energy input scale, the velocity spectrum is domi-
nated by the enstrophy cascade and a = 1. In this situation the exponent b → ∞ in
Eq. (8.12) and an exponential growth of the distance with time (Lin’s law) occurs
(Lin 1972; Falkovich et al. 2001; LaCasce 2008). Thus, for an ideal 2D turbulence
with a single energy input scale λ, Lin’s law is expected to be valid for scales below
λ whereas Richardson’s law is related to large-scale circulation (Salazar and Collins
2009). Both these flow regimes have been observed using observed and simulated
drifters in the open ocean (Ollitrault et al. 2005) and in the Baltic Sea for different
scales (Döös and Engqvist 2007).
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The spreading rate of pairs of drifters in the uppermost layer of the Gulf of Fin-
land was studied using surface drifters (called GPS/GSM drifters) following mo-
tions at a depth down to about 1.5 m (Soomere et al. 2011). The drifters were there-
fore constrained to 2D flow. However, they may be influenced by the 3D turbulence
of the ocean. Unlike for the SVP drifters, the inertial oscillations were not filtered
out. As the filter did little change to the relative dispersion for the SVP drifters, it
should not markedly influence the results from the GPS/GSM drifters either. Dif-
ferently from a number of similar studies (Ollitrault et al. 2005; Döös and Engqvist
2007; Lumpkin and Elipot 2010) the experiments performed in the western and
central part of the Gulf of Finland in August–October 2010 were concentrated on
relatively small initial separations of the drifters (∼100 m). The deployments re-
sulted in 7 pairs of drifter trajectories. As the signal from the drifters was lost at
times, it was not possible to adequately calculate the detailed statistics of the drift
but the recorded data still allowed quantification of the temporal evolution of the
pair separations.

The observed trajectories reflected a variety of phenomena characteristic of the
currents in the Gulf of Finland (Fig. 8.15): relatively small mesoscale eddies with a
diameter of about 5 km to the north of Naissaar, inertial oscillations in the open part
of the gulf, and relatively rapid and almost straight drift sections (cf. Kõuts et al.
2010; Verjovkina et al. 2010). While most of the trajectories were relatively short
(shorter than 50 km), one drifter covered more than 150 km during about two weeks
and left the Gulf of Finland to the Gotland Sea.

Contrary to the previously mentioned theoretical expectation, Richardson’s law
has been found to describe spreading properties for small distances fairly well while
Lin’s law has proven a better fit for larger distances (Döös and Engqvist 2007).
A probable reason for this counter-intuitive observation is that the character of
spreading is particularly complicated for 2D flows occurring on the surface of 3D
flows, which is often the case in strongly stratified environments. Velocity fields in
such flows may be highly compressible5 and may exhibit a considerable decrease in
the exponent b in Eq. (8.12) compared to the pure 2D case (Bec et al. 2004; Kalda
2007). For a review of relevant laboratory experiments see Cressman et al. (2004).
For realistic geophysical flows one might expect quite a large variation in the range
of 1.5 ≤ b < ∞ of this exponent. Note that the Gulf of Finland is rather narrow and
the separation process of drifters eventually becomes affected by the boundaries.
The gulf is O(105) m wide, but the drifters were not deployed in the middle of the
it. There may therefore be some influence of the southern coast on the drift, e.g., the
drifters could not move as far south as in the other directions.

The typical spreading rate was almost constant for all the pairs within the first
10–15 hours, or until the drifters were separated by about 150 m, and increased con-
siderably afterwards (Fig. 8.16). Although the estimates for initial distances below

5The (flow) compressibility (equivalently, the compressibility of the associated velocity field) is
defined as the relative weight of the potential component in the decomposition of the net velocity
field into solenoidal and potential components. See a more detailed discussion of this quantity in
the context of the Baltic Sea in Giudici et al. (2012), Kalda et al. (2013).
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Fig. 8.15 Trajectories of drifters deployed on 12.08.2010 (upper panel) and on 26.08.2010 (bot-
tom panel) in the Gulf of Finland. The deployment site is indicated by an empty circle. Thin straight
sections of the trajectories represent intervals when the GSM signal was not available (Soomere
et al. 2011)

100 m should be interpreted as indicative because of possible uncertainties of GPS-
measured locations, such a behaviour suggests the presence of different regimes of
spreading (either ballistic or Richardson’s law) for drifter pairs up to separations of
about 150 m.

For drifters initially separated by less than 1 km the separation rate varied from
about 100 m/day to 700 m/day. For even larger distances between the drifters
(>600 m) it revealed somewhat different behaviour for different pairs. The dis-
tance persistently increased for several pairs but revealed quasi-regular oscillations
for some other pairs. This phenomenon is common for the Gulf of Finland (cf. Ver-
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Fig. 8.16 Time series of the distance between pairs (colour lines) and the average distance (black
thick line) in linear coordinates. Circles show the beginning and end of sensible measurements of
the pairs’ locations. The beginning time is chosen so that the initial separation of each pair matches
the average distance of pairs deployed with initially smaller separation. The insert shows the pairs
separation during the first 20 hours (Soomere et al. 2011)

jovkina et al. 2010) and apparently caused by relatively small mesoscale eddies with
a diameter as small as about 400 m.

The spreading rate owing to the impact of random walks on small scales (on the
order of O(100) m) (Lumpkin and Elipot 2010) can be estimated from the initial
sections of the trajectories of the pairs (i.e., from the parts that revealed no extensive
quasi-periodic variations in the distance due to coherent mesoscale structures) of the
drifter motion in Fig. 8.16. This rate is about 200–300 m/day, that is, about twice as
large as hypothesized in Andrejev et al. (2010). This should not be confused with
the random walk of drifters that are further apart (d much larger than the baroclinic
Rossby radius), which also experience random walk when the motion of initially
paired drifters has become uncorrelated.

8.8 Power Law Representation of the Spreading Rate

Data from the drifters in the uppermost layer suggest that the structure of small-scale
turbulence in the study area may contain motions of substantially different charac-
ter at different scales. The substantial decrease in the average spreading rate for
distances of 1.6–3.2 km during a certain time interval (Fig. 8.16) is apparently due
to a substantial impact from mesoscale eddies with a diameter matching the local
baroclinic Rossby radius that, ideally, should be resolved by a regional circulation
model.
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Fig. 8.17 Time series of the distance between pairs of drifters (colour lines) and of the average
distance of pairs (black thick line) in linear–power law 2/3 coordinates Soomere et al. (2011)

It is interesting to analyse whether the dynamics of the study site is mostly gov-
erned by the 3D (local) turbulence or by a 2D (large-scale) motion system. The dis-
tance between paired drifters increased approximately linearly in the linear–power
law 2/3 coordinates (corresponding to the theoretical spreading rate for the 3D tur-
bulence) up to values of about 400 m or about 25 hours, after which the separation
rate increased for most pairs. Remarkably, two pairs (2 & 3 in Fig. 8.17) revealed a
linear increase in their distance in this framework after 2–2.5 days, which suggests
that they were involved into mostly 3D turbulent motions. Again, these drifters were
not filtered like the SVP. At the end of this part of motion, the distance between the
drifters was more than 4 km, a scale which is usually resolved by contemporary re-
gional circulation models of the Baltic Sea. The drifters in question were deployed
on 12 August 2010 in relatively calm weather conditions and thus were only weakly,
if at all, impacted by the wind.

The above findings suggest that there probably exists no single proper fit of the
exponent b in the power law d ∼ tb in Eq. (8.12). This assumption is confirmed
by the analysis in log–log coordinates (Fig. 8.18). For relatively small separations
(<70 m in the initial phase of the drift, up to 8 hours) the exponent b was in the
range 0.23–0.3, with a mean value of 0.27. Therefore, the separation rate is gov-
erned by a ballistic law rather than Richardson’s law in this situation. As none of
these laws dominated, certain specific mechanisms, such as shear dispersion (parti-
cle separation due to spatial variations in the velocity field) or specific surface-layer
dispersion (induced by the gradient of the energy dissipation rate in the turbulent
surface layer, Skvortsov et al. 2010) may govern the initial particle separation rate.
Modelling of separations on small scales (Orre et al. 2006) has revealed spreading
rates slightly lower than expected, possibly due to the lateral boundaries affecting
the drifters. It is possible that this, to some extent, also is the case in this study.
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Fig. 8.18 Time series of the distance between pairs of drifters (colour lines) and of the average
distance (black thick line) in log–log coordinates. Bold dashed lines correspond to the power laws
with b = 0.27 (time interval 1–10.5 hours) and b = 2.5 (time interval 8–105 hours). Thin dashed
lines correspond to Richardson’s law with b = 1.5 (Soomere et al. 2011)

Starting from a separation of about 100 m (or a drift time of 10 hours), the separa-
tion rates were different. Two pairs in Fig. 8.18 displayed coherent motions and thus
separated poorly, reflected by b = 1.3 and b = 0.88 being the best fits for these pairs.
All other pairs revealed a surprising agreement in spreading rates. The exponent b

for them varied from 2.12 to 2.72, with the average value of b ≈ 2.5. Including or
excluding the two pairs mentioned before did not change this average significantly.
The resulting value is of a reasonable magnitude compared to the infinite exponent
characterizing 2D flows, yet clearly larger than the classical value of b = 1.5 that
corresponds to Richardson’s law and is characteristic to the 3D turbulent motions.
Therefore, in the study area the dynamics was predominantly governed by 3D flows
but the contribution of a 2D motion system was still substantial.

8.9 Discussion and Conclusions

Results from deployments of surface and subsurface drifters in the Baltic Sea during
the summers of 2010 and 2011 have been presented. Two types of drifters were used.
The SVP (sub)surface drifters have a 18 m drogue depth and represent motions of
water masses between 12–18 m depth (Fig. 8.1a). The other (GPS/GSM) drifters
were designed to represent only the currents in the uppermost 1.5 m thick layer
(Fig. 8.15).

The average lifetime of a SVP drifter was 80 days (Table 8.1). These drifters were
used to map some geographical aspects of subsurface currents in the Baltic Proper
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(Fig. 8.3a), and to obtain values of mean displacement and absolute and relative
dispersion (Figs. 8.6 and 8.11). Statistical parameters of drift characterizing a sub-
stantial part of the Baltic Proper were derived from the SVP drifter data by means
of splitting the time series into basically uncorrelated segments of ∼11 days each.
The resulting statistics was compared to a similar one extracted from the motion of
drifters simulated by a trajectory model starting at the same position and time as the
SVP drifter segments (Fig. 8.1b).

In order to remove inertial oscillations, which were well observed in the drifter
data but not very well in the model results, all drifter segments and the simulated
drifters were filtered using a 14-hour running mean. As the ocean model data were
not available for 2010 and 2011, the drifter segments had to be compared to sim-
ulated drifters in the years available, 1962–2004. As such, the motion of a drifter
segment could not be directly compared to any specific simulated drifter. However,
some indications followed from a statistical comparison.

The mean displacement and absolute dispersion were found to be significantly
lower for the simulated than for the observed drifters (Fig. 8.6). This property was
attributed to the model velocities being lower and less variable, as shown by com-
paring the probability distributions of Lagrangian velocities from drifters to that of
the model trajectories (Fig. 8.7).

Near-surface currents are, to some extent, wind-driven on time scales comparable
to the duration of the drifter segments (Leppäranta and Myrberg 2009). The quality
of simulated near-surface currents thus partly depends on the quality of the wind
forcing, mixed-layer depth, and parameterization. Meier (2002) compared tempera-
ture and salinity profiles modelled using the RCO model to observations and found
good agreement in mixed-layer depth. The wind forcing (ERA-40 winds, dynam-
ically downscaled by the RCA model) was corrected using a parameterization of
wind gusts by Höglund et al. (2009) as the wind speeds were found not to be variable
enough. The correction yielded somewhat more realistic frequency distributions of
the wind speeds. However, this does not imply that the wind at a specific point or
time became more realistic. In particular, the root-mean-square errors may very well
have increased with this correction. Furthermore, the study of Höglund et al. (2009)
was limited to the Swedish coastal regions, as no observations over open water were
available. Thus, there is no information about the quality of the wind forcing over
open water, although it is likely to share some of the problems of the coastal winds.
It is thus conceivable that errors in the subsurface currents, to a large part, are due
to errors in the wind field from the RCA model output.

In principle, the discrepancy may reflect the possibility that the years 2010–2011
could have been ‘extreme’ in terms of absolute dispersion. However, Fig. 8.6, sug-
gests that such ‘extreme’ years are quite uncommon, and the likelihood that they
would occur over a two-year period is thus even smaller. The number of SVP drifters
is also relatively small, and the data may be somewhat biased as two of the drifter
pairs stayed together for nearly 20 days, and thus both drifters in the pairs sampled
the same dynamical region. However, this only affects a few segments out of the
total 76 used.

SVP drifters are seldom fully submerged into the water and may thus be affected
by the winds. Langmuir currents, Stokes drift, and waves may also effect the drifters
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in a manner not represented in the RCO model. However, due to the drogue anchored
at 12 to 18 m depth, the SVP drifters in the World Ocean have been shown to follow
the currents at the drogue depth with only small deviations (Niiler et al. 1995).
A difference between the open ocean and the Baltic Sea is that the latter has a
much shallower thermocline, which in some cases is situated at the drogue depth.
This could result in a shear on the drogue, in which case the effect on the drifter
is uncertain. For this reason, it would be interesting to equip future drifters with a
temperature sensor at both the top and bottom of the drogue to identify these events.

Multiplying the velocities of the RCO model output by a factor 1.25 or includ-
ing parameterized subgrid turbulence resulted in a clearly better agreement between
several statistical characteristics of observed and simulated drifters such as distribu-
tion of velocities, absolute dispersion and mean displacement. Although both meth-
ods yielded similar results for mean displacement, the results were very different in
terms of some other metrics. The Lagrangian integral time scale was severely short-
ened after adding subgrid turbulence. The resulting time scales were shorter than
those of the recorded drifter segments.

The random motions introduced through the turbulence parameterization (Döös
et al. 2011) do not take the original velocity into account, thus changing both the
velocity and properties of the trajectory somewhat. The transport speed can thus be
improved with this parameterization, but at the cost of changes in, e.g., the transport
direction. If one needs to tune the motion of simulated drifters for single-particle
statistics, multiplying the simulated velocities by a constant factor would then be
a reasonable choice: it increases the speed but does not alter the properties of the
trajectory. This choice is however poor if the relative dispersion needs to be adjusted
since small, subgrid scale changes in the direction are needed to separate initially
closely located simulated drifters.

Furthermore, even when the simulated drifters were separated by at least one
grid box, the further separation rates were lower than the average rate for the
SVP drifters. Therefore, subgrid parameterization is needed also on larger scales
(D2

R > 4 km). In this study, simulated drifters were tuned to resemble the mean dis-
placement and absolute dispersion of observed SVP drifters. It would be possible
to instead tune them to yield good fit to observed relative dispersion, depending on
whether transport or spreading is the most crucial metric for the study. It is possi-
ble that using a higher-order turbulence scheme such as ‘Markov 1’ or ‘Markov 2’
(Rupolo 2007), thereby taking, e.g., velocity autocorrelation into account, would
give better results by combining the benefits of both methods used in this study.
The higher-order Markov models have been found to better describe the motions
of water particles than the ‘Markov 0’ model (Griffa 1996). Such schemes may be
implemented in TRACMASS in the future.

The comparison between simulated drifters and observed SVP-B drifters indi-
cates that the RCO model simulates correctly neither the mean flow nor the turbulent
flow. Using values roughly estimated from Figs. 8.6 and 8.10, some implications
for Lagrangian modelling without tuning can be identified. If the simulated drifters
have 4/5 of the mean displacement of the SVP drifter segments, this would mean
that if simulated particles, on average, travel 100 km in 10 days, a drifter, or a real
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water particle, would, on average travel ∼125 km in those 10 days. By the same
argument, if simulated particles are estimated to reach the coast in 10 days, real wa-
ter particles would make the same journey in <8 days. Furthermore, water particles
contained within a <1 km radius initially would spread over an area of 12 km radius
in 25 days, while their model counterparts would disperse to cover <10 km radius.
Such conclusions would have impacts when estimating the fate of oil spills or other
pollutants. However, we wish to stress that we have compared observations from
2010–2011 with model data from 1962–2004, and that the drifter data is limited.

To make the comparison of modelled and observed properties fair, and to yield
more confidence in the magnitudes of the tuning needed would require model data
for the years 2010–2011. This could, however, take a few years as the RCO model
is being decommissioned in favour of a new regional ocean model, based on the
Nucleus of European Modelling (NEMO) ocean circulation model (Madec 2009).
The wind forcing will most likely also need updating, as the ERA-40 data set is
to be replaced by ERA-Interim and eventually by ERA-75, while the RCA model
used for downscaling is also likely to be decommissioned. If SVP-B drifter data is
continued to be gathered for the Baltic Sea, this data could be used to validate and
perhaps tune the next generation of Baltic Sea models.

The presented results from the drifters in the uppermost layer of the Gulf of
Finland indicate substantial differences in the dynamics of the vertically integrated
relatively thick subsurface layer and the uppermost layer with a thickness of 1–
1.5 m (which is where, e.g., oil spills or smaller lost items are transported). Although
the average spreading rate generally increased with time or the distance between
drifters, the well-known Richardson’s law did not satisfactorily explain the transport
in the uppermost layer of the Gulf of Finland. For the separation d of drifter pairs
on short time scales (less than 8 hours) or separation distances (from the first tens
of meters up to about 100–150 m), a power law d ∼ t0.27 described the spreading
much better. Starting from this threshold, the distance then increased, in average,
according to a power law d ∼ t2.5. The spreading rate was about 200 m/day for
separations below 0.5 km, 500 m/day for separations below 1 km and in the range
of 0.5–3 km/day for separations in the range of 1–4 km.

As a considerable part of the drifters following the uppermost 1.5 m thick layer
was above the water surface, their drift was impacted by wind properties to some
extent. For example, a wind speed of 5 m/s may, technically, yield a contribution of
about 10 cm/s to the drift speed (Soomere et al. 2011). Although this value is on the
order of the current speed, it does not significantly effect the separation of drifters,
as the wind patterns over sea surface are much more homogeneous compared to
similar winds over the mainland. Therefore, it is natural to expect that the impact of
wind on closely located drifters mostly resulted in their concurrent downwind drift.
This would imply that winds can influence absolute dispersion while their impact
on relative dispersion would be negligible.

The results from the drifters in the uppermost layer suggest that a realistic param-
eterization of subgrid-scale processes in the Gulf of Finland strongly depends on the
resolution of the ocean model. It is well known that models with spatial resolution
coarser than 2 km cannot resolve mesoscale dynamics in this region (see Chap. 6
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for more details). Their parameterization of subgrid processes should correspond to
a typical spreading rate of about 2 km/day. The same rate is reasonable for models
with a resolution of about 1–2 km while the models with a resolution of ∼1 km
might use the rate of about 700 m/day. Parameterizations leading to spreading rates
of 300–500 m/day may be recommended for extremely high-resolution models with
a grid step of ∼0.5 km. As the drifters in the uppermost layer have experienced a
certain impact of the local wind and waves on their drift the presented rates may to
some extent overestimate the actual spreading rates but the order of magnitude for
the spreading effects extracted from the experiments evidently is realistic.

The parameters characterizing the dynamics of spreading of objects in the upper-
most layer are of utmost importance for the technique developed in this book. Its
key idea is to use the Lagrangian dynamics of currents to develop methods for the
reduction of environmental risks. Its key component is statistical analysis of large
sets of Lagrangian trajectories of simulated drifters or water particles. The results
are evidently highly sensitive with respect to the parameterization of subgrid-scale
processes that may randomly redirect drifters to largely different sea areas compared
to the modelled fields of currents (Döös 1995; de Vries and Döös 2001; Griffa et al.
2004; Andrejev et al. 2010).

The problem is even more complicated in strongly stratified sea areas such as
the Gulf of Finland where the drift is frequently steered by multi-layered dynamics
(Andrejev et al. 2004; Gästgifvars et al. 2006) and where it is not clear beforehand
which theoretical framework (predomination of 2D or 3D motion systems) should
be used in the analysis.

Similar problems intrinsically arise in the attempts of modelling pathways of dif-
ferent water masses (Meier 2007) and especially in simulations, both in forecast and
hindcast modes, of pollution transport by regional ocean models such as HIROMB
or Seatrack Web (Funkquist 2001; Gästgifvars et al. 2006; Verjovkina et al. 2010).
This chapter has contributed by presenting results from recently deployed surface
drifters of different types as well as drifters simulated with an ocean model and a
trajectory code, and comparing these to each other and the theoretical expectations
and discussing the implications for Lagrangian modelling in the Baltic Sea.
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