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Observations of a Rain-Formed Mixed Layer
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ABSTRACT

The structure and dynamics of a rain-formed mixed layer (ML) are studied using hourly STD and
profiling current meter casts. Because the fluid beneath the rain-formed ML was vertically homoge-
neous, the ML buoyancy g’ and horizontal velocity difference 8V were easily observable as the ML
depth % increased by entrainment from 7 to 18 m in a period of 8 h. The overall Richardson num-
ber of the mixed layer g’(h + d/2)/8V? = 0.7 during that period, where d is the thickness of the transi-
tion layer at the base of the ML. The entrainment rate was consistent with that of a laboratory surface

half-jet (Ellison and Turner, 1959).

The transition layer thickness was an appreciable fraction of the ML thickness, roughly d = h/3.
The density profile through the transition layer was linear and symmetric, and the overall Richardson

number of the transition layer g'd/8V? = 1/4.

1. Introduction

A rain-formed mixed layer (ML) was observed
during a field study conducted in 1972 on the west
Florida continental shelf. The gross structure and
dynamics of that ML are examined here using STD
and profiling current meter casts (PCM) (Curtin,
1974) made at hourly intervals from an anchored
ship. [See Ostapoff et al. (1973) and Miller (1976)
for previous studies of the rainfall effect on the upper
ocean. See Price et al. (1978) for a discussion of the
complete data set from which these data were taken.]

Approximately 6 cm of rain fell in <2 h as a weak
cold front passed over the experimental site from
0500 to 1100 LT 13 June (Fig. 1a). The time and dura-
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tion of the rainfall are not known precisely and the
magnitude is known only from a salinity budget.
The rainfall represented a large, nearly impulsive
buoyancy flux (equivalent to 500 cal cm~2) which
caused the formation of a new, shallow ML (Fig. 1b).
The rain-formed ML immediately began to deepen
by entrainment and within 20 h had merged with a
relic ML 25 m thick formed two days earlier. While
the rain-formed ML deepened, the wind stress was
roughly constant in magnitude and direction and
there was no significant air-sea buoyancy exchange.
Hence, this is a relatively simple example of wind-
driven ML deepening.

The dynamically important density and horizontal
velocity differences across the base of the rain-
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Fic. 1. (a) Wind stress computed from hourly shipboard observations of wind velocity as 7
= paCdIUlU where p, is the density of air, C4 = 1.5 X 107? is the drag coefficient and U the
observed wind. Rainfail is shown at 0700 LT. (b) Time-depth contour of salinity. Data matrix
had Az =2m and At = 1h. The relic ML depth is shown as a dashed line, the base of
the transition layer is shown as a dotted line, and the base of the rain-formed ML is shown as a

dashed line.

formed ML were well-defined and easily observable
because the fluid beneath the ML was within a relic
ML and was vertically homogeneous. Therefore, it
is possible to compute the overall Richardson
numbers which arise in parameterizations of ML
deepening and compare this oceanic case directly
with laboratory models.

2. Description of the mixed layer and interior

Salinity profiles (equivalent to density profiles)
through the upper 25 m showed three distinct
layers; a nearly homogeneous ML of thickness k, a
transition layer of thickness d and an interior which
was homogeneous down to the depth of the relic ML
(Fig. 2). Rainfall was occurring while profile 1 was
being taken and had stopped by the time of profile 2.
The total ML salinity, equal to the area to the right
of the profile as plotted in Fig. 2, fluctuated +20%
about an average value corresponding to 6 cm of
rainfall.

Rainfall caused a pronounced depression of sea
surface salinity. The maximum depression was
0.25%0 immediately after the cessation of rainfall
(profile 2) when the ML was 7 m thick. Sea surface
salinity remained depressed approximately 0.07%o
after the rain-formed ML had completely merged
with the relic ML. Elliott (1974) found little evi-
dence of a sea surface salinity response to rainfall
in BOMEX data, apparently because the rainfall
signature was smaller than the fluctuation due to
horizontal advection. In this case the fluctuation of
sea surface salinity in the absence of rainfall was
+0.02%o.. .

The approximate conservation of total ML salinity
indicates that the increase in ML salinity following
the rainfall was due to entrainment of relatively
saline water from the interior. The ML remained
remarkably vertically homogeneous while this mix-
ing process occurred; there was no consistently
observable salinity gradient within the ML until
the time of profile 7 when the gradient was ~0.01%o
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Fi1G. 2. STD salinity profiles made at 1 h intervals beginning

at 0730 LT. The profiles are drawn with the interior salinity

- as the common origin. The original analog traces exhibited a

rich, highly variable structure on scales of 1 m or less which
has been smoothed out of these profiles.

(10 m)~!. This implies a large vertical diffusivity
within the ML (=500 cm? s™1).

Salinity in the interior fluctuated randomly
+0.02%0 about an average value of 36.47%c (ex-
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cepting profile 5). The relic ML depth appeared to
closely follow the motion of the underlying iso-
halines (Fig. 1b). These observations indicate
that the interior was passive while it was overlain
and insulated from direct wind-forcing by the rain-
formed ML..

3. The transition layer

The density profile through the transition layer
was approximately symmetric and linear in every
profile except 1 which was made while rainfall was
still occurring (Fig. 2). Symmetric transition layers
occur in grid-stirred entrainment experiments in
which upper and lower layers are stirred equally
{Crapper and Linden, 1974) or when a shear exists
across the transition layer (Moore and Long,
1971; Thorpe, 1971). Entrainment was entirely
asymmetric in this case, suggesting that turbulence
in the ML probably did not control the transition
layer structure as it does in grid-stirred experi-
ments. This may also be inferred from the thickness
of the transition layer; the energy required to lift a
unit mass of fluid from the interior through the transi-
tion layer is g'd/2 = 50 cm?/s~2, where g’ = gdplp
is the buoyancy of the ML and g is the acceleration
of gravity. An eddy thus needed a vertical velocity
of at least 7 cm s™! to penetrate through the transi-
tion layer. This is greatly in excess of likely values
(Arsenyev et al., 1976) and indicates that turbulent
motions within the ML penetrated only a relatively
thin upper edge of the transition layer.

The linearity and symmetry of the transition
layer density profile suggest that the thickness and
structure of the layer may have been controlled
by the mean velocity shear across the layer (Turner,
1973, p. 186). To examine this we define an overall
Richardson number of the transition layer,

g'd
V2

t = ’

TABLE 1. Mixed-layer variables.

STD Time

profile 13 June LAY 8T h d 8V, 8V,
no. (local) (%o) [§®)] (m) (m) (cm s™Y) (cm s™Y)
1 0729 0.16 = 0.01 0.04 + 0.01 7+ Wa 21 6.5
2 0830 0.24 0.07 7% 4+ 13.7
3 0926 0.23 0.08 11 +1 4+ 1 15.3 b
4 1028 0.20 0.10 10=x2 S+ 15.9
5 1130 0.16 0.05 12+2 61 16.5 15.4 = 4.0
6 1233 0.13 0.02 12 +1 6+ 1 15.8 14.5
7 1330 0.11 0.03 15«1 6tk 14.4 13.6
8 1432 0.11 0.02 15 £ 1 74 13.6 12.8
9 1533 0.10 0.02 18 +1 61 14.0 12.3

2 The uncertainties in 4 and d result from displacements of the transition layer between up and down going STD profiles

and from departures from the assumed model profile.

b No velocity observations are available during this period due to instrument malfunction.
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F1G. 3. The bulk Richardson number of the transition layer, R, = g'd/8V?,
computed from the estimates of d, 87, 8S and 8V given in Table 1.

where 8V is the magnitude of the horizontal velocity
difference across the transition layer. It was noted
above that the density profile through the layer was
linear. If the velocity profile was similar (this cannot
be confirmed with the PCM observations) then R; is
equal to the gradient Richardson Ri number within
the transition layer. .

The temperature and salinity differences across
the transition layer, 87 and 85, and the layer thick-
ness were read directly from analog STD traces
(Table 1). ML buoyancy was computed as g’ = g
(—3.6 X 1074 8T + 7.0 x 10~* 85)/p. The velocity
difference was computed from direct PCM velocity
observations (8V,) when they were available and

from observed wind stress and ML depth (8V,)
using the one-dimensional momentum conservation
equation

oV _ T L2V v,

dt hp dt h

where d/dt is an ordinary time derivative, v the wind
stress and f the Coriolis parameter times the verti-
cal unit vector. In deriving (1) it was assumed that
all wind stress was absorbed within the ML. The ini-
tial condition was 8§V = 0 at 0700, the approximate
time that the ML was formed. When both computed
and observed estimates of 8V are available they
are very similar. Most of the contribution to 8V was

dh &V M
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Fi1G. 4. The bulk Richardson number of the mixed layer, R,, = B/6V?, computed
from the estimates of d, h, 87, &S and 8V given in Table 1.
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due to a change in direction of ~40° across the
transition layer. The difference in velocity magni-
tude across the transition layer was only 2-3
cm s7L,

The average value of R, over the period 0830 to
1530 LT was 0.26 (Fig. 3). This mean value is within
the error bound of each estimate and there is no
suggestion of a trend developing as the ML deepens.
Hence, it appears that the transition layer was in an
equilibrium state set by the familiar stratified
shear flow stability limit, R, ~ Ri = V4. The transi-
tion layer was driven toward instability by ML
deepening which had a characteristic time scale
[d(Inh)/dt]* = 5 h. Instability was (apparently)
relieved by the relatively fast (0(100)s; Thorpe, 1973)
growth and collapse of shear flow instabilities.
Csanady (1974) and Mahrt and Lenschow (1976)
have developed ML models which include a transi-
tion layer very similar to the one observed here.

4. Deepening of the rain-formed mixed layer

Wind-driven ML deepening must be parameterized
in any operationally useful upper ocean model.
Price et al. (1978) tested several plausible param-
eterizations by simulating observed, time-dependent
deepening events. A successful parameterization
had the form

ﬂ 8V = E(R,),
dt
where
_ B
Y7

is a bulk Richardson number of the ML and
B = g'(h + d/2) is the total ML buoyancy. E(R,,)
was found to decrease sharply as R, exceeded
~0.6. A ML which follows such an entrain-
ment law would have R,, = 0.6, while it was
deepening strongly (E = 1073); the time-average R,
of the rain-formed ML for the period 0830 to 1530 LT
was 0.70 = 0.15 (one standard deviation) (Fig. 4).
[A ML which is not deepening or deepening only
very weakly (E < 107*) could assume larger values
of R,, and not be inconsistent with the Price et al.
(1978) result.]

It is not possible to determine the functional form
of E by plotting the hourly estimates of E vs R,, be-
cause the uncertainty in the hourly estimates is
large compared with any trend R,, and dh/dt may
have. A single stable estimate of E and R,, may be
computed by averaging over the period 0830 to
1530 LT. The rate of ML deepening was roughly
constant during that period and is estimated to be
dhidt =13 £ 1m (7 h™) =5.1 0.4 x 1072 cm
s~1. The velocity difference 8V was also roughly
constant at 15 = 1 cm s™!, giving a normalized
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FiG. 5. E(R,,) observed in three laboratory experiments and
the single data point computed for the rain-formed ML. The
length scale of the bulk Richardson number used by Moore
and Long (1971) was the total depth of the tank D; the data
are replotted here using D/2. The length scale used by Lofquist
(1960) was the hydraulic radius; the data are replotted here using
h + di2.

entrainment rate £ = 3.4 + 0.3 x 1073, The single
data point from the rain-formed ML is consistent
with the Ellison and Turner (1959) result for a sur-
face half-jet (Fig. 5). It is not consistent with the
entrainment law of the Moore and Long (1971)
experiment (this may not be significant because
Moore and Long used the depth of their tank as the
length scale in their bulk Richardson number) and
is outside the range of the Lofquist (1960) ex-
periment.
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FiG. 6. The experimental result E (Ry.) of the KPA experi-
ment. Points a and b are computed for the rain-formed ML
using the observed wind stress and the effective stress re-
spectively. The dashed line is the entrainment rate predicted
by Price (1978), E,, = R,,V*R,,."2, where R,, = 0.6.
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F1G. 7. Total ML momentum, M = 8V (h + d/2)p. 8V has been
computed from direct observations (dotted line), by using
R, =% to compute 8V from observations of 8p and d
(dashed line), and from (1) (solid line).

TOTAL ML MOMENTUM

(gm/cm sec) x 104
N

An alternative parameterization of ML deepening
is suggested by the experiment of Kantha et al..(1977,
hereafter KPA). KPA modeled quasi-steady wind-
driven deepening by applying a constant stress 7
to the surface of a two-layer fluid. The observed
deepening rate was nondimensionalized with the
friction velocity U, = (r/p)* and given as

dh
< / U, = E,(Rn),

where

B

vz’

In this case the wind stress was nearly con-
stant at 1.5 % 0.2 dyn cm™? (Fig. la), hence
E, =41 = 05 x 1072 and R, = 95 = 8
Wthh is labeled a in Fig. 6. Price (1978) argued

that E_ for a quasi-steady two-layer case should
follow the simple result

E, = Ry"R s @)

where R,, = 0.6. For application of (2) to this case
the relevant stress is the component parallel to
8V, called the effective stress, which is computed
from the rate of change of total ML momentum,
M = 8V(h + d/2)p (Fig. 7).! During the period 0830
to 1530 LT the increase in M is estimated as 1.4
+ 0.2 x 10* gcm~! s™! implying an effective stress of
0.55 = 0.07 dyn cm~2. Using the effective stress,
E, =67 =10 x 107% and R,,- = 260 * 35 which
is labeled b.

Point a is a factor 1.7 below the KPA curve;

Rm* =

—1/2
’

! Caldwell and Elliot (1971) have noted that rainfall carries
horizontal momentum which they estimated as 7 = 0.85
pUR, where U is the wind velocity at 10 m height and R is the
rainfall rate. In this case, U = 8 m s™! and the total rainfall was
~6 ¢m, hence, the contribution to M due to rainfall would be
~0.4 x 10* gcm™ s7!. This is more than enough to account for
the initial discrepancy between M computed from 8V, and
from R, = Y%, but is small compared to the net contribution from
wind stress.
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point b is a factor 1.3 above the prediction of (2).
Given the error estimates, neither point is grossly
inconsistent and we cannot conclude whether the
stress or the effective stress is most appropriate
for U, scaling of entrainment observed here.

A general conclusion is that laboratory models
do appear useful for studying wind-driven deep-
ening. This is not obvious a priori; Reynolds num-
ber similarity, surface waves and rotation are miss-
ing from the laboratory models and may or may not
play a crucial role in oceanic wind-driven deepening.

5. Remarks

The observed structure of this rather shallow (A
< 20 m) rain-formed ML supports the conventional
model of the ML reviewed by Niiler and Kraus
(1977). The interior was passive as usually as-
sumed. The ML was thoroughly stirred and re-
mained remarkably homogeneous with respect to
density even while rapidly deepening. The transi-
tion layer at the base of the ML had an appreciable
thickness set by the familiar shear flow stability
criterion.

The observed dynamics (entrainment rate) of this
rain-formed ML is consistent with at least one
laboratory experiment (Ellison and Turner, 1959);
the Niiler and Kraus (1977) model can be made
consistent with these observations given the free-
dom to specify several model parameters. These
are encouraging results, but they do not mean
that we understand ML dynamics in any funda-
mental way. For example, these observations sug-
gest that an important role of mean velocity shear
is to maintain a relatively thick transition layer.
Mean velocity shear alone would only be expected
to thicken the transition layer symmetrically
(Thorpe, 1971). Net downward penetration occurs
because the transition layer steadily loses mass
to the turbulent ML but not to the interior. Does
turbulence within the ML actively gouge fluid out
of the transition layer? Or does it merely sweep
away fluid which is ejected during the collapse of
instability events? Detailed knowledge of that local
process may be a key to understanding ML dy-
namics,
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