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1. INTRODUCTION

The seasonal variations in the atmospheric forcing
of the ocean are most clearly manifested at the mid-lat-
itudes of the Northern Hemisphere between 

 

40°

 

 and

 

60°

 

 N. During the warm season (late spring–early
autumn), the heat flux is directed from the atmosphere
to the ocean, whereas, in the winter and early spring,
the major part of the North Atlantic Current is subjected
to a stable influence of a negative (upward) heat flux.
The convective exchange between the ocean and the
atmosphere, combined with the prevailing strong
winds, generates and maintains turbulence in the upper
quasi-homogeneous layer (UHL). In April 2001, mea-
surements of the vertical structure in the UHL over a
zonal transoceanic section at the boundary between the
high and mid-latitudes were carried out during cruise 9
of R/V 

 

Akademik Ioffe

 

 using a Neil Brown Mark III
CTP profiler. The CTD profiles were obtained at 42 sta-
tions located approximately along 

 

53°

 

 N from the coast
of Labrador to the shelf of Ireland. The mean distance
between the stations was 30 miles, and the mean time
interval between the profiles was 6 h [4]. The sensors of
the CTD profiler were calibrated at a laboratory setup
of the Federal Department of Marine Navigation and
Hydrography (Bundesamt fur Seeschiffahrt und
Hydrographie (BSH)) in Hamburg. The data obtained
were processed according to the standards of the
WOCE program. The meteorological parameters were
permanently recorded by a Wetos 625 automatic mete-
orological station on the ship.

In this study, the main attention is focused on the
analysis of the variability of the UHL depth under the
influence of the prevailing storm winds and convective
buoyancy flux in the winter–spring period.

2. METEOROLOGICAL CONDITIONS

The meteorological conditions along the section
were determined by relatively strong winds and a neg-
ative heat balance at the ocean surface (a positive heat
balance was observed only at two stations). The buoy-

ancy flux 

 

J

 

b

 

 and wind stress 

 

|τ

 

a

 

|

 

 = (  + )

 

1/2

 

 at each
drift station are shown in Fig. 1. The positive values of

 

–

 

J

 

b

 

 correspond to the conditions favorable for the
development of convection. The calculations of the 

 

J

 

b

 

and 

 

|τ

 

a

 

|

 

 were performed using the Mathlab Air-Sea
Toolbox (http://sea-mat.whoi.edu) software, which
realizes bulk-formulas for the fluxes at the water–air
boundary. We note that Fig. 1 is based on the meteoro-
logical data obtained only at drift stations when the
wind speed did not exceed 17 m/s. The average wind
speed at the stations was 

 

W

 

ast

 

 = 8.7 m/s at the root-
mean-square values rms

 

W

 

ast

 

 = 4.6 m/s. Combining the
data of the measurements at the stations with the data
obtained during the tacks between the stations yields a
mean wind speed of 

 

〈

 

W

 

a

 

〉

 

 = 10.7 m/s. On April 19–20
(between stations 923 and 926) and on April 27–28
(between stations 952 and 954), two periods of severe
storm weather were recorded with the wind speeds
exceeding 12 m/s. On April 28, 2001, the maximal
wind velocity 

 

W

 

m

 

ax

 

 = 29 m/s was recorded. Two shorter
storms were observed between stations 933 and 935 (at
night on April 22, 

 

W

 

max

 

 = 26 m/s) and stations 941–942
(on April 24, 

 

W

 

max

 

 = 13 m/s). The peak values of 

 

|τ

 

a

 

|

 

 and
the wind energy at an altitude of 10 m over the sea level

 

E

 

10

 

 = 

 

W

 

a

 

 reached 0.2–0.4 N/m

 

2

 

 and 4–6 W/m

 

2

 

,
respectively.

The temperature of the sea surface exceeded the air
temperature at each station, which, being combined
with strong winds, provided for the domination of a
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negative heat balance along the section. The mean dif-
ference was 

 

∆

 

T

 

wa

 

 = 

 

T

 

w

 

 – 

 

T

 

a

 

 = 2.55°C,

 

 while rms

 

∆

 

T

 

wa

 

 =
1.57°C

 

.

3. DETERMINATION OF THE MIXED
LAYER DEPTH

The modern stage of researching the depth of the
upper quasi-homogeneous (mixed) layer of the ocean
coincides with the beginning of the application of high-
resolution thermohaline profilers for profiling the ther-
mohaline water structure (the end of the 1960s–the
beginning of the 1970s). A summarizing analysis of the
UHL depth in the northern part of the Pacific Ocean
based on the standard hydrographic data performed by
that time was presented in [5]. A description of the main
methods for identification of the UHL lower boundary
can be found in [1, 2]. Attempts to contrive universal
methods for distinguishing the UHL for automated pro-
cessing of large arrays of hydrographic data have been
continuing in the last decade (see, for example, [6, 10]).
We note that the majority of the methods suggested
were aimed at the analysis of standard hydrographic
stations with relatively low vertical resolution (not bet-
ter than 10 m in the upper layer). Approximation of the
profiles in the transition zone from the UHL to the ther-
mocline by one or another polynomial functions [6]
makes it possible to obtain estimates of the UHL depth
that satisfy the requirements of the analysis of its sea-
sonal and regional variability. Fast synoptic variations

in the UHL require, in our opinion, application of more
local criteria. Below, we shall briefly summarize the
main approaches to the calculation of the UHL depth
that were used to choose the method [10] best corre-
sponding to the character of the data analyzed here.

The depth of the UHL 

 

z

 

D

 

 can be determined as the
depth at which the absolute value of the difference
between 

 

T

 

(

 

z

 

D

 

)

 

 and the surface temperature 

 

T

 

w

 

 does not
exceed a preset fixed value 

 

δ

 

T

 

. According to this defini-
tion, the UHL depth is the isothermal layer depth (ILT)
[10]. When this approach is applied to the density pro-
files, 

 

z

 

D

 

 is interpreted as the mixed layer depth (MLD),
where the absolute value of the density difference

 

δσ

 

θ

 

 =

 

 

 

|σ

 

θ

 

(

 

z

 

D

 

) – 

 

σ

 

θ

 

w

 

|

 

 is smaller than a preset value of

 

δσ

 

θ

 

. The authors of [19, 32] calculated the UHL depth
with relatively small values (

 

δ

 

T

 

 = 0.2 

 

and 

 

0.1°C

 

,
respectively). The threshold difference 

 

δ

 

T

 

 =

 

 

 

0.5°C

 

 was
used in [11, 21, 23, 27], while the authors of [12, 28,
33] used 

 

δ

 

T

 

 = 1°C

 

. The most typical value of the den-
sity difference 

 

δσ

 

θ

 

 for the calculation of the MLD is
within (0.10–0.13)

 

σ

 

θ

 

 [9, 14, 15, 20, 31], whereas the
authors of [24, 25, 30] use a more strict restriction

 

δσ

 

θ

 

 = (0.01–0.03)

 

σ

 

θ

 

.
The MLD can also be defined as the depth of the

layer in which the vertical gradient of the temperature
or of the conventional density is smaller than the char-
acteristic preset values 

 

δ

 

T

 

/

 

δ

 

z

 

 or 

 

δσ

 

θ

 

/

 

δ

 

z

 

. It is assumed
that a thin interface exists between the UHL and the
underlying thermohalocline [5–8, 18, 29]. The thresh-
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Fig. 1.

 

 Meteorological data: (a) buoyancy flux 

 

J

 

b

 

 and (b) wind stress 

 

|τ

 

a

 

|

 

 at drift stations along the section (the positive values of

 

−

 

J

 

b

 

 correspond to the negative heat balance at the ocean surface).
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old gradients are usually set in the range 0.02–
0.05°C/m for δT/δz and 0.01 kg/m4 for δσθ/δz. The
algorithm for calculating the MLD suggested in [10]
combines the application of the criteria δT and δσθ with
an additional condition that the values of the tempera-
tures (or densities) at adjacent sequential levels differ
by less than 0.1δT and 0.1δσθ. This approach can be
called local, which makes it possible to sufficiently
accurately determine the MLD on the basis of high-res-
olution profile measurements.

It is noteworthy that the application of one or
another formal criterion for calculating the MLD can
lead to notable errors if the dataset analyzed is signifi-
cantly nonuniform (see the discussion in [8]). Combin-
ing the profiles with the sharp and weak pycnoclines
that underlie the mixed layer creates a problem of using
unified δT or δσθ values for identification of the MLD.
Thus, if a limited data set is analyzed, it is useful to ver-
ify the results of formalized calculations of the MLD
visually or, if necessary, to correct them manually. In
our work with the temperature and density profiles, we
followed such an approach using the criteria δT and δσθ
at the initial stage and then visually estimating each
individual profile. Calculations of the MLD (from
hereon the hD) were performed with the initial value
δσθ = 0.02σθ and manual correction of the MLD was
required only for four profiles. Calculations of the iso-
thermal layer depth were performed using the algo-
rithm given in [10] with ∆T varying within 0.1–0.3°C
with a step of 0.05°C. The best agreement between hD

and ILT without any vertical averaging and interpola-
tion was reached at ∆T = 0.25°C. In this case, the linear
correlation between the MLD and ILT is characterized
by a high statistical reliability (r2 = 0.95). In the further
analysis, we use the estimates of the MLD obtained
using the differential approach with a manual correc-
tion for a more precise identification of the transition
zone between the mixed layer and the thermohalocline.
These estimates of the mixed layer depth vary from 6 to
110 m.

4. VARIATIONS IN THE MIXED
LAYER DEPTH

Variations in the MLD (hD) along the section are

shown in Fig. 2. The mean  = 44.5 m, the median
med(hD) = 48 m, and the rms(hD) = 25.2 m. The maxi-
mal hD = 110 m was observed at station 931. Three
intervals can be distinguished in Fig. 2 (between sta-
tions 924–931, 936–938, and 949–956) with a notable
increase in the depth of the mixed layer (hD > 50 m).
Three periods of wind increase (Wa > 10 m/s) corre-
spond to these intervals, which, however, precede in
time (space) the periods of deepening of the lower
boundary of the mixed layer (Fig. 2). Since the value of
–Jb also increases with the increasing wind speed
(Fig. 1) (i.e., the probability of the development of con-

h̃D

vective mixing increases), we tried to determine the
ratio of the contribution of the atmospheric momentum
flux (the friction velocity u∗) and the buoyancy to the
variation of the MLD by calculating the cross correla-
tion functions (∆t) and (∆t), where ∆t is the
corresponding time shift. In order to perform these cal-
culations, it was necessary to form series of MLD and
flux values with uniform spatial spacing. Since the
measurements were carried out at 42 points in 12 days,
we took a time step for the interpolation equal to ∆tint =
6 h, which provided approximately the same number of
interpolation points (49). Regarding the data for corre-
lation analysis as time series rather than as spatial vari-
ables, we proceed from the assumption that the main
cause for the variation in the depth of the mixed layer at
53° N is related to the synoptic scale of the variability
of u∗ and Jb caused by the storms. The length of the
regions in which the MLD exceeds 50 m is equal to
250–350 km, which agrees with the width of the fronts
of the atmospheric cyclones at these latitudes.

The correlation between hD and –Jb appeared below
the 95% confidence level (R0.95 = 0.34) for all the
∆t except for ∆t = 0, at which max (0) = 0.4 only
slightly exceeded R0.95. Meanwhile, a statistically reli-
able correlation maximum (∆t) = 0.71 was found
between the variations of hD and the friction velocity
u∗ at the time shift ∆t = 12 h. We note that, according
to the data in [13], the maximal correlation between the
wind stress and the MLD in the waters of the coastal
upwelling was also observed at a nonzero time shift ∆t,
which varied in the range from 5–6 to 10–12 h depend-
ing on the synoptic situation. 

The results of the correlation analysis allow us to
suppose that the observed depths of the mixed layer
were mainly determined by the wind stress shifted in
time (space), whereas the influence of the buoyancy
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Fig. 2. Variations of the MLD along the section. The periods
of the MLD deepening (the dashed intervals) occur with a
time lag with respect to the periods of the wind enhance-
ment (Wast > 10 m/s), which is shown along the upper axis.
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loss in the surface layer was comparatively weak. This
conclusion is also confirmed by the analysis of the
dependence of hD on the scale of the Monin–Oboukhov

length LMO = – /κJb shown in Fig. 3a. The data of the
observations were compared in Fig. 3a with the func-
tions hD/LMO = 1 and hD/LMO = 10, which, according to
[16], limit the range of the hD variability, where the
influence of the wind stress on the development of the
MLD is comparable with the influence of the convec-
tive buoyancy flux. At hD/LMO > 1 (to the left of line 2),
convection should manifest a dominating influence on
the MLD, while at hD/LMO < 1 (to the right of line 1),
wind stress is the prevailing factor. Only at three sta-
tions (where hD < 35 m), the contributions of the wind
stress and buoyancy flux to the formation of the mixed
layer depth are comparable. The majority of the points
in Fig. 3a are located below the line hD/LMO = 1 pointing
to the fact that convection in the spring period in the

u*
3

North Atlantic is a secondary factor as compared to the

mixing caused by the wind. Since LMO ~ , the

approximating function hD = 10  shown in Fig. 3a
points to a linear correlation between the MLD and the
friction velocity. The buoyancy flux in this case actually
plays the role of a scaling factor.

The result obtained allows us to use a simpler
dependence for the parameterization of the MLD:
hD(Lf), where Lf = u∗/f is the Ekman scale (Fig. 3b),
which is well approximated by the linear function hD ≈
0.44Lf if hD is shifted back by ∆t = 12 h with respect to
the changes in the friction velocity u∗. Simultaneous
measurements of u∗ and hD do not demonstrate any sig-
nificant dependence between hD and LMO and between
hD and Lf. Figure 3 points to the fact that the wind stress
related to the spring storms in the North Atlantic should
act during ~12 h to mix the existing stratification and to
form a UHL with a mean depth of ~45 m. The physical
mechanism of such mixing may be related, in particu-
lar, to the vertical gradients of the velocity induced by
the inertial oscillations at the lower boundary of the
UHL [26]. In our case, a transition time close to ∆t ≈ 12 h
is needed for reaching the steady state of this process.
This is the so-called spin-up interval counted from the
moment of the beginning of the wind perturbation
(storm). The interpretation suggested assumes a quasi-
stationary state of the observed mixed layer, when its
depth does not change very fast. At some stations, espe-
cially at those that were occupied at the beginning of
storms, this condition was obviously not observed. This
can explain, in particular, the scattering of the data near
the linear trend shown in Fig. 3b.

One-dimensional models of the thermocline deep-
ening [17, 22, 27, and others] that use a constant wind
stress and a zero buoyancy flux predict a fast increase
in the MLD only in the first half of the inertial period,
i.e., in our case, for approximately 7–8 h (τin ≈ 15 h at
53° N). Later, the increase in the UHL depth signifi-
cantly drops, changing in time as hD/LfN ~ (t/τin)1/4 [17],

where LfN = u∗/  is the characteristic scale, which

can be called the stratified Ekman scale (  is the
mean buoyancy frequency in the pycnocline). Accord-
ing to [26], this scale parameterizes the influence of the

nonlocal (u∗) and local ( ) processes on the varia-
tions in hD. The scale LfN was used in [13, 34], as well
as in the study of the boundary atmospheric layers [35].
We note that the correlation between the MLD and the
depth of the maximum of the density gradient in the
thermocline is the basis of the method for distinguish-
ing the UHL suggested in [6].

According to our data, the ratio hD/LfN ≈ 1.9,
whereas the authors of [26] obtained an estimate for
hD/LfN equal to 1.7, and the authors of [34] give a value
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Fig. 3. Correlation of the MLD hD with the (a) Monin–
Oboukhov scales LMO and (b) Ekman scale Lf for estimates
of the wind stress u∗ taken with a time delay equal to 12 h.

In both cases, the times of the measurements of the MLD
and the buoyancy flux Jb coincide. The functions hD/LMO = 1
and 10 are shown with (1) dashed lines and (2) dotted–
dashed lines. For synchronous measurements of the hD and
u∗, no correlation is observed between the MLD and the

LMO and Lf scales. The scale LMO is calculated only for sta-
tions 926–954.
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of 1.3. The authors of [17] showed that hD/LfN tends to
1.7 after the wind stress reaches a steady state. The
agreement between the empirical and model estimates
of the hD/LfN ratio confirms the conclusion that, at the
majority of stations, the mixed layer was observed in
the latest stage of its development close to the equilib-
rium state.

The high degree of linearity between the MLD and
the Ekman scale points to the fact that atmospheric
forcing is the main cause of the UHL formation and the
variation in its depth along the section. The calculations
of the ageostrophic currents performed in [3] (using the
data of a shipborne acoustic velocity profiler) showed
that the depth of the drift current penetration at the sta-
tions of the section generally coincides with the MLD.
This fact also confirms the dominating influence of the
wind mixing on the formation of the UHL during the
period of the observations. Local horizontal and ther-
mohaline gradients in the upper layer could cause dis-
tortions in the structure of the UHL; however, obvi-
ously, the scales of the UHL variability analyzed (from
a few tens of miles to a few tens of hours) were predom-
inantly determined by the variations in the wind stress
related to the high storm activity in the North Atlantic
during the transition season from the winter to the sum-
mer. At the same time, the variations in the wind stress
vorticity along 53° N on the basin scale determined the
generally observed deepening of the thermocline from
the west to the east.

5. CONCLUSION

The variability of the depth of the upper mixed layer
was analyzed on the basis of profile measurements of
the thermohaline structure at 42 hydrographic stations
in the Atlantic Ocean in the spring of 2001 along 53° N.
Identification of the MLD was performed using the
modified method of the threshold density difference
[10] supplemented by expert inspection. The mean
value of the MLD appeared to be equal to 45 m; the
maximal value was 110 m. The variations in the MLD
were compared to the variations in the momentum and
buoyancy fluxes at the ocean surface and in the density
gradient in the pycnocline.

The maximal correlation (0.71) between the MLD
and the friction velocity at the ocean surface u* was
found at a time shift equal to 12 h. The correlation
between the MLD and the buoyancy flux appeared to be
statistically insignificant. The analysis of the depen-
dence of the MLD on the Monin–Oboukhov scale
showed that the formation of the mixed layer in the
period of the observations occurred mainly under the
influence of the wind rather than the convective mixing.
The dependence of the MLD (hD) on the Ekman scale Lf =
u∗/f is expressed by the linear function hD ≈ 0.44Lf with

a high regression coefficient, r2 = 0.92. The result
obtained indicates that the formation of the upper
mixed layer with a depth of approximately 45 m at a

mean friction velocity 〈u∗〉 = 1.2 × 10–2 m/s requires
approximately 12 h of wind forcing.

Application of the “stratified” Ekman scale LfN =

u∗/  for parameterization of the MLD leads to
the relation hD ≈ 1.9LfN. This result agrees with the
model calculations of the MLD for the late (slow) stage
of the mixed layer evolution under stationary wind
forcing indicating that the UHL at the majority of the
stations was observed at a state close to the equilibrium
one. Therefore, the LfN can be a good indicator of the
MLD for the UHL formed by storm wind.
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