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ABSTRACT: A method of assessing the mean eddy viscosity profile (EVP) in the sea surface boundary layer (SBL) un-
der variable wind conditions is proposed. Performance of the method is tested using observations by an ADCP-equipped
platform in the coastal environment of the northwestern Mediterranean Sea under variable (3–12 m s21) wind conditions.
EVP retrievals are made by a variational method strongly constrained by the Ekman dynamics, with the wind and velocity
observations assumed to be uncertain within the prescribed error bars. Results demonstrate a reasonable agreement of the
EVPs with KPP shape functions for stronger (8–12 m s21) wind conditions and appear to be consistent with the classical
Pacanowski–Philander parameterization of the viscosity profile based on the Richardson number. For weaker (3–5 m s21)
winds, the EVP retrievals turn out to be less accurate, which is primarily attributed to the decay of the wind-driven turbu-
lence energy in the SBL. Feasibility and prospects of the retrieval technique are discussed in the context of uncertainties in
the structure of the background flow and limitations of the microstructure and ADCP profiling.
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1. Introduction

Eddy viscosity in the surface boundary layer (SBL) is a key
quantity controlling the momentum transfer between the
ocean and atmosphere. As a consequence, considerable ef-
forts are made to parameterize eddy viscosity profiles (EVPs)
that may be derived from observations, from model output
fields, or from a combination of both. The existing parameter-
izations vary in complexity from simple algebraic expressions
(Jones 1973; Pacanowski and Philander 1981; Peters et al.
1988) to more elaborate algorithms involving heuristic nonlo-
cal parameterization schemes (e.g., Large et al. 1994) and evo-
lution equations for the second-order turbulent moments
(e.g., Mellor and Yamada 1982). Although most of these
schemes were derived from historical data that have low vertical
resolution, specifically close to the surface, direct retrievals of
EVPs from in situ observations of the oceanic boundary layers
are gaining more attention with the advancing observational
techniques and improved data processing methods. These new
techniques can be helpful to refine the existing schemes.

In particular, reconstruction of the EVP in the bottom
boundary layer (BBL) from ADCP observations has been a
subject of intense research in recent years (Yoshikawa and
Endoh 2015; Cao et al. 2017). The methodology used is based
upon the assumption that the background current near the
bottom is nearly barotropic (i.e., it weakly depends on the
vertical coordinate), and thus the variation of the horizontal
velocity within a 30–50-m-thick layer above the bottom can
be largely attributed to the turbulent momentum flux in the

BBL. As a consequence, removing the velocity value ob-
served 30–50 m above the bottom yields the velocity profile
mostly balanced by the BBL vertical momentum diffusion,
thus allowing a direct in situ estimate of the respective EVP
with reasonable accuracy.

The situation becomes more complicated in the SBL, where
the background current contains a considerable baroclinic
(depth-varying) component and velocity observations at the sur-
face may have large uncertainties. As a consequence, estimation
of the velocity profile attributed to the vertical turbulent mo-
mentum flux becomes more problematic in the SBL. Yu and
O’Brien (1991) were probably the first who tried to retrieve the
mean EVP in the SBL from moored velocity observations by re-
moving the background flow through filtering of the observed
currents in time. Similar types of velocity data (from bottom-
mounted ADCP profilers) were used for reconstructing the
mean eddy viscosity in the SBL by other authors (e.g., Chereskin
1995; Zhang et al. 2009; Zhang et al. 2015). However, to the best
of our knowledge, no attempts have been made to retrieve
EVPs directly from underway ADCP observations performed
with high vertical resolution down from the sea surface.

In the present study, we explore a possibility to recover var-
iations of the mean vertical viscosity profile by parameterizing
the momentum flux driven by turbulent motions at scales
within the ranges of 1–10 m in the vertical and 0.1–1 km in the
horizontal. We use observations obtained by the platform
Coastal Ocean Current Observing System (COCOS) operat-
ing in both towed and free drifting modes, which has been
previously deployed in coastal ocean regions for high-resolution
velocity profiling (e.g., Sentchev and Yaremchuk 2016; Sentchev
et al. 2017, 2020). The data used in this study were collected on
11–14 September 2017 in the Bay of Hyères, located in the
northwestern Mediterranean (Fig. 1) and referred to hereafter
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as BoH. A strong mistral event occurred during the observation
period: the westerly winds increased from 3 to 15 m s21, causing
a complex background flow pattern in and out of the bay,
driven by the larger-scale upwelling in the open sea. Viscosity
retrievals were made by means of a variational data assimilation
scheme strongly constrained by the Ekman dynamics, with the
wind and velocity observations assumed to be uncertain within
the prescribed error bars.

The paper is organized as follows: In section 2 we provide
the general description of the observational platforms, data, and
environmental conditions. Section 3 outlines the preprocessing
techniques together with the viscosity retrieval algorithm. In
section 4 we present the results of vertical viscosity and wind
retrievals under different atmospheric forcing conditions and
validate our results against the viscosity and wind stress esti-
mates obtained using known parameterization schemes. Conclu-
sions and discussion of further development of the technique are
presented in section 5.

2. Data

a. Study site and environmental conditions

The study was conducted on 11–14 September 2017 in the
Bay of Hyères located in the northwestern Mediterranean
(Fig. 1). The region is characterized by a narrow continental
margin, delimited by the 50-m isobath with the depth rapidly
increasing from 100 to 2000 m farther offshore. The main
feature of the local circulation is the North Mediterranean

Current (NMC)}a westward slope current, which is a part of
the general circulation of the western Mediterranean (Millot
1999). The NMC dynamics is controlled by complex topography
and by winds with the dominant direction either from the west
or from the east (Guihou et al. 2013; Marmain et al. 2014).
During the study, the NMC was characterized by a 20-km-wide
westward flow with a typical surface velocity of 0.2 m s21. Tidal
motions are negligible in the study area.

The Bay of Hyères is a semienclosed and shallow-water area,
approximately 20 km 3 15 km. A number of islands delimit the
bay in the south, with the biggest one, Porquerolles, located in
its southwestern part. The local bathymetry gradually increases
from 10 m, in the bay head, to 50 m, within the southern and
eastern narrows (Fig. 1). Farther offshore, steeper bathymetry of
the continental slope marks the location of NMC.

The study was conducted during a mistral event, an upwelling
favorable wind, regularly observed east of the Rhone River
mouth, where it mainly has a southward direction. The mistral is
often violent and dry, reaching up to hundreds of kilometers off-
shore (Jansá 1987). It is associated with clear skies and may hap-
pen in any season, but with more frequent occurrence in winter
(Givon et al. 2021). The mistral blows with gusts that can exceed
25 m s21, with average speeds of 10–15 m s21 during the day, de-
creasing significantly at night (Millot 1979). In the easternmost
part of the Gulf of Lions, affected by local orographic features,
the mistral veers eastward, blowing along the shore, and gener-
ates coastal upwelling. Being strong, cold, and dry, it enhances
air–sea heat fluxes and therefore accelerates the reduction of sea
surface temperature (Flamant 2003).

FIG. 1. (a) Location of the study area (black rectangle) in the northwestern Mediterranean and the bathymetry map.
Typical location of the North Mediterranean Current (NMC) is shown by gray dashed line. (b) Transects of the towed
ADCP platform COCOS on 11, 13, and 14 Sep 2017 are shown by light gray, dark gray, and black lines, respectively, and
labeled by T1–T4. Gray dashed line T0 shows the complementary velocity transect on 11 Sep. On 14 Sep, the velocity
measurements were performed from the platform freely drifting with currents outside of the bay. Black dots show the lo-
cations of 5-min-averaged velocity profiles on the four transects (T1–T4) used in the analysis. Circled dots show the loca-
tions of two specific profiles discussed in section 3b. CTD station locations are shown by stars (light gray, dark gray, and
black colors matches the three dates of measurements). The meteorological station at the Porquerolles Island is marked
by the black square. Bathymetry contours are shown in light gray. Geographic names used in the text are also shown.
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b. Observations

1) WIND OBSERVATIONS

The hourly wind data were provided by the meteorological
station located 140 m above the sea level at the Porquerolles
Island. In addition, on 13 and 14 September, the wind speed was
measured 2 m above the sea surface by a sonic anemometer
mounted on the free drifting experimental platform OCARINA
(Bourras et al. 2019). Figure 2 shows that the wind speed re-
corded at the island exceeds sea surface observations by approxi-
mately 2–4 m s21. At the same time, the wind speed time series
from both sources show similar variability which gives certain
confidence in the data. In general, observations demonstrate a
sustainable eastward wind during the entire study period. The
variation of the wind speed (shown by the gray solid line in
Fig. 2) was more pronounced than that of the wind direc-
tion. In particular, the strongest wind (15–18 m s21) was ob-
served at 1100–1700 UTC 11 September, during the first
transect survey (T0–T1). Another noticeable event occurred
on 13 September, when the wind increased from 7 to 14 m s21

in just a few hours during the second transect survey (T2–T3).
In between these two events, the wind speed exhibited large
variability within the range of 7–15 m s21 (Fig. 2). The weakest
wind (4 m s21) was detected in the morning of 14 September
followed by a gradual rise of the speed in the afternoon during
the third survey (T4). The observed changes in the ocean–
atmosphere flux of momentum and related changes in the
ocean surface boundary layer were assessed by analyzing veloc-
ity profiles from transect surveys shown in Fig. 1 and marked by
gray shading in Fig. 2.

2) VELOCITY MEASUREMENTS

Underway velocity profiling was performed by the experi-
mental platform COCOS towed by the R/V Tethys-II. The
platform, featuring two cylindrical hulls 1.80 m long and 0.2 m
in diameter, connected by a 0.8 m 3 0.8 m stainless steel
frame, was carrying a surface mounted broadband ADCP
(600 kHz Teledyne WorkHorse Sentinel). The distance from
the R/V central axis was controlled by an adjustable side fin
making it possible to avoid contamination from the wake of
the vessel. The ADCP’s transducer head was located 0.3 m
below the water surface. The blanking was set to 0.4 m, the

bin size to 0.5 m, and the center of the first bin was roughly at
1 m below the water surface. The profiles were acquired down
to the depth 35–37 m. The ADCP was set to operate at the
pinging rate of 1 Hz. Each ping for velocity was composed of
three subpings averaged within 1-s interval, providing a velocity
error of 0.04 m s21. Single-ping bottom tracking was enabled to
correct for the boat’s movement, and the recorded velocities
formed a current vector in the fixed frame relative to the bot-
tom. The vessel’s speed was typically 2 m s21 for the majority of
transects. The ADCP data were merged with the navigation
data provided by onboard GPS system, also operating at 1 Hz.

On 14 September, under calm wind conditions, the velocity
profiling was performed from the freely drifting platform,
which was attached to OCARINA, performing wind observa-
tions at the air–sea interface. The drift lasted slightly more
than 3 h yielding an approximately 1.5-km-long velocity tran-
sect (T4 in Fig. 1b). Additionally, the OCARINA platform
performed a 4-h drift inside the BoH on 13 September, re-
cording atmospheric parameters at the air–sea interface dur-
ing the towed transects T2 and T3.

3) TEMPERATURE AND SALINITY

Three CTD profiles were acquired by a Sea-Bird SBE19, one
profile for each day of the survey (at 1630 UTC 11 September,
1630 UTC 13 September, and 1300 UTC 14 September). Tem-
perature and density profiles clearly show the surface mixed
layer with a homogeneous temperature distribution during two
surveys performed under strong wind conditions on 11 and
13 September (Fig. 3). The mixed layer appears eroded on
14 September due to significant wind decrease at nighttime.
The patterns of density variation with depth generally follow
temperature profiles, indicating dominance of the thermal con-
tribution to the stratification. The mixed layer depth h, referred
hereafter as MLD, is defined as the top of the thermocline.
Furthermore, we assume that MLD derived from the density
profiles provides a good assessment of the SBL thickness,
which is conventionally estimated by the vertical extent of
the quasi-homogeneous density structure (e.g., Belcher et al.
2012).

The time evolution of temperature profiles demonstrates a
significant (18C) decrease in the SBL heat content between 11
and 13 September (Fig. 3) under strong winds, followed by a
smaller temperature decrease caused by the mistral relaxation
on 14 September (Fig. 2). As a result, the mixed layer thick-
ness decreased by 5 m between 11 and 13 September, and
then the layer started to disintegrate but still kept its overall
trend of heat content reduction.

Underway measurements of sea surface temperature (SST)
were also performed during the surveys by a SeaCat thermo-
salinograph (Sea-Bird SBE-21) mounted on board of the R/V
Téthys-II. SST measurements (not shown) further confirmed
the surface cooling trend over the entire bay and in the adja-
cent open sea region to the south.

3. Methodology

During the study period, circulation in the bay was driven
by winds with a typical time variability of 10–15 h (Fig. 2). We

FIG. 2. Hourly mean wind speed (dark gray) and wind direction
(light gray dots) at the Porquerolles Island meteorological station
and from anemometer observations 2 m above the sea surface
(gray squares and circles). Smoothed wind speed is shown by thin
black line. Periods of ADCP transect surveys are shown by light
gray shading.
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focus on the estimation of vertical momentum flux in the
ocean surface boundary layer assuming that the wind-induced
turbulent mixing adjustment in the Ekman layer occurs at a
time scale of f21 ; 3 h and thus it can be captured by the
towed ADCP transects, making it possible to employ the
Ekman balance constraints as a dynamical filter to retrieve
the EVPs. At the same time, velocity patterns from the tran-
sect surveys revealed a wind-driven background circulation
strongly constrained by the peculiarities of coastal topography
and bathymetry. The most prominent feature of this flow is a

two-layer circulation with a significant velocity shear, specifi-
cally in the top 10 m of the water column (Fig. 4). Performing
the analysis, we first attempted to remove the background
flow from the observed velocity profiles prior to applying the
viscosity retrieval algorithm. This strategy was not successful,
mostly due to large space–time variations of the background
circulation and to errors in the vertical velocity gradients intro-
duced by the heuristic methods of approximating the back-
ground flow. An alternative approach, in which the Ekman
currents were retrieved first, and the background current was

FIG. 3. (left) Temperature and (right) specific density profiles for each surveying day. Profile locations in both space
and time are shown using the same colors of the stars in Fig. 1.

FIG. 4. Current velocity variation (left) along the transect T0 and (right) across the transect T1 on 11 Sep 2017.
Arrows and symbols show the mean flow direction. Triangles at the top mark the locations of 5-min-averaged
velocity profiles used in the analysis. The vertical gray line in the right panel shows the location of profile 10 on
T1. The zero-velocity contour line is given in white. See Fig. 1 for the transect locations.
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diagnosed in the second step, was found to be more efficient,
because the EVPs and the optimized wind stress obtained after
the first step were not affected by the choice of the background
flow approximation.

a. Velocity preprocessing

The velocity data from three ADCP transects (T1–T3) were
used to estimate the depth variation of the vertical viscosity
coefficient n(z) and the wind stress. Additionally, we used the
data from the fourth transect (T4) which took place outside of
the bay on 14 September, under relatively weak (3–5 m s21)
westerly winds. These four transects were selected for SBL
viscosity retrievals because the transect surveys were done in
water deeper than 40 m, and therefore, the velocity profiles
were less affected by the influence of the bottom boundary
layer.

The individual profiles, sampled at 1-s resolution, were time
averaged within 5-min intervals on the transects T1–T3, when
the ADCP platform was towed. Velocity profiles obtained by
the freely drifting platform on 14 September, were addition-
ally averaged within the 20-min time intervals, which roughly
corresponds to the integral time of turbulence in the lower at-
mosphere (e.g., Bourras et al. 2019). This provided us with
the horizontal velocity profiles uobs(z) in 10–13 nearly regu-
larly spaced locations on the transects T1–T3 at approxi-
mately 500-m horizontal resolution, and at 150-m resolution
on the transect T4 (Fig. 1b). In the vertical, the averaged ve-
locity data were kept in the original bins with 0.5-m spacing.
The analyzed profiles had 70 points in the vertical stretching
down from 1 to 35 m below the surface.

b. Assessing the background flow and velocity shear

The ADCP transects revealed a distinct two-layer circula-
tion in the BoH. Under persistently strong westerly wind, the
flow direction in the surface layer is globally southward and
the Ekman transport discharges water out of the bay through
the southern narrow. This generates a return flow in the sub-
surface layer, directed from the open sea into the bay, and an
upward motion, which are well captured by the transect sur-
vey on 11 September. Such two-layer circulation is a charac-
teristic feature of coastal upwelling (Cushman-Roisin et al.
1994). Figure 4 provides an example of the velocity variation
along the transects T0 and T1. The circulation pattern (espe-
cially T1) demonstrates a strong (up to 0.6 m s21) outflow
from the bay with higher velocity shear in the upper 5–10 m.
The deep return current appears to be weaker and somewhat
more extended in the vertical with the inflection point at
roughly 20 m. The temperature profile recorded at the south-
ern outlet of the bay (cf. Fig. 3) clearly shows that the depth
of the current reversal is related to the thermocline location
within the water column. Velocity profiles in the shallow part
of the bay (transect T0) show more irregular velocity varia-
tion with depth, with largest velocities observed at 5 m, and
likely divergent surface flow. In the deeper part of the bay
(transect T1), most of the spatial variation of velocity is ob-
served in the surface layer (Fig. 4 right panel). In the eastern
narrow (transect T3, not shown), the eastward outflow was

much shallower, occupying only 5–7 m of the surface layer,
and the inflow was observed in the rest of the water column.

The complexity of the background circulation, featuring
strong currents, often opposing the wind direction (and the
respective Ekman flow), is also visible on the individual (i.e.,
5-min-averaged) velocity profiles. As an example, Figs. 5a
and 5c show the individual profile at the tenth point on T1 (its
location is given in Fig. 1b and also in Fig. 4, right panel) and
the transect-averaged velocity profile. Both profiles have
similar shape, demonstrating a clear signature of the Ekman
current in the surface layer extending down to 25 m. The
southward background flow, with large (;0.4–0.6 m s21) ve-
locities dominates at the intermediate depth (5–15 m). The
velocity vector, with maximum velocity (;0.6 m s21) ob-
served at the surface, veers clockwise with respect to the wind
direction, in general agreement with the Ekman theory. At
the sea surface, the angle between the flow direction and the
wind is close to 308.

Similarly, the transect-averaged velocity profile and individual
profile at point 4 in the southern narrow (transect T2, Figs. 5b,d)
both show a combination of the Ekman current and an intense
outflow in the surface layer. Due to predominant southward out-
flow at the bay exit, a larger angle (;508) is observed between
the surface current and the wind direction.

The vertical gradient s of horizontal speed was estimated
from the profiles shown in Figs. 5a and 5b using the relation-

ship s5
�������������������������
(u/z)2 1 (y /z)2

√
. The value of s is found to be close

to 0.15 s21 in the surface layer 5 m thick, while it is 5 times
smaller (0.03 s21) in the subsurface layer extending down to
25 m, indicating exponential decay of the developed Ekman
circulation.

The above preliminary analysis of the ADCP transects
demonstrates both significant space–time variations of the
background flow and clear signatures of the Ekman currents
in the upper layer characterized by a stronger velocity shear.
We therefore adopted a strategy to first retrieve Ekman cur-
rents from the 5-min-averaged velocity profiles by the adjust-
ment of the vertically varying viscosity coefficient and wind
stress and then average the results for each transect to obtain
more robust estimates of the viscosity. The approach assumes
that dynamical constraints of the variational retrieval algorithm
(see appendix) are efficient enough to separate the Ekman-
related velocity shear near the surface from the background
velocity gradients of the same (or in some locations, even larger)
magnitude in the deeper layers.

c. Validation

To validate EVP and wind stress retrievals, we compared the
results with existing parameterizations of viscosity and stress
that depend on other (directly measured) quantities. In particu-
lar, wind observations at the Porqueroles meteorological station
were used for independent estimates of the wind speed 10 m
above the sea surface (U10), and the wind stress t. For the wind
stress, the bulk formulation (e.g., Smith 1988) was used. The re-
quired drag coefficient Cd was assumed to be a quadratic func-
tion of U10, based on a recent analysis of an extended dataset of
in situ measurements (Bourras et al. 2019):
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Cd 5 1023[1:27 1 (0:006 U10 2 0:062)U10]: (1)

The wind speed U10 and wind-induced Ekman current veloc-
ity ue were also validated against the empirical relationship of
Weber (1983) derived on the basis of Lagrangian treatment of
the wind-driven motions at the sea surface:

|ue| ’ 27
�������
Cd

ra
r0

√
|U10 | , (2)

where ra and r0 are the mean air and water densities and U10

is estimated from wind observations both at Porqueroles me-
teorological station and OCARINA platform using a logarith-
mic wind profile approximation.

As shown in Fig. 3, the upper layer in the BoH, appears to
be well mixed down to ;15-m depth. Below this level the en-
hanced stratification increases the water column stability,
which is conventionally quantified by the squared Brunt–
Väisälä frequency:

N2 52(g/r0)r/z: (3)

On the contrary, the kinetic energy associated with the veloc-
ity shear s enforces turbulence production, so that the gradi-
ent Richardson number

Ri 5 N2/s2 (4)

provides a measure of the relative contributions of buoyancy
and velocity shear to the stability of the water column in the
surface layer. Since the value of Ri is widely used in numerous
viscosity parameterization schemes, we elected to estimate
the vertical profiles of Ri for validation of the EVP retrievals.
The respective Richardson number profiles were obtained by
applying (3) and (4) to the velocity profiles and CTD stations
data obtained on the same day, and then the results were av-
eraged over 5-min intervals.

d. Viscosity and wind stress retrievals

To estimate the vertical momentum diffusion coefficient
n(z) in SBL, we employed the variational optimization algo-
rithm (e.g., Yu and O’Brien 1991) based on the minimization
of a quadratic cost function subject to the dynamical constraints

FIG. 5. (top) Transect-averaged velocity profiles for the along- and across-section velocity components (dashed black) on transects
(a) T1 and (b) T2, and individual (5-min-averaged) profiles (gray) on T1 (at point 10) and on T2 (at point 4). (bottom) Individual ve-
locity vector profiles (c) at point 10 on T1 and (d) at point 4 on T2. Point 10 and 4 locations are shown in Fig. 1. Numbers in (c) and
(d) show depth (in m) of the velocity vectors. Wind direction and wind speed (U10) during the transect surveys are also shown.
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imposed on the velocity profiles by the Ekman dynamics (see
appendix for details). The minimization was performed by
varying the free parameters, namely, the 60 gridded values
of the vertical viscosity coefficient in the upper 30 m and
two components of the wind stress. The optimized EVPs
and wind stress estimates were retrieved from the corre-
sponding velocity profiles averaged along the transects at
5-min (;150–500-m) resolution. After that, the optimized
values of the free parameters were additionally averaged for
each transect to obtain more robust values. The error bars
for the transect-averaged EVP profiles were computed as
90% confidence limits for the x2 distributions with the number
of degrees of freedom equal to the number of individual EVP
profiles (10–13) averaged along the transect.

The EVP retrieval constitutes the first step of the assess-
ment of circulation in BoH. In the second step, after removing
the transect-mean Ekman velocities ue(z) from the observed
velocity profiles averaged along the transects, the background
velocities ub(z) were approximated by the third-order polyno-
mial in z. This function is the minimal degree polynomial ca-
pable of accounting for the two extrema in the velocity profile
corresponding to the two-layer structure of the background
circulation. Additionally, the function yields a minimum cur-
vature of the polynomial which is more suitable for approxi-
mating the observed profiles.

Finally, for each observed individual velocity profile, the
overall relative approximation error was estimated according to

err 5

��������������������������
h(ue 1 ub 2 uobs)2i

hu2obsi

√
: (5)

Here the angle brackets denote averaging in the vertical and
over the ensemble of profiles for each of the four transects.
The error accounts for contributions from other components
of the SBL dynamics (e.g., Stokes drift, Langmuir circulation)
and for the limitations of the heuristic background current
approximation.

To further verify the consistency of the Ekman constraints
imposed in our EVP estimation, a comparison was done with
two other EVP parameterization schemes. The eddy viscosity
coefficient resulting from the current velocity shear has been
traditionally related to the Richardson number through an
equation of the form (e.g., Pacanowski and Philander 1981)

n(z) 5 nb 1 n0/[1 1 aRi (z)]n, (6)

where n0, a, and n are the adjustable parameters; nb is a
background value of viscosity. The background viscosity nb is a
rather uncertain parameter with typical values of 0.1–1 cm2 s21,
which accounts for the background mixing processes occurring
even in the absence of any forcing at the surface (e.g., internal
wave breaking or larger-scale velocity shear at depth).

In addition, the optimized EVP profiles were compared
with those calculated from the K-profile parameterization
(KPP) scheme of Large et al. (1994) which includes an empiri-
cal algorithm for determining the SBL depth h, where the tur-
bulent contribution to the vertical shear of a bulk Richardson
number is parameterized. In this study, the KPP mixed layer

depth h was estimated directly from the observed density pro-
files available for each surveying day. This approach does not
require additional calculation of h via (rather uncertain) bulk
Richardson number parameterization. Given h, the EVP pro-
file was computed as the product of a depth-dependent turbu-
lent velocity scale wx and a nondimensional vertical shape
function G, both provided in Large et al. (1994). Similar to
the independent EVP estimates [Eq. (5)], based on the gradi-
ent Richardson number, the KPP-based estimates were aver-
aged for each transect and compared with EVPs retrieved by
the variational method.

Finally, we checked robustness of the EVP retrievals, by as-
sessing sensitivity of the method to the errors of velocity ob-
servations and the initial choice of the control variables.
Results of these experiments (see appendix) demonstrated a
reasonably good agreement between the EVPs retrieved from
the perturbed observations/parameters and the profiles shown
in Fig. 6a.

4. Results

a. Viscosity profiles

Four reconstructed EVPs, averaged for each transect per-
formed under various wind forcing, are shown in Fig. 6. The
shape of EVPs is consistent with the basic assumption of vis-
cosity variation with depth: the largest values are found in the
mixed layer (ML) with smaller values at the sea surface and
below the thermocline. EV decreases with depth in the ther-
mocline (16–25 m, Fig. 6d) where the background flow
changes direction and maintains the velocity shear (Fig. 5),
but stronger stratification tends to dump turbulence produc-
tion. Within the mixed layer, EVP tends to have a maximum
close to the ML middepth (;0.6 h).

The vertical extent of the layer with large viscosity values
varies in time and closely follows the ML evolution in response
to wind forcing: the ML extends to 17 m on 11 September
(transect T1), and gradually decreases to 13 m on 13 September
(transects T2 and T3, respectively). On 14 September, the vis-
cosity profile does not have any distinctive features (Fig. 6e)
and appears to have statistically insignificant values through-
out the water column. This can be attributed to the rapid de-
cline of the turbulence production under weak atmospheric
forcing and gradual restoration of the stratification in SBL
(Fig. 6f).

The mean, the standard deviation, and the maximum values
of EVPs retrieved from velocity measurements are summa-
rized in Table 1. The maximum EV values in the mixed layer
demonstrate profound wind dependence, varying in a wide
range from 16 to 18 cm2 s21, for the 8–10 m s21 winds, to
nearly 40 cm2 s21, for the wind speed U10 of 12 m s21. Under
milder winds, all quantities characterizing the turbulent mixing
are smaller: the maximum EV value drops below 20 cm2 s21,
while its vertical mean is ;11–13 cm2 s21 for both transects on
13 September. There is a large difference (by a factor of 2) in
EV values under the strong persistent wind observed for several
hours on 11 September (Fig. 2) as compared to EVPs retrieved
under 30% milder wind conditions on 13 September. Note the
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higher accuracy of the EVP retrieval for stronger winds: for
surveying days characterized by strong and moderate wind
conditions, the depth variation of EV is statistically consis-
tent. In contrast, for milder winds (3–5 m s21) observed on

14 September, the values of n and the error bars are on the
same order of magnitude. The EV confidence intervals are
partly contributed by spatial variability of the EVP along
the transects. This variability, compared to the mean, appears

FIG. 6. EVP retrievals for (a) strong, (b),(c) moderate, and (e) weak wind conditions are shown in black. Solid gray lines show the
EVPs obtained using Eq. (6), and the dashed lines show EVPs based on the KPP parameterization. (d),(f) Temperature profiles for the
three dates of the ADCP surveys are shown for comparison. Wind speeds (U10; in m s21) at the time of the transect surveys is also shown.
Note the difference in horizontal scales for n between (a), (b), and (e). Horizontal bars show the 90% confidence intervals.

TABLE 1. Optimized viscosities averaged over the observed mixed layer depths h and their approximation errors e by the gradient
Richardson and KPP parameterization schemes. The approximation errors were computed as rms deviations of the respective
profiles in Fig. 6. The observed values of U10 and h are given in the last two columns. Boldface numbers in the first column give the
number of profiles used in the EVP retrieval, the date and time of the transect.

Transect hnih (cm2 s21) nmax (cm
2 s21) e(Ri) e(KPP) U10 (m s21) h (m)

T1(13), 1400–1500 UTC 11 Sep 24 6 2.8 39 0.13 0.14 11.6 17
T2(11), 1000–1100 UTC 13 Sep 13.4 6 3.9 18 0.17 0.23 8.2 13
T3(9), 1100–1200 UTC 13 Sep 11.4 6 2.1 16 0.18 0.25 10.1 13
T4(10), 0900–1200 UTC 14 Sep 3.7 6 3.2 5 0.28 0.67 4.3 12
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to be larger along the transect T2 (;13 6 4, Table 1, line 3)
indicating a potential modification of the flow field by local to-
pography in the southern narrow.

Independent EVP estimates obtained by parameterization (6)
are shown in gray in Fig. 6 for comparison. The discrepancy
between the two methods of EV estimation is quantified and
reported in the third column of Table 1. In general, the depth
variation of n(Ri) is in a reasonably good agreement with EVPs
retrieved from velocity profiles for stronger (12 m s21) and mod-
erate (8–10 m s21) wind conditions (Figs. 6a–c). The obtained
values of the parameterization coefficients (no 5 50 cm2 s21,
a 5 5, n 5 2, nb 5 2 cm2 s21) for stronger winds (transect T1)
are in general agreement with those suggested by Pacanowski
and Philander (1981) and Yu and Schopf (1997) with the relative
error level e(Ri) of only 13% (Table 1, column 3). The value
n 5 2 of the power coefficient was found to be optimal for all
Ri-based EVP parameterizations. For moderate winds ob-
served on 13 September (transects T2 and T3), the best fit
of EVP was found for the values no 5 50 cm2 s21, a 5 3.5, and
nb 5 4 cm2 s21, with the relative error of 17%. The results of
comparison with the parameterization (6) are much worse for the
weak unsteady wind on 14 September.

Comparisons of the variational EVP retrievals with those
obtained by the KPP scheme of Large et al. (1994) demon-
strate a good agreement for the strong wind case (Fig. 6a).
The shape of both profiles is nearly identical in the surface
mixed layer. A somewhat larger discrepancy is found for
weaker winds observed on 13 September (Fig. 6b). In both
cases, the depth of maximum turbulent mixing is located
around 6 m, as indicated by both profiles. For milder wind
(Fig. 6c, transect T3), the location of EVP maximum is cap-
tured with less confidence, due to nearly opposite direction of
the background flow with respect to the wind at that time.
The overall discrepancy between the EVPs for the strong
wind (relative error 0.13 reported in Table 1, line 2, column 4)
appears to be similar to the Ri-based parameterization of
Pacanowski and Philander (1981). For the moderate wind
conditions (transects T2–T3) the error increases up to 0.25
(Table 1, line 4, column 4). The ML depth appears slightly
shallower (13 m) in response to milder wind. But larger differ-
ences in n (up to 5–7 cm2 s21) are observed below this depth
on T2 and, to a minor extent, on T3. The case of variable
wind conditions on 14 September reveals the largest error
(0.67) probably related to the ML erosion and the lack of ac-
curacy in the optimal EVP retrieval on that day. Figure 6e
also indicates a significant difference between the EVP re-
trieved by the variational method and KPP parameterization.
This can be partly explained by the presence of inertial

motions captured fairly well by ADCP measurements (not
shown). The velocity shear, observed between the surface
layer (10 m deep) and the subsurface layer dominated by the
westward background current (NMC), creates the turbulence
production, which maintains the viscosity at nearly constant
level, compared to the KPP shape function which rapidly de-
cays on the approach to the bottom of the mixed layer.

To further validate the obtained EVP estimates, the Ekman
depth was assessed for two transects characterized by different
wind forcing. Since the Ekman depth is proportional to n1/2,
and the estimated MLD-averaged viscosity values for the 11
and 13 September are 24 and 12 cm2 s21, respectively (Table 1),
we may expect a decrease of the Ekman depth value by a factor
of

��
2

√
5 1:4 in 2 days, in response to the drop of the mean

wind speed. Mixing relaxation should necessarily result in
the MLD decrease, which was observed in the CTD data on
11 and 13 September. As it is seen from Fig. 3, the MLD de-
creased from 17 to 13 m (Table 1, column 6) thus providing
an approximate ratio of 1.3, which is in a reasonably good
agreement with the evolution of the Ekman layer depth pre-
dicted by the theory.

b. Wind stress and Ekman currents

The optimal EVPs and wind stress values for different trans-
ects have been used to compute individual (i.e., 5-min-averaged)
Ekman current velocity profiles ue(z) [Eq. (A2) of the appendix].
These velocity profiles and wind stress vectors (available at
;500-m resolution along the transects) were then averaged to
yield the transect-mean values reported in Table 2 and shown in
Fig. 7. In addition, we validated the optimal wind stress topt

against the value t* obtained from a bulk formulation and Cd pa-
rameterization (1) that depends on the wind speed at 10 m
(U10). The latter was deduced from meteorological observations
at Porquerolles Island using a log-profile approximation with the
roughness coefficient z0 5 2 3 1024 adopted from (Troen and
Petersen 1989).

As it is seen from Table 2, the values of topt appear to be
low biased as compared to the values t* deduced from the
bulk parameterization (1): The estimates of t* are close to the
upper limits of the topt standard deviations computed from
their along-transect variability, whereas the time variation of
both topt and t* is reproduced fairly well (cf. Fig. 2). Similar
estimates of the wind stress derived from the OCARINA
platform (t*O) demonstrate nearly identical time variation
with larger mean values compared to t*. The difference be-
tween topt (upper value) and t* did not exceed 1022 N m22

under moderate wind conditions, on 13 September. For
milder winds, observed on 14 September, the agreement was

TABLE 2. Estimates of the wind stress t and the surface Ekman current speed |ue| for four transect surveys. Angle shows the
difference between the wind and surface current direction. Err is the overall relative error of optimization.

Transect, date topt (N m22) t* (N m22) t*O (N m22; OCARINA) |ue|
opt (cm s21) |ue|* (cm s21) Angle Err

T1, 11 Sep 0.12 6 0.11 0.22 } 35.8 6 11.1 39 478 0.55
T2, 13 Sep 0.06 6 0.05 0.10 0.16 16.2 6 2.8 26 488 0.75
T3, 13 Sep 0.08 6 0.06 0.16 0.22 10.6 6 3.6 33 658 0.56
T4, 14 Sep 0.02 6 0.04 0.03 0.03 4.9 6 5.9 4 1008–1808 0.83
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found even better. We attribute the low bias of the optimized
wind stress to the relatively fast wind variations (Fig. 2) whose
typical time scale was close to the adjustment time f21 of the
surface currents driven by Ekman dynamics. As a conse-
quence, the turbulent mixing parameterized by the EVPs in
Fig. 6 could not fully develop to correspond to the “nearly in-
stant” winds directly observed at the meteorological station
and by the OCARINA platform.

Wind-induced Ekman current velocities |ue|
opt also show

significant time variability in response to the wind. Close to
the sea surface (z 5 1 m), the velocity varies from 0.36 to
0.05 m s21 demonstrating behavior similar to the wind stress
(Table 2, columns 4 and 5). However, Ekman velocities on
transects T2 and T3 appear to be low biased with respect to
the values in column 5 derived from the empirical relationship
of Weber (1983) between U10 and surface currents. Moreover,
|ue|

opt on T3 is smaller than that on T2, despite the wind speed
being larger. The origin of this difference could be attributed
to the lower optimized viscosity values in the eastern narrow.
Indeed, in this part of the bay, the inflow background current
in the surface mixed layer was opposing the eastward wind,
thus making the EVP optimization less reliable. The angle

between the optimal Ekman currents at the surface and the
wind direction is found to be equal to 478, 488, and 658 for
transects T1, T2, and T3, respectively. The first two values
agree well with the value 458 for the direction difference be-
tween the surface current and the wind in the case of constant
viscosity. Regarding parameterization of the surface current
velocity, the estimation of |ue| as a function of U10 [Eq. (2)]
provided the values 39, 26, and 33 cm s21 for transects T1–T3,
respectively (Table 2, column 5). Only the surface velocity |ue|
obtained in the middle of the bay under the strongest wind
(T1) satisfies the relationship of Weber (1983) established for
steady wind conditions in the open ocean. The observations
performed in the narrows (T2 and T3), where the wind and
surface currents are constrained by orographic features, are
less consistent with Weber’s parameterization, indicating its
limited applicability in the semienclosed basins like BoH un-
der weak unsteady winds.

c. Residual velocities

After the Ekman profile reconstruction and subtraction,
the background current velocities ub were approximated
by third-order polynomials and also subtracted from the

FIG. 7. Ekman velocity profiles (ue and ve components) on transects T1 and T2 (thick solid lines), errors of the back-
ground velocity approximation (ur and vr; thin dashed lines), and the across-section background current velocities
(dotted lines: ub on T1 and vb on T2), showing the two-layer circulation in the BoH. All profiles are transect
averaged.

J OURNAL OF ATMOS PHER I C AND OCEAN I C TECHNOLOGY VOLUME 401300

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 10/23/23 06:59 AM UTC



observed velocity profiles uo(z). The resulting residual velocity
ur(z) 5 uo 2 ub is viewed as the background velocity error
which contains contributions from unresolved processes (such as
the Stokes drift) as well as the polynomial approximation error.
The contribution of the Ekman current profiles ue(z) (thick lines)
to the residual currents (thin lines) is shown in Fig. 7. The overall
relative error (err) of the optimization scheme is given in
the last column of Table 2 and is defined by Eq. (5). For all
transect-mean velocity data, the overall relative error of EVP
retrieval (including the Ekman spiral reconstruction) is larger
than 50%, with the maximum value (83%) corresponding to
T4 on 14 September. The relatively large values of error are
attributed to the fact that the proposed technique is aimed at
retrieving themean EVPs emerging in response to the vertical
mixing induced by the variable winds. The resulting viscosity
profiles, being fairly consistent with the existing parameteriza-
tion schemes (Fig. 7), account only for a certain part of the
turbulence-driven flow in the SBL, because the steady-state
Ekman constraints are not entirely consistent with the highly
variable wind conditions exposed in Fig. 2.

Inspection of the profiles in Fig. 7 also shows that larger re-
siduals are observed in the surface layer, directly exposed to a
combined forcing by wind and waves producing enhanced
mixing. For the strong (Fig. 7a) and moderate (Fig. 7b) forc-
ing (U10 5 12 and 8 m s21, respectively) the wind-induced
currents constrained by the steady-state equations are quali-
tatively well approximated by the Ekman profiles emerging
from the EVP retrieval algorithm in the upper 10 m of the
water column. Residual velocity variations there could be at-
tributed to the Stokes drift, Langmuir circulation, and the com-
plex structure of the background current (Fig. 7, dotted
line), not well reproduced by the polynomial approximation.
A time lag between the wind-induced turbulent mixing and
the current velocity adjustment can also contribute to the
error.

Comparison of the background and Ekman current veloci-
ties is shown in Fig. 7. The two-layer background circulation
pattern is clearly seen on T1 (ub component), where the cur-
rent velocity is fairly large (cf. right panel in Fig. 4), and less
visible on T2 (vb component), where the current was much
weaker. The time evolution of the Ekman layer depth and
MLD in response to changes in wind forcing is well repro-
duced. The depth of the background current reversal also
changes between 11 and 13 September and appears to follow
MLD evolution. These results provide an evidence of a
complex circulation in the BoH, forced by large-scale up-
welling motions and modulated by the wind and background
currents.

5. Discussion and conclusions

Direct assessment of the vertical momentum transfer in
the surface boundary layer requires finely tuned specialized
equipment, such as microstructure profilers, and the use of
sophisticated data processing techniques. As highlighted in
the methodological study of Roget et al. (2006), getting ac-
curate estimates of eddy diffusivity or dissipation rate of the
turbulent kinetic energy in ocean environments remains a

technically challenging task in observational oceanography.
Moreover, microstructure profilers provide only snapshots
of the turbulence field, which can vary significantly in space
and time and, therefore, require extensive surveys to obtain
robust estimates of the viscosity field at the horizontal scales
of 0.1–1 km.

In this study, we demonstrate the feasibility of retrieving
EVPs in the above spectral range from the velocity profiles
observed by towed ADCP platforms. In comparison with
microstructure profiling, velocity measurements by vessel-
mounted or towed ADCPs are easy to perform and process.
High-resolution and high-quality velocity profiles can be ob-
tained for a wide variety of depth ranges, that cover both
surface and bottom boundary layers, including the pycno-
cline [see Goddijn-Murphy et al. (2013) and Sentchev et al.
(2020) for examples of towed ADCP surveying]. Towed
platforms may also cover a wide range of wind and flow con-
ditions. As a few examples, the vessel-towed ADCP measure-
ments (Goddijn-Murphy et al. 2013) were used for monitoring
tidal flow variations in the Pentland Firth (United Kingdom)
where current velocities are among the highest (up to 5 m s21)
on the globe; Li et al. (2004) employed towed ADCP obser-
vations to estimate bottom drag coefficient from space–time
averaged velocity profiles in the Saint James tidal estuary,
United States.

The data used in the present study were obtained under
variable (4–12 m s21) winds which generated a complex circu-
lation pattern partly driven by the Ekman transport in the
semienclosed basin. The EV retrieval algorithm is based on
the variational assimilation of the observed velocity profiles
strongly constrained by the Ekman relationships. The verti-
cally varying square root of the viscosity coefficient n(z), and
the wind stress were used as control/adjustable variables. The
results demonstrate significant time variations of n , whose
magnitude and vertical structure are primarily driven by the
wind. It is remarkable that this variability can be described by
the parameterization of Pacanowski and Philander (1981) ex-
pressed in terms of the rational function of the Richardson
number with coefficients dependent on the wind conditions:
For winds exceeding 12 m s21 the viscosity profile is well
described by [Eq. (6)] with the conventional parameter set
(n0 5 50 cm2 s21, a 5 5, and nb 5 2 cm2 s21) while for the
winds in the range of 8–10 m s21, the optimal values of a and
nb are, respectively, 3.5 and 4 cm2 s21. For very low winds the
proposed variational technique becomes inapplicable because
the magnitude of Ekman currents falls below the level of ob-
servation errors due to the decay of the wind-driven turbu-
lence in SBL.

Note that adjustable parameters may vary within a much
larger range depending on the velocity shear and stratification
conditions in the ambient flow. For instance, Forryan et al.
(2013) found that nb 5 10 cm2 s21 best fits the turbulent vis-
cosity, estimated from microstructure profiles below the SBL
in the equatorial undercurrent at high Richardson numbers.
A significantly higher background viscosity is attributed to the
contribution from unresolved processes occurring below the
mixed layer, such as wave–wave interactions of the internal
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wave field (Polzin et al. 1997), or wave–current interactions
(Avicola et al. 2007).

Lozovatsky et al. (2006) analyzed microstructure profiles in
the North Atlantic obtained under strong and more persistent
wind conditions, resulting in a much deeper (50 m) mixed layer
than observed in the present study. They proposed a EVP pa-
rameterization using certain combinations of the Richardson
and Prandtl numbers for the background flows characterized
by low (Ri , 0.1) and intermediate (;0.25 , Ri , ;2)
Richardson numbers.

An advantage of our approach to EVP retrieval from un-
derway velocity measurements is a possibility to use contin-
uous data acquisition and dense spatial coverage of the
survey region by observations. Different sectors of the BoH
(the bay interior, the narrows, and open sea) were sampled
by the towed platform without any technical problems. This
type of measurement technique is easy to implement and
makes it possible to obtain velocity and EV profiles starting
right underneath (1 m below) the sea surface. On the con-
trary, velocity and microstructure observations, targeted at
EV estimations in the near-surface layer of the ocean from re-
search vessels, demand special instrumentation (e.g., Soloviev
et al. 1999) and techniques of data processing (Roget et al.
2006).

The dynamical constraints used for extracting the EVPs
from observations are given by the basic steady-state Ekman
balance, which fully develops at times larger than f21 ; 3 h
for the depth-independent viscosity coefficient. However, our
study indicates that the method does appear to be applicable
for time intervals of a few hours. This feature can be partly at-
tributed to the fact that the boundary layer adjustment/
response to surface forcing tends to be shorter in the depth-
dependent case (Madsen 1977). As mentioned above, the
validity of the steady-state Ekman balance assumption is also
supported by a reasonably good correspondence to empirical
EVP parameterizations. In particular, the results were found
to be fairly consistent with KPP parameterization: the maxi-
mum viscosity values were found at the depths of 5–6 m, cor-
responding to the maxima of the KPP shape function for the
range of mixed layer thicknesses h of 13–17 m, independently
diagnosed by the CTD casts on the days of the ADCP trans-
ects performed in stronger wind conditions.

It should also be noted that the proposed method is not de-
signed for reconstructing the Ekman spiral per se: it is gener-
ally focused on extracting the mean EVPs in the SBL caused
by variable winds. In these conditions, the Ekman spiral does
not have enough time for the robust adjustment (e.g., Lewis
and Belcher 2004; Wang and Kukulka 2021), whereas propa-
gation and decay of the wind-driven turbulence respond to
the changing wind much faster, providing realistic estimates
of the transect-averaged EV profiles. The latter could be use-
ful for improving the accuracy of diagnostic modeling in near-
shore environments characterized by a complex bathymetry
and variable wind forcing. In that respect, our results should
be viewed as a method of obtaining an observational guidance
to coastal modeling community for correctly parameterizing
time variations of the mean eddy viscosities in SBL occurring

under such complex environmental conditions at space and
time scales of several kilometers and hours, respectively.

To further explore the effectiveness of the proposed method
of EVP retrieval, it should be applied to a larger set of profiles,
including profiles collected in deeper waters, not affected by
coastal effects. Assessment of the eddy viscosity evolution
in well stratified and deeper waters of the southern Bay of
Biscay will be performed in our future study.

With a growing demand for development of the tidal-
stream energy resource, monitoring of currents is routinely
performed in the regions where the tidal flow is amplified by
bathymetry providing large energy potential (e.g., Sentchev
et al. 2018, 2020). As it was shown by Thiébaut et al. (2019),
towed observation platforms provide an efficient tool for ac-
curate assessment of the flow in these regions, contributing to
and substantially improving the accuracy of modeling the
extremely strong tidal currents, whose dynamics is balanced
by dissipation. In this study, we demonstrate that underway
velocity measurements by towed platforms can also provide
valuable information for improvement of the turbulent mo-
mentum fluxes that will be particularly useful for modeling
kinetic energy dissipation in tidally driven environments.
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APPENDIX

Variational Algorithm

To estimate the vertical variation of the vertical momen-
tum diffusion coefficient n(z), we minimized the following
cost function:

J(n , t) 5 1
2

�0

d
Wu (u 2 uo)2 1 Wn (n 2 n*)2
[ ]

dz 1 Wt(t 2 to)2
}⎧⎪⎪⎨⎪⎪⎩

1

�0

d
[Êu (z) 2 t]l(z)dz (A1)

for each observed velocity profile uo(z), and corresponding
wind stress to. The minimization was performed with re-
spect to both n(z) and the two components, tx and ty, of
the wind stress vector t. The weights Wu, Wn, and Wt in
Eq. (A1) have the meaning of the inverse error variances in
the observations of velocity, wind stress, and the respective
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first-guess value of the diffusion coefficient n *, which
was assumed constant in the vertical. The integration is
performed until the depth d is covered by the measurements.
The last term in Eq. (A1) contains Lagrangian multipliers
l(z) and constrains u(z) to be a solution of the Ekman
problem:

[zn(z)z 2 f k 3]u 5 0; nzu|0 5 t; zu|d 5 0, (A2)

where f is the Coriolis parameter and k is the vertical unit
vector. As a consequence, the discretized cost function
(A1) implicitly depends only on n(z) and t with Êu(z)2 t

symbolically representing the finite-difference form of the
Ekman equations, Eqs. (A2).

To minimize (A1) with respect to n(z) and t, we first set
to zero the gradients of J with respect to l and u:

dJ
dl

5 0 : u 5 Ê
21
t, (A3)

dJ
du

5 0 : l 5 WuÊ
2T(u 2 uo), (A4)

and then compute the gradients with respect to the control
variables t and m 5 n1/2 (used to maintain nonnegative
property of n during the descent):

dJ
dt

5 Wt (t 2 to) 2 l(0), (A5)

dJ
dm

5 2m[(zl)(zu) 1 Wn (n 2 n*)]: (A6)

Numerically, the optimization was performed with the
double precision version of the quasi-Newtonian algorithm
of Gilbert and Lemaréchal (1989). Due to moderate dimen-
sion of the problem, the Ekman matrix Ê [representing finite-
difference discretization of the left-hand sides in Eq. (A2)]
was directly inverted at each iteration during the descent
process.

To assess the method’s sensitivity to variations of the ob-
servations and the first-guess values of the control variables,
we conducted a series of numerical experiments by perturb-
ing to, uo, and n * while assuming that the results of optimi-
zation described in section 4 represent the reference (true)
solution. The observed velocity profiles were perturbed by
the white noise with standard deviations of 8 cm s21 for
each component of the observed velocity, 0.05 N m22 for
both components of to, and 1 cm2 s21 for the first-guess
value n * of the eddy viscosity coefficient. The results of
these validation experiments (Fig. A1) demonstrated a rea-
sonable agreement with the optimized EVPs variations,
shown by the error bars in Fig. 6a and derived under the
assumption of x2 statistics.
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