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ABSTRACT

Observations presented show that the undisturbed subcloud layer near the ITCZ resembles that of the
trades. Mixed and transition layers are also seen between cloud drafts during disturbed periods when
shallow mixed layers (~200 m) can persist for several hours. Modification of the lower atmosphere during
disturbed periods is most marked in the lowest 1200 m. Mixed layers are observed during pl:olonged
disturbed periods; disturbed mixed layers are shallower and cooler than undisturbed ones. Light and
moderate rainfall events moisten the mixed layer, but mixed layers in the environment around strong
rainfall are drier. It is hypothesized that the effect of a number of downdrafts spreading laterally produces
the mixed layer cooling and drying. Observed changes of mixed layer structure with stability, measured
by the ratio of mixed layer height to the Monin-Obukhov length, are presented.

1. Introduction

When the surface virtual temperature flux, or
buoyancy flux, is upward, the planetary boundary
layer (PBL) is observed to have 1) a statically un-
stable surface layer, 2) a nearly neutral mixed layer,
and 3) a stable transition layer at the interface with
the free atmosphere. This thermodynamic structure
is characteristic of clear conditions over land during
the day (Mahrt, 1976) and in the clear regions be-
tween trade-wind cumuli (Malkus, 1962, p. 208).
Augstein et al. (1974) showed that the mixed layer
is a permanent feature of the undisturbed trade-
wind boundary layer. When the atmosphere is dis-
turbed by precipitating clouds, downdrafts dilute
the PBL and the mixed layer shrinks or disappears
altogether (Seguin and Garstang, 1976). The atmo-
sphere may be stabilized to low levels (Echternacht
and Garstang, 1976; Jalickee and Ropelewski, 1979).
Gaynor and Ropelewski (1979) also found that a
mixed layer is not present in the density current
associated with storm outflows.

_ A number of recent studies of the fair weather
tropical oceanic PBL have drawn on aircraft mea-
surements (Pennell and LeMone, 1974; Nicholls
and LeMone, 1980). An aircraft, by necessity, must
obtain some average value over a flight path and
cannot (with only a single platform) obtain simul-
taneous, or even near simultaneous, measurements

through an appreciable depth of the atmosphere. -

More serious, perhaps, have been the problems (lig-
uid water on sensors) encountered by aircraft in
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disturbed conditions. Other experiments such as
the Atlantic Tropical Experiment (ATEX) and the
Barbados Oceanographic and Meteorological Ex-
periment (BOMEX) have made use of specially de-
signed (structure) sondes and arrays to describe the
structure of the tropical oceanic PBL. Once again
the emphasis has been on the fair weather state
(Augstein et al., 1973; Augstein et al., 1974; Hol-
land and Rasmusson, 1973). Echternacht and Gar-
stang (1976) obtained some measurements with a
tethered balloon system in disturbed conditions.
Their effort was confined to island measurements
and limited by the capability of the equipment used
at that time.

In this paper we draw upon the most extensive
set of boundary layer measurements ever made
over the open tropical ocean, in an attempt to pre-
sent the thermodynamic structure of the atmo-
sphere over the tropical ocean prior to, during and
following active moist convection. We wish in par-
ticular to document the structure of the planetary
boundary layer in and near the Intertropical Con-
vergence Zone (ITCZ) using profiles with fine ver-
tical resolution from the GARP Atlantic Tropical
Experiment (GATE). By examining differences in
thermodynamic structure between disturbed and
undisturbed conditions, we hope to provide a basis
for estimating the net effect of cloud-related pro-
cesses on the lower atmosphere.

In Section 2, data sources are discussed and ob-
jective definitions of the mixed and transition layer
tops are described. The fine vertical resolution of
the GATE boundary-layer profiles allowed fairly
precise determination of the mixed layer top. Time
sequences of observed boundary layer structure are
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illustrated in Section 3. The initial modification of
the lower atmosphere by downdrafts is discussed
in Section 4, and the layer exchange hypothesis of
Betts (1976b) is tested. A convective classification
of the subcloud layer thermodynamic structure is
developed in Section 5. The observed internal
structure of the mixed layer is discussed in Section
6 where mixed layer structure is related to a bound-
ary layer stability parameter.

2. Data

The primary data for this study are the profiles
of temperature and humidity and the wind vector
made with the Boundary Layer Instrumentation
System (BLIS) on the Dallas, Researcher and the
Oceanographer during the GATE. The BLIS, mea-
suring the three components of the velocity field,
temperature, humidity and pressure, has been de-
scribed by Wylie and Ropelewski (1980). BLIS pro-
files with 2 mb vertical resolution are used in our
analysis. Each ship was also equipped to make au-
tomatic observations of wet- and dry-bulb air tem-
peratures, sea surface temperature, wind speed and
direction, and incident, reflected and net radiation.
The sensors were mounted on a boom extending
from the bow of the ship, 8-10 m above the sea
surface. The boom system described by Seguin et
al. (1977) was designed to obtain measurements in
the surface layer free of the ship effects. Compari-
sons discussed by Seguin er al. with the Meteor
buoy suggest this objective was largely achieved.
We use 10 min averages of these surface data. A
special slow-rising radiosonde, the structure sonde,
was used on the ships Fay, Meteor and Planet
(Briimmer, 1978). Conventional radiosondes were
routinely released at each ship every 6 h, and every
3 h during periods of intense observation. A 5.7 cm
weather radar was operated on the Quadra. GATE
surface, BLIS and radiosonde observations differ
systematically (Reeves, 1978). The BLIS and radio-
sonde profiles were adjusted linearly in the follow-
ing manner: boom measurements were extrapolated
up to the lowest profile level using the stability de-
pendent surface layer formulas of Paulson (1970)
and the difference between the observation and the
extrapolated value was added to the entire profile.

The top of the mixed layer (H) and the top of the
transition layer (H,) are found objectively. The top
of the mixed layer has usually been defined subjec-
tively (Melgarejo and Deardorff, 1974) from an in-
flection point in the potential temperature or spe-
cific humidity profiles. With the more detailed BLIS
profiles, we developed an objective criterion to de-
fine H. Each profile was fitted with a slightly
smoothed cubic spline. The mixed layer was easiest
to identify in the specific humidity profile. When
the derivative of specific humidity was equal to or
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TaBLE 1. Thickness of the transition layer, d = H; — H and
the depth H of the mixed layer as obtained from the definition
of H and H, in the text.

d=H,-H H

Profile number (m) (m)
1 120 210
2 280 310
3 120 480
4 90 480
5 90 610
6 190 550
7 260 480
8 100 550
9 250 400
10 210 480

less than —0.1 g kg~! mb~! for two consecutive 2
mb levels, the first level was defined as H.

The top of the transitional layer H, is defined
empirically by the intersection of a least-squares
linear fit to the specific humidity profile in the first
100 m above H and the mean of the specific humid-
ity in the second 100 m above H. This definition of
H, allowed automatic processing of the profiles.
Repeated comparisons of the results of this proce-
dure with the inflection point in the specific humid-
ity profile, as observed by eye, showed close agree-
ment.

Experience with the profiles indicated that 100 m
was close to the median thickness of the transition
layer for the GATE observations. The method does
not, however, constrain the transition layer to be
near 100 m as shown by the simple mean heights
given below, where the mean thickness of the tran-
sition layer is 183 m. Table 1 shows a random se-
lection of 10 profiles where both H, — H and H, as
defined above, vary. We note that the thickness of
the transition layer ranges between 90 and 280 m.

Two examples of profiles with H and H, identi-
fied are shown in Figs. 1 and 2. A total of 703 pro-
files were available from the three BLIS-equipped
ships during GATE; 559 profiles showed mixed
layer structure. The linear fit to determine H, was
not successful for shallow profiles or when the stan-
dard deviation of the linear least-squares fit was in-
ordinately large, caused by inclusion of clearly er-

- roneous data. Of the 559 mixed layer profiles, the

mixed and transition layers could be clearly defined
in terms of the above objective criteria in 495 pro-
files. We base our analysis on these 495 profiles.
Figs. 1 and 2 illustrate a good and a relatively poor
fit of H, and H, to the profiles. The method never-
theless served to identify H, and H, in a consistent
fashion. The behavior of the mean profiles dis-
cussed in later sections (notably Figs. 11 and 12)
lend support to this objective method.

The 495 profiles are separated into undisturbed
and disturbed weather classes in subsequent sec-
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FiG. 1. Dallas BLIS profile made at 0822 GMT 6 July. Specific
humidity ¢ is designated by a solid line, virtual potential tem-
perature 8, by triangles, and potential temperature 6 by squares.
The objectively determined levels H and H, are shown.

tions. Certain properties of the total population,
however, are interesting. The overall simple mean
mixed layer top H was at 424 (160) m; the transition
layer top, H,, was at 607 (184) m. Mean cloud base,
defined by the averaging lifting condensation level
(LCL) of mixed layer air was at 652 (139) m. Num-
bers in parentheses are standard deviations. The
mixed layer under fair weather conditions has been
typically placed near 500 m with a transition layer
50-100 m thick (Pennell and LeMone, 1974; Le-
Mone, 1980). Jalickee and Ropelewski (1979) imply
an undisturbed mixed-layer depth based on poten-
tial temperature only of 340 m and Briimmer (1978)
places cloud base at 500 m. The results suggest that
equating the top of the transition layer H, with the
average condensation level (as in Betts, 1976a)
probably would not lead to great errors in average
results.

3. Observed variations in boundary-layer structure

Time sequences of boundary layer thermody-
namic structure illustrate characteristic changes in
mixed layer height and properties observed during
different environmental conditions. We define un-
disturbed conditions as those existing when precip-
itating cumulus have no direct effect (via penetrat-
ing downdrafts) on the boundary layer: low cloud
is confined to fair weather cumulus with no or only
weak, isolated radar echoes. The lack of convective
disturbance is reflected by a nearly constant tem-
perature at the ship’s boom (~8-9 m) as described
by Barnes (1980). Fig. 3a illustrates boom measure-
ments taken during such conditions at the Dallas
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for 10 and 11 July 1974. The sea surface and air
temperature change was <1°C for nearly two days.
The net radiation trace (not shown) is smooth, in-
dicating that there were few clouds during the day.
The wind speed was nearly constant at 3 m s,
Except for a brief drying at 0121 GMT 11 July, the
profiles shown in Fig. 4 show that the mixed layer
structure varied little over the time period in com-
parison to changes displayed under disturbed con-
ditions in Figs. 5 and 6. Small, non-persistent var-
iations in the undisturbed mixed layer depth, such
as those occurring in Fig. 4 between 1803 and 0332
GMT, are quite acceptable as is evident from the
mean and standard deviation given above. Undis-
turbed conditions do not imply constant mixed-
layer depth. ' _

The tethered balloon system did not usually op-
erate during heavy rain; in the few times it did, the
data were influenced by water on the sensors. As
a result, the profiles of disturbed periods were usu-
ally representative of either dry patches in a field
of raining clouds or wake regions of mesoscale de-
scent behind moving systems. Fig. 5 shows a se-
quence of profiles made at the Researcher on 13
September 1974 in a disturbed environment. Radar
echo fields (Arkell and Hudlow, 1977, pp. 203-208)
show a synoptic-scale system with the leading edge
of a continuous line of echoes lying 25 km to the
north of the Researcher at 1800. Cloud lines from
this system cross the Researcher between 2100 on
the 13th to 0700 on the 14th. Surface temperatures
(Fig. 3b) drop abruptly at 1951, 2330 and 0720, while
surface specific humidities decrease at 2100, 0015
and 0810. The mixed layer shows (Fig. 5) decreased
heights beginning at the 2102 sounding with very
low heights shown on the 0115 and 0642 soundings.
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FIG. 2. As in Fig. 1 except at 1630 GMT 6 August.
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FiG. 3. Time series & of boom measurements for selected GATE periods. Sea surface
temperatures T, air temperatures T, specific humidity g and wind speed |v| are shown for
(a) Dallas (10-11 July) and (b) Researcher (13-14 September).
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Fi1G. 4. Sequence of profiles of dry static energy (s), specific humidity (¢q) and wind speed (v) made
during undisturbed conditions at the Dallas on 10 and 11 July. Scales at lower left. Bar on g profile

designates height H as in Fig. 1.
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FiG. 5. Sequence of profiles of specific humidity (top) and dry static energy (bottom) during dis-
turbed conditions at the Researcher on 13 and 14 September. The magnitude of the specific humidity
(13 g kg™) and dry static energy (304 J g!) applies at each mark along the abscissa. The scale for

each quantity is indicated on the left-hand side.

The shallow mixed layer of less than 200 m at 0115
is cooler (by ~1.5°C) and drier (by about 0.6 g kg™)
than the deep layer existing at 1951.

The surface temperature decrease, the drop in
specific humidity at the surface, and the lowering
of the height of the mixed layer are not coincident.
In particular, drying at the surface frequently lags
cooling (Zipser, 1977; Barnes, 1980; Fitzjarrald,
1980) and, as in this case, is more nearly coincident
with the decrease in mixed-layer height. Barnes
showed that drying and cooling only occur when
the precipitation rate exceeds a certain threshold.
When this threshold in precipitation rate is ex-
ceeded, total moist static energy in the subcloud
layer decreases, implying the downward transport
of cooler and drier air from below the mid-tropo-
spheric minimum in total static energy.

The air-sea temperature difference during this
time was at least twice as large as it was during the
relatively undisturbed period before 2000 GMT 13
September. The mixed layer must have been cool-

ing to maintain this relatively large air-sea temper-

ature difference. As suggested by Betts (1976b),
Zipser (1977) and others, this cooling is due to
downdrafts penetrating the boundary layer from the
cloud layer. The example suggests that, even during

disturbed periods, there was often a mixed layer
and that the layer responded to downdrafts by being
cooler and shallower. ‘

An example of the recovery of the mixed layer
in the wake of a squall line which passed over the
Dallas at 1230 GMT 12 September 1974, is shown
in Fig. 6. In this case, the mixed layer returned to
a typical undisturbed thickness of 500 m in about
7 h. This squall line was studied by Zipser (1977).
Long recovery periods were characteristic of the
GATE boundary layer in the wake of strong distur-
bances (Gaynor and Ropelewski, 1979).

In Fig. 7 subjective mixed-layer thicknesses,
found using the Federal Republic of Germany
(FRG) structure sonde data represented by the ver-
tical columns (from A. Pols, personal communica-
tion), were superimposed on the objectively con-
toured time-height section of moist static energy &
using Dallas radiosonde data and a standard library
contouring program. The subjective mixed layer
height and the first contour agree fairly well, con-
sidering that the contour was an objective product
of the relatively coarse radiosonde data. Contour
spacing was designed so that one contour line
would be near the typical value of moist static en-
ergy at the top of the mean mixed layer as defined
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FiG. 6. As in Fig. § except during the wake period following a storm made at the
Dallas on 12 September.

by BLIS soundings. Fairly good agreement in the
mixed-layer height between these two independent
observing systems obtained in Fig. 7 indicates that
the radiosonde is capable of some definition of the
behavior of the mixed layer and the response of the
deeper atmosphere. Also shown in Fig. 7 is the
Dallas boom data and percentage of radar echo
coverage in the C-scale triangle which illustrates
that, in most cases, low-level cooling at the Dallas
was accompanied by an appreciable amount of rain
in the C-scale triangle. The percent of area covered
by echoes is based on the area in the C-scale tri-
angle covered by radar echoes with an inténsity
>0.1 mm of rain per hour. The C-scale triangle con-
sisted of the ships Dallas, Meteor and Planet lo-
cated in an equilateral triangle 100 km on a side
near the center of the GATE ship array during
Phase III. ' ’

The atmosphere was better mixed in moist static
energy up to 700 mb during disturbed periods than
during the undisturbed ones, in agreement with
Aspliden (1976). The thickest mixed layers oc-
curred during undisturbed periods. Drying in the
atmosphere above the mixed layer on 8 Septem-
ber is accompanied by relatively thick mixed layers
(Fig. 7). ‘

The modification of the lower atmosphere by pre-
cipitation and downdrafts, in common with models
proposed by Zipser (1977) and Houze (1977), can
be divided into three periods: 1) an initial abrupt
change in temperature and humidity accompanying
the onset of the disturbance; 2) a period when the
temperature and humidity are maintained well be-

low their undisturbed values; and 3) a period of re-
covery in the wake of the storm when the boundary
layer recovers to the undisturbed situation.

In the second and third periods we wish to dis-
tinguish between the role of penetrative downdrafts
imbedded in the core of the precipitating system
and the more extensive, weaker mesoscale subsid-
ence present in the wake of the storm. During the
second period a mixed layer exists between areas
of convective activity. Active downdrafts penetrate
to the surface injecting air which is lower in total
moist static energy (i.e., both cooler and drier) than
the undisturbed environment ahead of the storm.
The effect of the penetrative downdrafts is to cool
and dry this mixed layer and keep it shallow (Betts,
1976b; Moncrieff and Miller, 1976).

During the third period the effect of the penetra-

tive downdrafts is no longer felt. The mixed layer
begins to recover in the face of mesoscale sinking.
Models of the growth of the cloudless mixed layer
(Carson, 1973; Tennekes, 1973) have been applied
to this phase of the system (Zipser, 1977).
" The detailed time series of PBL. measurements
allow us to document, in the sections below, the
changes in structure in terms of the sequence of
events postulated above. These data enable us to
extend existing concepts and to provide a quanti-
tative description of the PBL previously lacking.

4. Initial modification of the lower atmosphere by
downdrafts

Fourteen pairs of structure sonde profiles before
and after disturbances were taken from the struc-






