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ABSTRACT

The diurnal cycle of the marine boundary layer over the Atlantic Stratocumulus Transition Experiment (AS-
TEX) domain is examined during a two-week period of June 1992 in several fields, including: fractional low
cloudiness, various parameters that enter into the heat and moisture budgets (e.g., temperature, water vapor
mixing ratio, vertical motion), the budgets themselves, radiative heating, and the vertical eddy flux of moist
static energy. Results show fractional low cloudiness varies over this region from a maximum of 54% in the
predawn hours to a minimum of 39% in the midafternoon. These changes in low cloudiness are accompanied
by an opposite trend in the boundary layer moisture, which shows a predawn drying and an afternoon moistening.
Large-scale vertical motion also varies diurnally with a peak amplitude of 0.12 cm s21 at 1.8 km, which is a
;20% variation from the mean subsidence rate. Cloud-radiative processes play an important role in determining
the diurnal characteristics of the vertical eddy flux of moist static energy, with a peak amplitude in the cloud
layer at 1.2 km and a variation at this level from 24 W m22 at 1300 LST to 100 W m22 at 0400 LST. These
diurnal changes suggest that the early morning peak in eddy flux results in a drying of the subcloud layer as
moisture transport into the cloud layer is enhanced, leading to the observed low-cloud maximum. In contrast,
during the daylight hours, solar heating within the cloud leads to a well-mixed cloud layer, a stabilizing of the
subcloud layer with respect to the cloud layer, a decoupling of the cloud and subcloud layers, and ultimately,
a thinning or reduction of the low clouds.

Comparison of the diurnal cycle of summertime low-level divergence and vertical motion from this study
with earlier published results from other regions in the North Atlantic shows a complex diurnal pattern with
alternating phase in adjacent latitude belts across this region. The sense of these phase changes suggests that
the northern branch of the Hadley circulation from roughly 58N to 258N over the eastern Atlantic is pulsing
diurnally with enhanced mass flow during the early morning hours.

1. Introduction

Over the past 30 years several field campaigns con-
ducted over the North Atlantic region have focused on
the interaction of convection with its large-scale envi-
ronment. Recently, Ciesielski et al. (1999, hereafter re-
ferred to as CSJ99) examined the mean and transient
characteristics of large-scale heat and moisture budgets
for a 2-week period over the Atlantic Stratocumulus
Transition Experiment (ASTEX) domain. Consistent
with earlier budget studies of the Atlantic trades (Aug-
stein et al. 1973; Holland and Rasmusson 1973; Nitta
and Esbensen 1974b), the mean budget profiles over
ASTEX revealed a significant apparent cooling and
moistening near the inversion layer. These results sug-
gest that the trade inversion layer over these regions is
maintained as a balance between radiative and small-
scale convective effects, which tend to cool and moisten
the inversion layer, and large-scale subsidence, which
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warms and dries the layer. In addition to their presen-
tation of mean budget profiles, CSJ99 observed that the
atmospheric state during ASTEX was not that of a
steady, invariant environment, but rather cloudiness and
large-scale fields were strongly modulated on synoptic
and shorter timescales. On the synoptic timescale,
CSJ99 attributed much of the observed variability to
fluctuations in the subsidence rate associated with
changes in the strength and position of the Azores high
and the passage of fronts.

The present paper further examines the temporal var-
iability over the ASTEX domain, with a focus on the
diurnal timescale. Satellite evidence for diurnal vari-
ability in the ASTEX region was presented by Rozen-
daal et al. (1995), who showed diurnal fluctuations in
low-level stratiform cloud amounts with peak ampli-
tudes greater than 10% (or a 25% variation from the
mean) centered about 500 km off the northwest coast
of Africa. Using ASTEX datasets, Miller and Albrecht
(1995) and Rogers et al. (1995) describe dramatic di-
urnal changes in mesoscale cloud and boundary layer
structures during a single 24-h period, while Bretherton
et al. (1995) and Betts et al. (1995) have documented
substantial diurnal variations in fractional cloudiness
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FIG. 1. Location of field campaigns over the North Atlantic: ATEX conducted in Feb 1969, BOMEX
conducted from May to Jul 1969, GATE conducted from Jun to Sep 1974, and ASTEX conducted during
Jun 1992. ATEX data was from a ship array that drifted with the trade wind flow. The location of the ATEX
polygon shown here represents its position on 10 Feb 1969. The vertices of the polygons indicate the location
of sounding sites during these experiments. The asterisk near the center of the ASTEX triangle shows the
position of the buoy described in the text.

and boundary layer stability. Because of the high tem-
poral resolution of the data collected in ASTEX (from
1-min cloud data to 3-h atmospheric soundings), we
have an unprecedented opportunity to study diurnal var-
iations in a unique region where low-level air flowing
equatorward within the Hadley circulation transitions
between a stratocumulus and a trade cumulus regime.

Because of the importance of tropical convection to
global climate, numerous studies have documented the
diurnal variation of convection and related fields over
the tropical oceans. While unorganized deep convection
over the continents typically peaks in the late afternoon
or early evening and is linked to maximum surface heat-
ing, deep convective activity over the tropical oceans
generally maximizes in the early morning (Gray and
Jacobson 1977; Murakami 1983; Hendon and Wood-
berry 1993). The early morning maximum in deep con-
vection over the oceans is associated with a substantial
diurnal variation in the mass circulation. Examining the
diurnal cycle of divergence and vertical motion in re-
gions of deep convection in the western Pacific and the
Atlantic, McBride and Gray (1980) found that the mass
convergence below 850 hPa peaks around 0730 LST.
Based on surface wind analyses from the Tropical At-
mosphere–Ocean moored buoy array over the Pacific,
Deser and Smith (1998) presented compelling evidence
for a diurnal modulation of the Hadley circulation,
which links an early morning rainfall maximum in the
intertropical convergence zone (ITCZ) near 108N to a
diurnal maximum in surface divergence at 0700 LST
over the equatorial Pacific. Over this region, Deser and
Smith found the diurnal amplitude of the zonal mean

surface divergence to be 0.45 3 1026 s21, which is a
45% variation from the daily mean.

Over the North Atlantic, detailed diurnal analyses of
the marine boundary layer have been restricted to lim-
ited regions where field campaigns have enhanced ob-
servational networks. Figure 1 shows the location of
four field experiments that were conducted over the
North Atlantic: two experiments that were located with-
in the trade wind regime—the Atlantic Trade-Wind Ex-
periment (ATEX) and the Barbados Oceanographic and
Meteorological Experiment (BOMEX); the GARP
(Global Atmospheric Research Program) Atlantic Trop-
ical Experiment (GATE), which was situated within the
Atlantic ITCZ; and, finally, ASTEX, which is of primary
interest to this study. Although sea surface temperatures
(SSTs) in the subtropical North Atlantic exhibit a very
limited diurnal range (e.g., Delnore 1972), significant
diurnal variability has been found in the boundary layer
and associated cloud fields. Analysis by Brill and Al-
brecht (1982) for a 6-day period of undisturbed trade
flow in ATEX revealed a substantial diurnal cycle in
the cloud fraction and divergence fields. For example,
low-level divergence over ATEX peaked at 0700 LST
with a diurnal amplitude of 1.0 3 1026 s21 representing
a 25% variation from the daily mean. Using BOMEX
data for an 8-day undisturbed period, Nitta and Esbensen
(1974a) also found a morning (0800 LST) low-level
divergence maximum with an amplitude of 1.5 3 1026

s21 (about a 50% variation from the mean). In contrast,
GATE analysis reveals a nighttime diurnal maximum in
low-level divergence that peaks around 2230 LST. One
of the primary objectives in this study is to geograph-
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TABLE 1. Statistics for various fields (see text for definition of symbols) for 2-week period in Jun 1992. Last column is a measure of the
significance of the diurnal signal relative to the background variability. Location of the buoy is shown in Fig. 1. The horizontal location
‘‘ASTEX’’ refers to an average over the ASTEX triangle. Statistics for fields that are a function of height were averaged over a 0.2-km
layer centered at the level where the diurnal amplitude of that field was a maximum in the vertical. The values in parentheses represent the
diurnal amplitudes for the idealized computation with corrected humidity described in the text and shown in Fig. 10.

Field
Temporal
resolution

Observation location

Vertical Horizontal Mean
Standard

deviation (SD)
Diurnal amplitude

(DA)
DA/SD

(percent)

SST (8C)
T0 (8C)
q0 (g kg21)
q* (g kg21)
u0 (m s21)
y 0 (m s21)
|y 0| (m s21)
S0 (W m22)
LE0 (W m22)

1-h
1-h
1-h
1-h
1-h
1-h
1-h
1-h
1-h

Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface

Buoy
Buoy
Buoy
Buoy
Buoy
Buoy
Buoy
Buoy
Buoy

19.8
18.8
10.1
14.2

21.5
25.0

5.4
8.0

85.0

0.3
0.6
1.1
0.3
1.5
1.8
1.8
4.2

30.4

0.15
0.23
0.06
0.13
0.27
0.10
0.10
0.9
3.6

50
38

6
43
18

6
7

21
11

s (%)
s (%)
s (%)
s (%)
zct (m)
zct (m)
zct (m)
zcb (m)

1-h
1-h
1-h
1-h
3-h
3-h
3-h
1-h

Ib

Ib

Ib

SM
PS
VL
ASTEX
SM
PS
VL
PS

57.9
46.9
44.1
46.4

1253.0
1579.0
1533.0

884.0

28.3
24.3
28.0
20.0

454.0
412.0
329.0
262.0

6.5
7.5

13.0
7.2

12.0
90.0
30.0
56.0

23
31
46
40

3
23

9
21

PWS (mm)
PWr (mm)
LWP (mm)
u (8K)
q (g kg21)
z (1026 s21)
d (1026 s21)

3-h
1-h
1-h
3-h
3-h
3-h
3-h

1.1–1.2 km
0.8–1.0 km
0.9–1.1 km
1.4–1.6 km

PS
PS
PS
ASTEX
ASTEX
ASTEX
ASTEX

21.3
21.6
0.83

293.0
7.9

210.2
3.9

2.8
3.6
1.6
1.5
1.0
6.8
4.9

0.80
0.43
0.21
0.45
0.32
1.4
1.2

28
12
13
30
32
21
25

w (cm s21)
v (mb h21)
Q1 (K day21)
Q2 (K day21)
QR (K day21)
r (W m22)w9h9

3-h
3-h
3-h
3-h
3-h
3-h

1.7–1.9 km
1.7–1.9 km
1.4–1.6 km
0.9–1.1 km
1.3–1.5 km
1.1–1.3 km

ASTEX
ASTEX
ASTEX
ASTEX
ASTEX
ASTEX

20.6
2.5

23.4
23.5
23.1
64.4

0.41
1.8
6.0
8.7
8.7

38.1

0.12
0.45
2.8

5.2 (3.5)
3.2 (12.2)

30.0 (38.0)

29
25
47
60
37
78

ically extend documentation of the diurnal cycle beyond
the domains of these previous experiments by consid-
ering its characteristics over the ASTEX region.

Recently, Dai and Deser (1999) examined the diurnal
and semidiurnal variations in surface divergence over
the globe from 508S to 708N using 20 years of 3-hourly
wind observations from land stations and the Compre-
hensive Ocean–Atmosphere Data Set. Over the North
Atlantic, their diurnal analysis reveals zonally coherent
phase structures in surface divergence with alternating
phase in adjacent latitude belts. Despite significantly
different averaging periods, their phase analysis of low-
level divergence agrees reasonably well with results
from the North Atlantic field experiments cited above.
An overview and comparison of these diurnal phase
results is presented in section 4 to provide a more com-
plete description of diurnal variability over the North
Atlantic.

A variety of mechanisms have been considered to
explain diurnal variability of the boundary layer and
associated cloud fields over oceanic regions. Over the
ocean where surface forcing is weak, proposed mech-
anisms used to explain the observed diurnal cycle of
deep convection include differences in tropospheric ra-

diative cooling rates between clear and cloudy regions
(Gray and Jacobson 1977) and stability changes due to
direct radiation–convection interactions (Randall et al.
1991). In the trade wind boundary layer, Brill and Al-
brecht (1982) used observations and model results to
show that diurnal variations are primarily a result of
radiative forcing and secondarily a result of diurnal fluc-
tuations in large-scale divergence. Using predominately
observational analyses, we will show that radiative ef-
fects within the cloud layer play a prominent role in
determining diurnal variability in the marine boundary
layer of ASTEX. Nitta and Esbensen (1974a) suggested
that the diurnal low-level flow field over BOMEX was
influenced by land–sea heating contrasts from the South
American continent. Using a simplified version of a
mesoscale model, we explore the possible influence of
land–sea circulations on the flow over ASTEX.

The main purpose of this paper is to document the
diurnal variability in the marine boundary layer and
associated cloud fields during ASTEX. Section 2 de-
scribes the data and analysis procedures. Using a variety
of observations and model-generated radiative heating
profiles, section 3 describes the characteristics of the
diurnal cycle of boundary layer and cloud-layer prop-
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erties over ASTEX. To provide a larger-scale context
for the ASTEX results, section 4 examines the diurnal
variability of divergence and vertical motion in adjacent
regions of the North Atlantic. A summary of the ASTEX
diurnal results and some concluding remarks are offered
in section 5.

2. Data and analysis procedure

During a 2-week period in early June 1992, three
sounding sites within the ASTEX domain launched
high-resolution (;3 s) atmospheric soundings, typically
at 3-h intervals. These sites, located at the vertices of
the ASTEX triangle, which is shown in Fig. 1, include
the R/V Valdivia (VL) positioned at 28.08N, 24.08W,
along with the island stations of Porto Santo (PS;
33.18N, 16.48W) and Santa Maria (SM; 37.08N,
25.28W). The sonde sampling frequency of eight times
per day enabled us to examine diurnal variability of
kinematic and thermodynamic fields in the sounding
data. The processing and quality control of the original
raw sounding data into a 25-m interval dataset is dis-
cussed in CSJ99.

Upper-air observations at SM and VL were made us-
ing a Vaisala model RS-80 radiosonde system, while at
PS a VIZ system was used. Vaisala systems measure
temperature and humidity based on capacitance sensors,
as opposed to resistive sensors used on VIZ systems.
Errors and difficulties in measuring humidity with these
systems have been reported in several recent publica-
tions (e.g., Garand et al. 1992; Cole 1993; Wade 1995).
In their analyses of VL sonde data from ASTEX, Betts
et al. (1995) excluded humidity data at 1000 LST and
1300 LST due to excessive boundary layer drying at
these times. They attribute at least part of this daytime
drying to solar heating of the humicap sensor on the
Vaisala sondes. Similar humidity problems on Vaisala
systems used in the Tropical Ocean Global Atmosphere
Coupled Ocean–Atmosphere Response Experiment
(TOGA COARE) were documented by Cole (1993). De-
spite the different types of sonde systems used in AS-
TEX, excessive daytime drying (as noted by Betts et
al. at VL) was also observed in the sonde data at the
other sites. Additional details of these humidity errors
and a simple procedure to correct them for use in the
budget analyses are described in the following section.

Area-averaged vorticity and divergence are computed
over the ASTEX triangle using standard line integral
techniques. Using the computations of divergence, ver-
tical motion is evaluated by integration of the anelastic
continuity equation. Because of the questionable quality
of the upper-level sounding winds, the divergence and
vertical motion fields in CSJ99 were adjusted using the
600-hPa vertical motion analysis from a special Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) dataset prepared for the ASTEX period.
However, Betts et al. (1995) have shown that on a time-
scale of less than a day the ECMWF vertical motion

analyses during ASTEX were quite noisy due to model
spinup every 6 h. Thus to isolate the diurnal signal
within the sounding data, no adjustments are made in
this present study.

The apparent heat source Q1 and the apparent mois-
ture sink Q2 (Yanai et al. 1973) are computed from

kp ]u ](rw u )
Q 5 c 1 = · (vu) 1 , (1)1 p1 2 1 2p ]t r]z0

]q ](rw q )
Q 5 2L 1 = · (vq) 1 , (2)2 1 2]t r]z

where u is potential temperature, q is the mixing ratio
of water vapor, v is horizontal wind, w is vertical motion,
p is density, cp is the specific heat of dry air at constant
pressure, L the latent heat of condensation, p0 5 1000
hPa the constant reference pressure, and the overbar
refers to a horizontal average over the ASTEX triangle.
Additional details for computing these budgets over the
ASTEX domain are contained in CSJ99.

Following Yanai et al. (1973), the apparent heat
source Q1 and the apparent moisture sink Q2 can be
interpreted as

](rw9s9)
Q 5 Q 1 L(c 2 e) 2 , (3)1 R r]z

](rw9q9)
Q 5 L(c 2 e) 1 L , (4)2 r]z

where QR is the radiative heating rate, c the rate of
condensation, e the rate of evaporation of cloud water
and rainwater, s 5 cpT 1 gz the dry static energy, and
the primes denote deviations from the areal averages.
The terms r and r are vertical eddy fluxes ofw9s9 w9q9
sensible and latent heat due to dry and moist turbulent
and convective motions in the subcloud and cloud lay-
ers.

Subtracting (4) from (3), we obtain

](rw9h9)
Q 2 Q 2 Q 5 2 , (5)1 2 R r]z

where h 5 cpT 1 gz 1 Lq is the moist static energy
and r is the vertical eddy flux of moist static energy.w9h9
Assuming r is known at the surface z 5 0 (e.g.,w9h9
from buoy data), integration of (5) yields

rw9h9(z)

5 r w9h90 0

z

2 [Q (z9) 2 Q (z9) 2 Q (z9)]r(z9) dz9. (6)E 1 2 R

0

We note that r0 0 5 S0 1 LE0, where S0 and LE0w9h9
are the supply of sensible and latent heat from the ocean
surface, respectively, and the subscript ‘‘0’’ denotes a
surface value.

Cloud properties for this study were inferred using a



15 AUGUST 2001 2359C I E S I E L S K I E T A L .

FIG. 2. Transfer functions for 11-point (dashed) and 23-point (dot-
ted) symmetric bandpass filters described in the text. These filters
were designed to isolate the diurnal frequency in the data by ap-
proximating the idealized filter shown here with a solid curve.

variety of observational platforms. Satellite-based es-
timates of low cloud amount were obtained from a spe-
cial cloud classification dataset created for ASTEX by
the French Meteorological Office/Centre de Meteorol-
ogie (CMS). This dataset, which is based on Meteosat
data and processing techniques described in Séze and
Desbois (1987), provides hourly estimates of various
cloud types at a spatial resolution of 0.088. Additional
details of this dataset are given in CSJ99. Cloud top
was deduced from sonde data by determining the in-
version base (Ib).1 Cloud-base measurements were
available from 1-min ceilometer data at PS with a ver-
tical resolution of 8 m. Ceilometer data from SM and
VL were too irregular in time to provide a meaningful
diurnal analyses of cloud base at these sites. Additional
properties, such as column-integrated water vapor and
cloud liquid water, were available at 1-min resolution
from microwave radiometer retrievals taken at PS (Hogg
et al. 1983). Also at PS the National Oceanic and At-
mospheric Administration Environmental Technology
Lab operated a Ka band cloud radar that produced very
detailed images of cloud location and structure at 5 s
and 37.5-m resolution (Martner and Kropfli 1993).

As part of the subduction experiment, surface mea-
surements were available at a buoy located near the
center of the ASTEX triangle (338N, 228W) as shown
in Fig. 1. Using a vector averaging wind recorder (Wel-
ler et al. 1990), the buoy instrument system measured
air and SSTs, barometric pressure, wind speed and di-
rection, humidity, and radiative fluxes. The height of
the meteorological observations taken on the buoy
ranged between 2.4 and 3.5 m above sea level. Hourly
values of these fields, as well as latent and sensible
fluxes, computed using the bulk flux algorithm devel-
oped by Fairall et al. (1996), were obtained from the
Woods Hole Oceanographic Institution. An overview of
the subduction experiment datasets and results is given
in Moyer and Weller (1997).

To obtain the diurnal variation of a given field, the
data were subjected to a Kaiser window filter (Hamming
1989). For the 3-h sonde data an 11-point symmetric
bandpass filter was employed. Data fields with a time
resolution of less than an hour, were first averaged into
hourly values. The hourly data were then subjected to
a 23-point symmetric bandpass filter. The amplitude re-
sponses for these filters (shown in Fig. 2) are near 1.0
at 24 h and greater than 0.5 between 12 and 36 h. Be-
cause filtering requires an uninterrupted time series, data
gaps are filled in by linear interpolation in time. When
these gaps extended beyond a single period (e.g., due
to missed sonde launches such as at VL during 4–6
June), the filtered data from these gap periods are not
used. In effect, this filtering procedure isolates the di-
urnal signal from variability on other timescales, such

1 The inversion base was determined with an automated procedure
that searched each sounding starting at the 300-m level for a tem-
perature inversion that was at least 100 m deep.

as synoptic-scale frequencies. After filtering, the data
are averaged by the time of day and the mean of the
time series subtracted to obtain the hourly deviations.

3. Diurnal variations over ASTEX

In this section we examine the diurnal variations of
subcloud and cloud-layer properties over the ASTEX
domain to gain some insight into the mechanisms that
control the behavior of the diurnal cycle. These analyses
use data from the 2-week period (1000 LST 1 June–
0700 LST 15 June) when the ASTEX triangle of sound-
ing sites was intact. We begin by presenting the diurnal
cycle of surface fields from buoy observations, includ-
ing the fluxes of sensible and latent heat. Next, we con-
sider the daily variability of low cloudiness, including
fractional coverage and vertical extent. Finally, using
time–height diagrams, we examine the diurnal cycle of
various parameters that enter into the heat and moisture
budgets (temperature, water vapor mixing ratio, vertical
motion), the budgets themselves, radiative heating, and
the vertical eddy flux of moist static energy. In these
time–height plots (based on 3-h sounding observations)
the data is filtered, as described above, and the diurnal
variability is expressed as deviations from the mean at
each level.

A statistical summary of the fields considered in this
paper is presented in Table 1. For each field the table
lists the temporal mean, standard deviation (SD), diurnal
amplitude2 (DA), and the ratio DA/SD, which is a mea-

2 The diurnal amplitude is half the diurnal range.
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FIG. 3. Diurnal cycle of various surface fields computed from hour-
ly buoy data for 1–15 Jun 1992. Buoy was located at 338N, 228W
(near the center of the ASTEX triangle). (a) Variation of air (T0) and
sea surface temperature (SST), (b) variation of surface mixing ratio
(q0) and saturation mixing ratio at the ocean surface (q*), (c) variation
of meridional (y0) and zonal (u0) wind components and wind speed
( | v0 | ), and (d) variation of surface fluxes of sensible (S0) and latent
heat (LE0). Numbers in parentheses next to curve identifiers represent
the means for this 2-week period.

sure of the significance of the diurnal signal relative to
the total field variance. In addition, spectral analyses
were performed on time series of the fields listed in this
table to determine the significance of the diurnal signal
relative to a hypothetical red-noise spectrum. For this
purpose, a chi-squared significance test was used with
a hypothetical spectrum that was computed using the
variance and lag-one autocorrelation of the time series
as in Reynolds (1978). In general, the significance of
the diurnal signal increases as the DA/SD ratio increases
with ratios over 30% being significant at the 95% con-
fidence interval, and ratios less than 10% having little,
if any, significance in the diurnal frequency range.

a. Diurnal cycle of surface fields from buoy
measurements

To examine the daily fluctuations of surface fields
over the open ocean in ASTEX, we show in Fig. 3 the
diurnal cycle of variables computed from measurements
obtained from the buoy located near the center of the
ASTEX triangle (see Fig. 1). The surface air tempera-
ture (T0) peaks near local noon with a diurnal amplitude
of approximately 0.238C, while the SST exhibits a
smaller diurnal amplitude (around 0.158C) and lags T0

by 3 to 4 h. A similar diurnal cycle in SST was observed
in BOMEX. For example, the diurnal amplitude in the
SST averaged from five BOMEX ships and over a 12-
day period in June and July 1969 was 0.128C (Delnore
1972). Since the saturation mixing ratio at the ocean
surface (q*) shown in Fig. 3b is a function of SST, its
diurnal variation follows that of the SST curve with
peak values near 1430 LST and a diurnal amplitude near
0.13 g kg21. While the buoy-measured mixing ratio
(qf), meridional wind component (y0), and wind speed
( | y0 | ) show little or no significance in the diurnal fre-
quency range (see Table 1), the zonal wind component
(u0) exhibits a modest diurnal variation from 21.2 m
s21 at 0300 LST to 21.7 m s21 near local noon (Fig.
3c). The diurnal amplitudes in the ASTEX surface fluxes
(Fig. 3d) are 3.6 W m22 and 0.9 W m22 for LE0 and
S0, respectively, which are roughly 5%–10% of their
daily mean values. While the mean S0 1 LE0 in BOMEX
(;200 W m22) is about double the ASTEX mean
(CSJ99), it is unclear whether the diurnal amplitude of
surface fluxes is also larger in BOMEX (Paulson et al.
1972; Holland 1972).

b. Diurnal cycle of low cloudiness

As deduced from the hourly CMS cloud classification
analyses for 1–15 June 1992, the diurnal amplitude of
fractional low cloudiness, s, over the ASTEX triangle
(Fig. 4a) is 7.2% with maximum coverage at 0500 LST
and minimum coverage at 1430 LST. These character-
istics of the diurnal cycle of low cloudiness are consis-
tent with those deduced from International Satellite
Cloud Climatology Project (ISCCP) satellite analyses

over this region (Rozendaal et al. 1995). In Fig. 4b we
show the diurnal variation of low cloud amounts for 1–
15 June for circular areas with a 18 radius centered at
the vertices of the ASTEX triangle. The average low
cloud amounts for areas centered at SM, PS, and VL
for this period are 58%, 47%, and 44%, respectively.
This compares to ceilometer-based estimates of 68% at
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FIG. 4. Diurnal variation of fractional low cloudiness s computed from hourly CMS
analyses for 1–15 Jun 1992: (a) variation over the entire ASTEX triangle, and (b) variation
over circular areas with a 18 radius centered at SM (solid), PS (dotted), and VL (dashed).

SM (for 4–23 June), 52% at PS (1–25 June), and 40%
at VL (6–15 June) as reported by (Bretherton et al.
1995). The discrepancies between the satellite-based es-
timates and those from the ceilometers are most likely
due to different averaging periods and to the presence
of higher clouds that occurred about 7% of the time
over the ASTEX region, obscuring the satellite’s view
of the lower clouds. The diurnal amplitude in low cloud
amount as seen in Fig. 4b is 6.5% at SM, 7.5% at PS,
and 13% at VL. This pattern of increasing diurnal range
of low cloudiness at sites that are progressively equa-
torward and downwind in the mean flow is consistent
with the findings of Rozendaal et al. (1995). They at-
tribute this behavior primarily to solar radiative ab-
sorption within the clouds, which more effectively
breaks up low clouds in deeper boundary layers.

Two distinctive features of the marine boundary layer
thermodynamic structure over ASTEX are the trade in-
version, typically 2–4 K in strength, and the transition
layer, which marks the top of the well-mixed subcloud
layer. These same features were also noted by Brill and
Albrecht (1982) as being prominent characteristics of
the trade wind boundary layer (as in ATEX and BOM-
EX). Comparison of these features in the PS sonde data
to cloud radar and ceilometer observations show that
the levels of the trade inversion and the transition layer
are reasonable measures of cloud-top height (zct) and
cloud-base height (zcb), respectively (Stevens 1994).

During ASTEX both the cloud top and base exhibited
large variability on the synoptic timescale. For example,
during 1–15 June the ASTEX-mean boundary layer
cloud top varied3 between 1200 and 1800 m, with fluc-
tuations, related principally to changes in the large-scale
subsidence rate, frequently exceeding 300 m (CSJ99).
While no clear diurnal signal was present in zct at SM
and VL (see Table 1)4 and an incomplete record of ceil-
ometer data made it difficult to analyze zcb at these sites,
a significant diurnal signal in the cloud boundaries was
observed at PS. Because of this, and the fortuitous col-
location of several instrument platforms at PS that can
detect clouds and their properties (rawinsonde system,
8.7-mm Doppler cloud radar, laser ceilometer, and mi-
crowave radiometer), we will focus our discussion of
the diurnal cycle of zct and zcb at the PS site.

At PS the diurnal variation of cloud-top height (zct)
is shown in the top panel of Fig. 5 for the 1–15 June
1992 period. Cloud-top height, inferred from the in-
version base level in the sonde data, has a maximum
(minimum) height at 2200 LST (1300 LST) with a daily
amplitude around 90 m. Cloud radar analysis from PS

3 The mean cloud top over ASTEX, as inferred from the inversion
base level for this period, was 1460 m (CSJ99).

4 In addition to the small DA/SD ratios for zct at SM and VL, their
frequency spectra showed no significance relative to a red-noise spec-
trum in the diurnal frequency range.
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FIG. 5. Diurnal cycle of various cloud parameters at Porto Santo. Top panel:
daily variation of cloud-top height (zct) inferred from sonde data and cloud base
(zcb) determined from ceilometer data. Bottom panel: daily variation of precipitable
water (PW) at PS computed using sonde data (PWs—dashed curve) and from
radiometer measurements (PWr—solid curve). Also from radiometer measurements
at PS, the liquid water path (LWP) variation is shown by the dotted curve.

(not shown) of the cloud-top variation exhibits a similar
phase behavior with a diurnal amplitude around 80 m.
To understand the diurnal behavior of zct at PS, we con-
sider the predictive equation for cloud-top height from
a simplified cloud-topped mixed layer model (e.g., Lilly
1968). In this model, application of the budget equation
for h to an infinitesimally thin layer at cloud top yields

]z (w9h9) 1 DFct ct R5 w(z ) 2 , (7)ct]t Dh

where (zct) is the large-scale vertical velocity at cloudw
top, ct is the cloud-top moist static energy flux,(w9h9)
and DFR and Dh (which was typically negative in AS-
TEX) are the jumps in the radiative flux and h across
cloud top, respectively. For simplicity in deriving (7)
we have also assumed that there is no horizontal vari-
ation of zct . According to (7), cloud-top height changes
over the ASTEX region are due to an imbalance between

large-scale subsidence, which tends to shallow the
mixed layer, and convective–radiative effects, which
tend to deepen it. Because our line-integral techniques
and budget analyses yield only the ASTEX area average
of the terms on the right-hand side of (7), one can only
speculate about the reasons for the diurnal behavior of
zct at PS in Fig. 5. Later in this section we will present
evidence that suggests that the diurnal variation of cloud
top at PS is primarily controlled by convective–radiative
effects.

The diurnal variation of cloud base (zcb) at PS is also
shown in the top panel of Fig. 5. The cloud base, as
determined by ceilometer observations, averages 884 m
with a diurnal amplitude of 56 m and a maximum (min-
imum) height near 0730 LST (2030 LST). The predawn
rise in cloud-base height of 100 m is also seen in the
diurnal ceilometer analysis of cloud base at VL and PS
by White et al. (1995). The zcb phase behavior in ASTEX
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is somewhat different from that observed during the
First ISCCP Regional Experiment (FIRE) in the stratus
regime off the California coast (Betts 1990; Duynkerke
and Hignett 1993) and in the trade wind regime of ATEX
(Brill and Albrecht 1982), which showed an afternoon
maximum in zcb. As discussed later in this section, the
diurnal behavior of zcb in ASTEX appears to be related
to the diurnal cycle of convective eddy activity.

The phase difference between the zct and zcb curves
at PS gives a maximum cloud thickness of 830 m at
2200 LST and a minimum of 600 m from 1000 to 1300
LST. This pattern of thinning clouds from night to day
was also shown by Brill and Albrecht (1982) in ATEX
for an undisturbed period in the trades and by Betts
(1990) for California coastal stratus. However, in con-
trast to the results at PS, Betts’ analysis shows little
diurnal change in cloud top (similar to the zct behavior
at SM and VL; see Table 1) and a rise in cloud base
during the day. He attributes this behavior to solar heat-
ing of the cloud layer, resulting in daytime warming,
stabilization of the subcloud layer, and decoupling of
the cloud layer from the surface. The bottom panel of
Fig. 5 shows the diurnal variation of liquid water path
(LWP) at PS as measured by the microwave radiometer.
Daily changes in LWP are related to variations in both
cloud thickness and fractional coverage. In this regard,
the daily maximum in LWP occurs at 2200 LST when
fractional cloudiness at PS is around 50% (Fig. 4b),
while the daily minimum occurs at 1400–1500 LST
when cloudiness at PS is at a minimum around 38%.

Also shown in the bottom panel of Fig. 5 are the
diurnal variation of column-integrated water vapor (i.e.,
precipitable water, PW) computed from PS sonde data
(PWs) and that measured independently by a microwave
radiometer (PWr). Hogg et al. (1983) demonstrated that
the accuracy of PW measurements from a microwave
radiometer is superior to that from conventional sonde
data. Since approximately 70% of the PW (or 15 mm)
is contained below the trade inversion, based on com-
putations from PS sonde data, these curves essentially
depict changes in boundary layer moisture. A compar-
ison of these PW curves shows the diurnal amplitude
of PWs to be nearly double that of PWr and while the
radiometer shows that boundary layer moistening begins
after sunrise (0600 LST), the moistening in the sonde
data is delayed until after 1000 LST. We suggest that
these differences underscore the difficulty that the PS
sonde system had in accurately measuring diurnal
changes in boundary layer moisture, that is, the ten-
dency of the sonde humidity sensor at PS to produce
excessive daytime drying in the boundary layer mois-
ture field similar to that observed by Betts et al. (1995)
in VL sonde data. Later in this section, an adjustment
to the sonde moisture field, based on this PW compar-
ison, is used to correct the Q2 field and compute the
vertical eddy flux of moist static energy.

c. Diurnal cycle of thermodynamic fields

The diurnal changes in the ASTEX-averaged poten-
tial temperature field (u, top panel of Fig. 6) are strongly
tied to the diurnal solar heating cycle, which peaks near
1200 LST during this period. There are two layers where
the temperature fluctuations are most prominent: near
the surface and in the inversion layer. The large tem-
perature fluctuation near the surface results from the
land sites (PS and SM), which have a diurnal temper-
ature amplitude at the surface of 1.28C, whereas buoy
data (Fig. 3a) and VL sonde surface data give a more
representative value for the open ocean over ASTEX of
0.258C. The large diurnal temperature change in the
inversion layer reflects variations of solar heating and
cloud-top infrared radiative effects. The predawn min-
imum in this layer is likely due to diurnal fluctuations
in fractional cloud coverage (Fig. 4), which peak around
0500 LST resulting in the greatest cooling at this time.
The maximum warming near sunset in the inversion
layer was also observed by Betts et al. (1995) in VL
sonde data.

The variation in the ASTEX-averaged water vapor
mixing ratio (q, bottom panel of Fig. 6) is marked by
a late morning minimum and a nighttime maximum with
the largest fluctuations confined to below the inversion
level. Although the diurnal cycle of sonde surface q is
inconsistent with that observed at the buoy (Fig. 3b),
Table 1 indicates that the diurnal signal of q from the
buoy has little or no significance. Within the boundary
layer, moisture fluctuations are relatively constant with
height with a diurnal amplitude about 0.32 g kg21. Sim-
ilar diurnal amplitudes in boundary layer moisture were
observed with sonde data in GATE (Albright et al. 1981)
and in TOGA COARE (Johnson et al. 1996). Based on
moisture analysis at VL from Betts et al. (1995) and at
PS described earlier, we propose that the predawn (from
0000 and 0600 LST) drying tendency in Fig. 6 is real
while the postdawn drying (from 0700 to 1000 LST) is
due largely to sonde instrumental problems.

d. Diurnal cycle of kinematic fields

The diurnal cycles of vorticity (z) and divergence (d)
over ASTEX are shown in Fig. 7. Within the marine
boundary layer the amplitude of the daily vorticity var-
iation is about 1.4 3 1026 s21 or about 10% of its mean.
This rotational field exhibits little phase change with
height below 2 km, with a maximum anticyclonic flow
around 0100 LST and a maximum cyclonic flow be-
tween 1000 and 1300 LST. The amplitude of the di-
vergence diurnal cycle near inversion base is also about
1.2 3 1026 s21, which is about 30% of its mean at this
level (as reported in CSJ99). In contrast to the vorticity
field, the divergence exhibits a more pronounced layered
structure in the vertical with phase reversals about every
1 km. A maximum convergence (divergence) occurs at
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FIG. 6. Time–height sections showing the diurnal variation (as the deviation from the
mean) over the ASTEX triangle of potential temperature u (top panel, positive values shaded
with increment 0.1 K), and water vapor mixing ratio q (bottom panel positive values shaded
with increment 0.1 g kg21). Fields have been vertically smoothed with a 1-2-1 filter. Hor-
izontal dotted line represents mean level of Ib over ASTEX for 1–15 Jun 1992.

the surface and near the Ib at 1000–1300 LST (2200
LST).

Figure 8 shows the diurnal cycle of winds for three
200-m-thick layers5 centered around levels (600, 1500,
and 2400 m) where the divergence field in Fig. 7 has
amplitude maxima. This diagram was created by ap-
plying the diurnal filter to the winds at each level, then
using all noninterpolated winds to create the layer av-
erage. At a given site and level, the winds generally
show a regular clockwise turning in time with this pat-
tern being most consistent during the daytime hours
(0700–1600 LST) and less so at night. Focusing on the
1000 LST wind vectors (arrows with solid heads in Fig.
8) one can note at VL a clockwise turning of the winds
with height (nearly 908) between the lowest layers and
a counterclockwise turning above. At SM a slight clock-
wise turning of the winds with height is observed be-
tween the lower two layers while at PS a slight coun-
terclockwise turning with height occurs between the
lowest layers and a large clockwise (nearly 1808) turning
above. This diurnal wind shift between 1500 and 2400
m at PS largely accounts for the divergence sign change
near 1.8 km in Fig. 7.

The divergence phase reversal near 1.8 km results in
a vertical motion (w) maximum at this level with an
amplitude of 0.12 cm s21 (bottom panel in Fig. 7). This
amplitude is about 20% of the mean subsidence rate of
0.6 cm s21 at 1.8 km such that the ASTEX area-averaged

5 The effective resolution of the low-level ASTEX winds is about
200 m (Schubert et al. 1992).

subsidence rate varies diurnally from 0.48 cm s21 at
1000 LST to 0.72 cm s21 at 2200 LST. During the period
of reduced subsidence drying (0700–1600 LST), which
should be more conducive to cloud formation (other
conditions being equal), Fig. 4 shows that the cloud
fraction over ASTEX actually decreases. This suggests
that factors other than large-scale subsidence (viz., ra-
diative effects) are more important in determining the
diurnal cycle of fractional cloudiness over ASTEX.

e. Diurnal cycle of heat and moisture budgets

The diurnal variations of Q1 and Q2 are presented in
the time–height plots of Fig. 9. The basic structure of
these fields is largely due to the local changes in u and
q (i.e., ]u/]t and ]q/]t). This can be seen by noting how
well the time changes of u and q in Fig. 6 correlate with
the maxima and minima in the Q1 and Q2 fields. While
relatively small on synoptic and longer timescales, these
local derivative terms dominate over the other terms in
the budget equations (1) and (2) on a diurnal timescale.
Closely linked to the diurnal solar heating cycle and
consistent with the u variations in Fig. 6, the Q1 field
exhibits daytime warming and nightime cooling with
the largest amplitudes in the lowest 100 m (due pri-
marily to surface temperature changes at the land sites)
and near the Ib level (due to cloud-top radiative effects).
The Q2 field shows a drying tendency that is strongest
below Ib, begins near local midnight, peaks near sunrise,
and extends into the late morning. The moistening ten-
dency peaks in the late afternoon just below Ib. How-
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FIG. 7. Time–height sections showing the diurnal variation (as the deviation from the
mean) of vorticity (positive values shaded with increment 0.5 3 1026 s21), divergence
(positive values shaded with increment 0.5 3 1026 s21), and vertical motion with arrows
indicating direction of flow (positive values shaded with increment 0.02 cm s21). The
vorticity and divergence fields have been vertically smoothed with a 1-2-1 filter. Horizontal
dotted line represents mean level of Ib over ASTEX for 1–15 Jun 1992.

ever, as noted from our earlier assessment of sonde hu-
midity errors, these details of the diurnal Q2 evolution
should be regarded with caution.

f. Diurnal cycle of radiation and heat fluxes

Computation of the vertical eddy flux of moist static
energy with (6) requires that the radiative heating be
known. Since the goal here is to estimate the diurnal
variation of radiative effects of clouds in the trade in-
version layer over ASTEX, we simplify the problem by
assuming a single cloud layer with constant bottom and
top boundaries over the course of a day. Based on the
average from the three ASTEX sounding sites, the cloud
layer was centered at 1160 m with a thickness of 600
m, placing the cloud base and top at 860 and 1460 m,
respectively. The liquid water mixing ratio, needed for
radiative computations with clouds, was specified with
the procedure described in CSJ99. Diurnal effects were
included in this computation in the following ways, or-
dered here from least to most important in terms of their
impact on the diurnal cycle of QR: thermodynamic struc-
ture of atmosphere, fractional cloudiness, and solar ze-

nith angle. Although the profiles of q and T needed for
the radiative computation are not adjusted to match the
single cloud layer assumption, a sensitivity test where
these fields were varied shows that this inconsistency
has little effect on the QR results.

The procedure for computing QR(z, t) involves the
following steps. The National Center for Atmospheric
Research community radiation model was run at 3-h
intervals over the course of a day using diurnally vary-
ing atmospheric soundings to compute the radiative
heating for clear and cloudy conditions. Theclear cloudyQ QR R

clear-sky cases use ASTEX-averaged sonde temperature
and moisture data, whereas the cloudy cases use the
same thermodynamic data but augmented with the cloud
information mentioned above. To choose a reasonable
solar zenith angle for this computation, the radiation
model was run for 7 June (i.e., the middle date of the
2-week period being examined) at the buoy position
(i.e., a location at the center of the ASTEX triangle).
To include the effects of the diurnally varying fractional
cloudiness, the clear and cloudy profiles are weighted
by s (shown in Fig. 4a) to yield

cloudy clearQ (z, t) 5 s (t)Q (z, t) 1 [1 2 s (t)]Q (z, t). (8)R R R
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FIG. 8. Diurnal cycle of layer-averaged winds at three ASTEX
sounding sites during 1–15 Jun 1992. Levels for layer averaging are
indicated inside triangles. Circles centered at sounding sites have a
radius of 0.5 m s21. Numeric labels near arrow heads indicate LST
of wind vector. Wind vectors with magnitudes less than 0.2 m s21

are not labeled.

Finally, the mean at each level is subtracted to produce
the deviation diurnal heating field shown in Fig. 10a.

There are several features in the radiative field in Fig.
10 worth noting. First, this figure shows a diurnal am-
plitude in the vertically smoothed QR of 12.2 K day21

near cloud top. In the nonsmoothed QR field (not shown)
the diurnal amplitude is 38 K day21 in a 25-m layer at
cloud top. This compares to a diurnal amplitude of ;27
K day21, which we inferred from aircraft observations
and theoretical flux profiles of marine stratocumulus tak-
en near 608N (Slingo et al. 1982). Normalizing these
rates by the cosine of the zenith angles at local noon
(9.38 for ASTEX and 43.78 for Slingo’s estimates) brings
them into closer agreement. Figure 10 also shows a peak
cooling between 0400 and 0700 LST when fractional
cloudiness is a maximum, and a cooling minimum (or
deviation heating peak) at 1300 LST. The solar heating
during the daylight hours extends deeper into the cloud
layer than the nighttime longwave radiative cooling,
which is confined to a shallow layer near the cloud top.
This separation between the longwave cooling and
shortwave heating peaks has some important implica-
tions. First, it tends to destabilize the cloud layer, which
leads to a well-mixed cloud layer. Second, as the cloud
layer warms due to solar radiative absorption, the upper
part of the subcloud layer becomes stably stratified,
which can lead to decoupling between the two layers.
The nature of this decoupling on a diurnal timescale has
been described in several previous investigations of stra-
tocumulus regimes (e.g., Nicholls 1984; Duynkerke
1989; Hignett 1991; Miller and Albrecht 1995). As dis-
cussed in these studies, this decoupling process can lead
to a thinning or even breakup of the cloud layer as solar
absorption and dry air entrainment from above will
cause evaporation of the cloud water, while the moisture
supply at cloud base is reduced.

Diurnal variations of r (z) are highly sensitive tow9h9
the sonde humidity errors alluded to earlier. For ex-
ample, computation of r (z) using the diurnal var-w9h9
iation of Q2 shown in Fig. 9, with its inherent humidity
problems, results in unrealistic fluxes particularly above
Ib. To circumvent the sonde humidity errors in com-
puting a diurnal heat flux field, an idealized humidity
field is constructed and used to correct the local deriv-
ative term (]q/]t) in (2), that is, the major contributor
to the Q2 field on a diurnal timescale.6 This idealized
humidity field has the basic structure observed in the
sonde humidity presented in Fig. 6 in that the amplitude
of the diurnal q(t) deviation is constant with height be-
low Ib and then tapers to zero 200 m above Ib. Below
Ib, the diurnal phase and amplitude of the idealized hu-
midity field is constrained to match that observed by
the radiometer at PS; that is, the PWr curve in Fig. 5,

6 Correcting the horizontal and vertical advection terms in (2) for
sonde errors would have added a level of complexity that is unwar-
ranted by the small magnitude of these terms in comparison to the
local derivative term on a diurnal timescale.
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FIG. 9. Time–height sections showing the diurnal variation (as the deviation from the
mean) over the ASTEX triangle of apparent heat source Q1 and apparent moisture sink Q2

(positive values shaded with increment 2 K day21). Fields have been vertically smoothed
with a 1-2-1 filter. Horizontal dotted line represents mean level of Ib over ASTEX for 1–
15 Jun 1992.

which appears to more accurately capture diurnal
boundary layer moisture changes than sonde data.

Using this idealized diurnal humidity field to compute
the local derivative term (]q/]t) in (2), results in the
‘‘corrected’’ Q2 field shown in Fig. 10b. In this figure
the drying rates below Ib more closely match the hu-
midity tendencies observed from the PS radiometer than
those presented in Fig. 9. Specifically, the drying rates
in Fig. 10 are about two-thirds their magnitude in the
‘‘uncorrected’’ Q2 field (Fig. 9), and the time of peak
drying, which occurs at 0400 LST in Fig. 10 more close-
ly matches the radiometer observations in Fig. 5. In
addition, the period of strong moistening around 1300
LST in the ‘‘corrected’’ Q2 field correlates well with the
decrease in liquid water at this time as denoted in the
LWP curve from PS in Fig. 5.

The diurnal cycle of the vertical eddy flux of moist
static energy is computed from (6) using the diurnal
fields of Q1 in Fig. 9, and the QR and corrected Q2 in
Fig. 10. The integration of (6) begins at z 5 0 where
the diurnal variation of the surface flux term, r0 0,w9h9
is given by the sum of the sensible and latent heat flux
curves shown in Fig. 3d. Evaluation of (6) using this
procedure yields the r field shown in the bottomw9h9
panel of Fig. 10. The diurnal cycle of this eddy flux
field shows a peak amplitude near 1.2 km with a daily
amplitude near this level of 38 W m22. The maximum
fluxes at 0400 LST and minimum fluxes near local noon
(1000–1300 LST) correspond well with the nighttime
enhancement and daytime thinning of the low-cloud lay-
er (Fig. 4). The range of fluxes is shown more clearly
in Fig. 11 where the daily mean flux profile (presented

in CSJ99 Fig. 8) has been added to the diurnal signals
at these times. These results are qualitatively consistent
with computations from a simple mixed layer model
presented in Schubert (1976). In simulating the diurnal
cycle of the stratocumulus regime off the California
coast, Schubert showed that the turbulent flux just below
the cloud top peaked during the nighttime hours at ;60
W m22 and was a minimum near local noon around 20
W m22. A similar enhancement in the nighttime tur-
bulence was shown by Duynkerke and Hignett (1993)
in the marine boundary layer during FIRE with obser-
vations and model simulations. In their daytime anal-
yses, two distinct peaks were observed in the vertical
profile of turbulent kinetic energy, one near the surface
and a second smaller peak in the cloud layer. In our
analysis (Fig. 11), there is only a slight indication of a
secondary maximum near the cloud top in the daytime
flux profile.

Thus far, the diurnal analyses of radiation and moist
static energy have been presented for an idealized cloud
layer with a 600-m thickness. However, as alluded to
earlier, cloud boundaries during ASTEX varied signif-
icantly on a synoptic timescale, as well as from site to
site (note the large standard deviations in zct and zcb in
Table 1). For this reason, a sensitivity test was conducted
to get a sense for how changes in cloud thickness affect
these analyses. In this test, the cloud layer was centered
at 1160 m and its thickness varied from 200 to 1000 m
about this level. Results of this sensitivity test show that
the primary effect of cloud thickness changes is on the
daytime vertical heating structure. That is, as the cloud
depth increases the separation distance between the
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FIG. 10. Time–height sections showing the diurnal variation (as the deviation from the
mean) of radiative heating QR (top panel, positive values shaded with increment 3 K day21),
corrected Q2 (middle panel, positive values shaded with increment 1 K day21), and the
vertical eddy transport of moist static energy (bottom panel, positive values shaded with
increment 10 W m22) based on data from 1 to 15 Jun 1992. Fields of QR and corrected Q2

have been vertically smoothed with a 1-2-1 filter. Horizontal dotted line represents mean
level of Ib over ASTEX for 1–15 Jun 1992.

peaks of longwave cooling at cloud top and shortwave
heating within the cloud layer also increases (results not
shown). In deeper cloud layers this increased separation
distance results in weaker instability (and thus mixing)
within the cloud layer. To summarize, this sensitivity
test shows that while changes in cloud layer thickness
have little impact upon radiation and the vertical eddy
flux profiles at night and in the daytime subcloud layer,
during the daytime hours radiative feedbacks in thicker
cloud layers will result in weaker mixing profiles within
the cloud.

In Fig. 10 we note that the eddy flux maximum at
0400 LST is contemporaneous with the drying peak in
the corrected Q2 field, with a similar correspondence
between the flux minimum and the moistening peak near
local noon. Using a one-dimensional time-dependent
model to study diurnal variations in the trade wind
boundary layer, Brill and Albrecht (1982) found a sim-
ilar relationship between convective activity and drying/
moistening tendencies in the subcloud layer. Their re-
sults showed that the early morning convection was rel-

atively active, which results in a drying of the subcloud
layer due to an enhanced moisture transport out of this
layer by the convective elements. The enhanced mois-
ture transport out of the subcloud layer would tend to
humidify the cloud layer, other conditions being con-
stant. However, during the predawn hours cloudiness
increases, reaching a maximum around 0500 LST (Fig.
4). It would appear that condensation is converting the
additional water vapor flux into the cloud layer to liquid
(consistent with the cloudiness increase and observed
drying tendency in the cloud layer at this time). Con-
versely, a late afternoon moistening of the subcloud and
cloud layers occurs when convection is less active and
clouds evaporate. Brill and Albrecht also note that the
early morning drying of the subcloud layer results in a
higher cloud base at this time. Consistent with this ob-
servation, the cloud base (zcb) at PS is highest at 0700
LST (Fig. 5) just prior to the moistening trend in the
subcloud layer depicted in the corrected Q2 field in Fig.
10. We also note in Fig. 5 that the diurnal trend in cloud-
top height (zct) at PS correlates well with observed trend
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FIG. 11. Vertical profiles of the vertical eddy transport of moist
static energy at 0400 LST (solid) and 1300 LST (dashed) for the
ASTEX region. Horizontal dotted line represents mean level of in-
version Ib over ASTEX for 1–15 Jun 1992.

FIG. 12. Diurnal variation of the surface to 1500-m mean divergence (1026 s21) during
an undisturbed period for ATEX (dashed line) from Brill and Albrecht (1982) and from
1 to 15 Jun for ASTEX (solid line).

in the vertical eddy flux field in Fig. 10 (i.e., decreasing
zct at PS is concurrent with decreasing convective ac-
tivity). If one considers the change in zct in (7) due only
to the effect of large-scale subsidence [i.e., the first term
on the right-hand side of (7)], then the observed diurnal
amplitude in (zct) of 0.1 cm s21 yields a cloud-topw
diurnal amplitude of ;14 m. Since this is much smaller
than the 90-m diurnal amplitude observed at PS, it seems
reasonable that the effects of convection/radiation [i.e.,
the second term on the right-hand side of (7)] as depicted

in the bottom panel of Fig. 10 are largely responsible
for the observed cloud-top behavior at this site. While
reasons for the lack of a diurnal signal in zct at SM and
VL (see Table 1) are uncertain, it seems likely that the
cloud-top balance between the large-scale subsidence
and convective–radiative effects at these sites was dif-
ferent from that which occurred at PS.

In this section we have shown the importance of cloud
radiative processes in determining the diurnal charac-
teristics in several fields including: boundary layer
moisture and temperature, vertical eddy fluxes, frac-
tional cloudiness, and cloud boundaries at PS. On a
diurnal timescale, fluctuations in these fields correlate
poorly with those in the kinematic fields (Fig. 7), which
suggests that the large-scale forcing due to low-level
divergence is of secondary importance over the ASTEX
region as a whole. A similar conclusion, based on ob-
servations and model results, was reached by Brill and
Albrecht (1982), who state that the diurnal variation of
the trade wind boundary layer in ATEX is ‘‘primarily
due to the diurnal variation of radiative forcing and
secondarily to diurnally varying large-scale diver-
gence.’’

4. Diurnal cycle over the North Atlantic

Thus far we have focused on the diurnal cycle for a
2-week late spring period over the ASTEX domain. To
provide a larger-scale context for these results we now
examine the diurnal variability of divergence and ver-
tical motion in adjacent regions of the North Atlantic.
These fields have been examined in some detail in pre-
vious studies because of their importance to convection
and precipitation.

Figure 12 compares the divergence averaged in the
lowest 1500 m for a 2-week period in ASTEX to that
for a 6-day undisturbed period (7–12 February 1969)
in the trade winds from ATEX (Brill and Albrecht 1982).
While the time-mean low-level divergence is quite sim-
ilar in these two regions, the diurnal amplitude for
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FIG. 13. Diurnal variation of wind vectors in (top row) BOMEX at p* 5 90 hPa (;1 km) and in (bottom row) ASTEX averaged from
the surface to 1500 m. The numbers in the polygons indicate the local time of the observations. For each experiment the circled number
indicates the time of maximum low-level convergence while the underlined number indicates the time of maximum low-level divergence.
Rows are shifted slightly so that their time axes line up.

ATEX is significantly larger (1.0 3 1026 s21) than that
in ASTEX (0.6 3 1026 s21).7 In addition, the diurnal
variation of low-level divergence is nearly 1808 out of
phase with a maximum in ATEX near 0800 LST as
opposed to 2200 LST in ASTEX.

Yet another comparison to diurnal circulations in
trade wind flow is provided by analyses from BOMEX.
The diurnal amplitude of divergence in BOMEX (not
shown) averaged in the lowest few kilometers is about
1.5 3 1026 s21 (Nitta and Esbensen 1974a), which is
larger than in both ATEX and ASTEX. The diurnal
variation of the low-level wind vectors in BOMEX for
the period 22–30 June 1969 is compared to that from
ASTEX (0–1500-m layer averaged winds) for the period
1–15 June 1992 in Fig. 13. From this diagram we note
that the low-level divergent flow in BOMEX peaks near
0800 LST, consistent with that observed in ATEX, and
nearly out of phase with the flow in ASTEX. At the
northern ships of BOMEX and the sites of SM and PS
in ASTEX the diurnal wind vectors show, for the most
part, a regular anticyclonic turning during the course of
a day. On the other hand, at the southern ships of BOM-
EX the wind vectors show a more complex diurnal pat-
tern, which Nitta and Esbensen attribute to local effects.
The complex diurnal pattern observed at VL in Fig. 13
results from averaging the winds over a layer charac-
terized by significant phase change with height (Fig. 8).
Finally, we note that the diurnal wind signal in both
regions is such that winds blow away from the continent
(see Fig. 1) during the day and toward it at night, which
is in the opposite sense of a local land–sea-breeze cir-
culation. Some possible explanations for this flow be-
havior will be considered shortly.

The stronger diurnal cycle in BOMEX and its out-
of-phase relationship compared to ASTEX are also ev-
ident in the vertical mass flux (v) comparison in Fig.

7 This smaller diurnal amplitude for the 0–1500-m ASTEX mean
divergence is due in part to its phase changes with height in this
layer.

14. Here the diurnal amplitude of vertical mass flux in
BOMEX is more than twice as large as that observed
in ASTEX. (Note that the contour interval is greater in
the BOMEX analysis.) With a mean subsidence rate near
inversion base in BOMEX of 2.0 hPa h21, its vertical
mass flux varies from 1 hPa h21 at 2000 LST and 3 hPa
h21 at 0800 LST. In ASTEX a more modest diurnal
modulation is observed with subsidence rates varying
between 2.95 hPa h21 at 2200 LST and 2.05 hPa h21

at 1000 LST. It is also noteworthy that in both of these
regions the peak diurnal amplitude of vertical mass flux
occurs above and within 0.5 km of the inversion base.
The proximity of these peaks to the cloud top may sug-
gest that cloud-top radiative effects are playing a role
in determining the diurnal characteristics of low-level
divergence and vertical motion in these regions.
McBride and Gray (1980) have suggested that the di-
urnal modulation of vertical motion over these oceanic
regions is a dynamical response to the daily cycle of
radiative cooling, which is enhanced by low-level cloud-
iness in the stratocumulus regimes.

Nitta and Esbensen (1974a) have suggested that di-
urnal variations of low-level flow in BOMEX shown in
Figs. 13 and 14 are a remote response to land–sea heat-
ing contrasts from the South American coast. At first
glance such an explanation seems implausible since the
center of the BOMEX array was about 800 km from
the South American coast and the diurnal cycle of its
low-level winds were in the opposite sense from a typ-
ical land–sea breeze circulation (Fig. 13). However, in
support of this mechanism, Sun and Orlanski (1981)
found that an interaction between trapeze instability (Or-
lanski 1973) and a sea-breeze circulation resulted in a
diurnal pattern of vertical motion a few hundred kilo-
meters off the coast, consistent in many aspects to that
observed in BOMEX (Fig. 14). Rotunno (1983) further
elucidated Sun and Orlanski’s results using linear theory
to study land–sea breeze circulations. Rotunno found
that the response to a diurnally varying land–sea heating
contrast differs dramatically depending on the latitude



15 AUGUST 2001 2371C I E S I E L S K I E T A L .

FIG. 14. Time–height sections showing the diurnal variation (as the deviation from the
mean) of vertical motion (hPa h21) in (a) BOMEX (top panel, after Nitta and Esbensen 1974)
and (b) ASTEX (bottom panel). Contour increment is 0.5 hPa h21 in top panel and 0.1 hPa
h21 in bottom panel. Arrows indicate direction of motion. To facilitate this comparison the
plots are shifted slightly so their time axes line up.

of the forcing. For latitudes equatorward of 308 he found
the response to be in the form of internal-inertial waves
with a resulting circulation, as in BOMEX, which is
nearly out of phase with the heating.

Under favorable atmospheric conditions (warm sea-
son surface heating and light winds), Mahrer and Segal
(1985) modeled a local sea-breeze circulation for elon-
gated, small island (infinite length, 5-km half-width)
with a diurnal amplitude of vertical motion around 10
cm s21. In contrast, weak surface heating (a diurnal
amplitude around 18C), and moderate low-level north-
easterlies, inhibit any local sea-breeze circulations at the
islands of PS and SM (which have elongated shapes
with areas less than 50 km2). However, could a sea-
breeze circulation from the African continent influence
the diurnal flow pattern observed over ASTEX8 as
shown in Figs. 8 and 13? As a related question, could
the larger island of Madeira (with an area ;600 km2)
located about 60 km to the southwest of PS affect the
flow characteristic at this site? To address these ques-
tions, the Regional Atmospheric Modeling System
(RAMS) was used investigate the possible effects of the
African and Madeira land–sea breezes on the flow over
ASTEX (experiments performed courtesy of Roger Piel-
ke Sr. and John Strack of Colorado State University).
A description of the model configuration, experimental
design, and details of the results are given in the ap-
pendix.

In brief, these RAMS simulations showed enhanced

8 The center of ASTEX triangle was located about 1100 km off
the northwest coast of Africa with PS being the closest offshore site
about 750 km from the coast.

afternoon subsidence at PS. Not only is this inconsistent
with the diurnal cycle of ASTEX-averaged vertical mo-
tion (Fig. 7), but such a pattern of vertical motion would
likely result in descending cloud tops [from the cloud-
top equation (7)] and rising cloud bases (as a result of
entrainment of subsident air into the marine boundary
layer causing a warmer, drier subcloud layer), which is
just the opposite of cloud boundary trends observed at
PS in Fig. 5. Finally, the mean low-level flow during
ASTEX, out of the north-northeast at greater than 5 m
s21 (CSJ99), would mitigate any sea-breeze effects from
Madeira at the upstream location of PS. From these
preliminary simulations we conclude that the land–sea-
breeze circulations from Africa and Madeira are having
little, if any, effect upon the diurnal flow field observed
at PS, and more generally over ASTEX.

Figure 15 (from Albright et al. 1981) shows the time–
height section of vertical motion averaged over all three
phases of the GATE B-scale network. In this diagram,
constructed using 6-hourly sounding data, the time-
mean vertical motion in each layer has not been re-
moved. This analysis shows upward motion occurring
at all times and all levels below 750 hPa. The peak
upward motion with a rate of 4.7 hPa h21 occurs at 1030
LST between 700 and 800 hPa. At 2230 LST subsidence
occurs above 750 hPa with weak upward motion (,1.0
hPa h21) below this level. While the diurnal cycle of
vertical motion has a much deeper and stronger signal
in the convectively active GATE region, the phase is
similar to that in observed in ASTEX with diurnal de-
viation low-level convergence observed in late morning.
Several studies (e.g., Gray and Jacobson 1977; McBride
and Gray 1980; Dewart 1978) have noted that the late
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FIG. 15. Time–height section showing the diurnal variation of ver-
tical motion (1023 hPa s21) averaged over all three phases of GATE
(after Albright et al. 1981). Numbers below the upper margin show
the number of cases used in computing the hourly means. (Note: 1.0
3 1023 hPa s21 5 3.6 hPa h21.)

FIG. 16. Diurnal phase of surface divergence for the summer months of JJA (Jun–Aug). Phase data
provided by A. Dai (2000, personal communication). Also shown are the polygons locating three sum-
mertime field experiments. The numbers listed below each polygon indicate the hour in LST at which
surface divergence was observed to be a maximum in each of these experiments. The averaging period is
8 days for the BOMEX result, 14 days for the ASTEX result, and 59 days for the GATE result.

morning maximum in low-level convergence precedes
the rainfall maximum in GATE by ;6 h. These studies
have postulated that the delay in convection over GATE
may be due to the large low-level vertical shear and
lapse-rate stability over the GATE region, which acts
to delay convective development by a few hours after
the peak in low-level convergence.

Recently Dai and Deser (1999) have examined the
diurnal cycle of surface winds and divergence over
much of the globe. Figure 16 (with analysis provided
by A. Dai) shows the phase of the summertime mean
surface divergence over the North Atlantic. This anal-
ysis is based on 3-hourly wind observations from both
land and marine reports from the period 1976–97. Dai
and Deser note that their phase analysis may contain
large uncertainties (61.5 h) especially over oceanic re-
gions where observations are more sparse. The corre-
sponding diurnal amplitude diagram (Fig. 9 of Dai and
Deser 1999) shows that the amplitude of summertime
surface divergence varies from 2.0 3 1027 s21 over the
midocean regions to 3.0–5.5 3 1027 s21 over the con-
tinents. These oceanic divergence amplitudes are some-
what less than the values reported in the budget exper-
iments in this paper (0.6–1.5 3 1026 s21), which likely
results from more smoothing in time and space in the
Dai and Deser analysis.

Superimposed on Fig. 16 are the sounding arrays,
shown as polygons, from three field campaigns con-
ducted during the summer months over the North At-
lantic (ATEX being excluded here because it was held
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during the winter season). For comparison to Dai and
Deser’s analysis, listed next to each polygon is the local
time at which surface and low-level divergence was
observed to maximize in each of these experiments.
Considering the different averaging periods for these
estimates (listed in the figure caption), the overall com-
parison to Dai and Deser’s analysis is quite favorable
with the phases being within an hour for GATE, a few
hours for ASTEX, and about 4 h for BOMEX. Over the
ASTEX domain Dai and Deser’s phase analysis varies
from 1700 UTC near the eastern edge to 2100 UTC near
the western edge. Such phase differences across the AS-
TEX domain suggest that our computations of area-
averaged quantities (such as the diurnal amplitudes of
divergence and vertical motion) have been smoothed
and most likely are underestimated.

Another interesting feature in the phase analysis in
Fig. 16 is the alternating phase in the latitude belts
across the North Atlantic. For example, within the trade
wind belt (148–228N) the phase peaks around 1100 LST,
which is out of phase with the Atlantic ITCZ belt to its
south (48–128N) with peak phase around 2300 LST and
with the stratocumulus regime to its north (268–408N)
with peak phase around 2000 LST. This pattern of al-
ternating phase in the surface divergence is observed in
both the Atlantic and Pacific Oceanic basins in the an-
nual mean phase analyses (Dai and Deser 1999). The
phase difference between the adjacent trade and the
ITCZ regions in the North Atlantic is evidence for a
diurnally pulsing Hadley cell. Dai and Deser note that
this meridional circulation runs strongest during the late
morning hours when convergence is a maximum in the
ITCZ and divergence is a maximum in the trade wind
belt. The diurnal modulation of the Hadley cell over the
GATE region was discussed by McBride and Gray
(1980), who postulated that enhanced nighttime radia-
tive cooling in the stratocumulus regime to the north of
the ITCZ results in a local increase in large-scale sub-
sidence. With a response lag of several hours this en-
hanced subsidence will in turn cause an increase in the
low-level convergence of mass into the ITCZ. While
the phase differences depicted between the trades and
ITCZ regions in Fig. 16 support McBride and Gray’s
general findings of a diurnally modulated Hadley cell,
how the diurnal variability of mass flux within the stra-
tocumulus regime fits into this picture is less clear.

5. Summary and concluding remarks

A variety of observations and model-generated ra-
diative heating profiles have been used to examine the
diurnal variability of various fields over the ASTEX
domain. A summary of the major findings are listed
here.

R On a diurnal timescale, low cloudiness over the AS-
TEX triangle varies from a maximum of 54% around
0500 LST to a minimum of 39% around 1500 LST

(Fig. 4). While low cloudiness decreases from north
to south across the ASTEX domain, its diurnal vari-
ation increases.

R A phase reversal in divergence near 1.8 km results in
a diurnal vertical motion maximum near this level. At
this level the ASTEX area-averaged subsidence ex-
hibits a modest diurnal modulation varying from 2.05
hPa h21 at 1000 LST to 2.95 hPa h21 at 2200 LST.
Recent global analysis of diurnal surface divergence
reveals large regional variability over the North At-
lantic. Since the ASTEX triangle covers such a large
area, its analysis of low-level divergence and vertical
motion will be influenced by this spatial variability.

R Model-generated radiative heating profiles (Fig. 10)
show a maximum cooling near cloud top between
0400 and 0700 LST and a minimum in cooling (de-
viation heating) at 1300 LST, which extends deeper
into the cloud layer. During the daytime hours, the
longwave cooling near cloud top and shortwave heat-
ing within the cloud layer tend to destabilize the cloud
layer, leading to a well-mixed cloud layer. Also, as
the cloud layer warms it becomes stably stratified rel-
ative to the subcloud layer. This can lead to decoupling
between the two layers. Consistent with the diurnal
cycle of fractional cloudiness in Fig. 4, this decou-
pling leads to a thinning or even breakup of the cloud
layer as solar absorption and dry air entrainment from
above will cause evaporation of the cloud water, while
the moisture supply at cloud base is reduced.

R Budget equations are used with a humidity-corrected
Q2 field and diurnally varying radiation profiles to
compute the diurnal cycle of vertical eddy fluxes of
moist static energy for ASTEX. The results show a
diurnal amplitude in this eddy flux field that peaks
just below cloud top (near 1.2 km) and a variation at
this level from 22 W m22 at 1300 LST to 98 W m22

at 0400 LST. This cycle of eddy fluxes correlates well
with changes in boundary layer moisture, suggesting
that the early morning peak in convective activity re-
sults in a drying of the subcloud layer due to an en-
hanced moisture transport out of this layer.

R In general, our observations and computations support
the notion that cloud–radiative processes are of pri-
mary importance, with large-scale subsidence playing
a lesser role in determining the characteristics of the
diurnal signal over ASTEX.

Because of the importance of radiative effects in the
diurnal variations over ASTEX, one might expect the
amplitude of the diurnal cycle to be largest near the time
of the summer solstice. This view is supported, in part,
by Rozendaal et al. (1995), who observed that the largest
diurnal variations in marine low cloudiness as detected
in ISCCP data occur during the summer months. This
suggests that the diurnal amplitudes observed during the
ASTEX period (June 1992) are near their annual max-
imum.

To provide a larger-scale context for the ASTEX re-
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sults summarized above, we also examined the diurnal
cycle of low-level divergence over other regions of the
North Atlantic. Dai and Deser’s diurnal analysis of sum-
mertime surface divergence over the North Atlantic
(Fig. 16) reveals a complex pattern with alternating
phase in latitude belts across the North Atlantic. Diurnal
analyses of low-level divergence and vertical motion
from three summer field programs (BOMEX, GATE,
and ASTEX) support this general picture of alternating
phase. The phase difference between the adjacent trade
wind and ITCZ regions in the North Atlantic suggests
that the Hadley cell over this region pulses diurnally
with a stronger circulation in the late morning hours.
The relationship between the diurnal cycle of divergent
flow in the North Atlantic stratocumulus regime and the
diurnally pulsing Hadley cell to its south is unclear and
needs further study.

Several mechanisms have been considered to explain
the diurnal cycle of low-level winds, divergence, and
convection over the North Atlantic. Proposed mecha-
nisms responsible for the diurnal cycle of deep con-
vection over the tropical oceans include the remote re-
sponse of convection to day–night variations in the tro-
pospheric longwave cooling in clear versus cloudy re-
gions (Gray and Jacobson 1977; Foltz and Gray 1979)
and local changes in stability due to direct cloud–ra-
diation interactions (Randall et al. 1991). Radiative and
latent heating can also result in diurnally varying forced
dynamical responses. Within the trade wind regime of
BOMEX, Nitta and Esbensen (1974a) suggested that
diurnal variations were a remote response to land–sea
heating contrasts from the South American coast. While
some evidence exists that a sea-breeze type instability
is affecting the BOMEX region, it is far from conclu-
sive. From their global analyses of surface divergence,
Dai and Deser (1999) show that a land–sea diurnal cir-
culation exists over many regions of the globe and is
likely responsible for the diurnal cycle over oceanic
regions close to the continents. The land–sea-breeze
mechanism was investigated over the ASTEX domain
using a simplified version of a mesoscale model. Pre-
liminary simulations with this model suggest that the
land–sea-breeze circulations from the African continent
and a larger island in close proximity to PS have little,
if any, effect upon the diurnal flow field over ASTEX.
However, if we hope to unravel the mechanisms re-
sponsible for the complex diurnal flow patterns ob-
served across the North Atlantic, more realistic three-
dimensional simulations, including the effects of clouds,
radiation, and topography, are required.
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APPENDIX

Experimental Design and Model Configuration for
Land–Sea Breeze Simulations

The Regional Atmospheric Mesoscale System version
3b (Walko et al. 1995) was used to investigate the effects
of sea-breeze circulations from the African continent
and Madeira Island on the diurnal flow over the ASTEX
domain. Two simulations were run: the first with no
offshore island was designed to examine the effects of
the African continent alone; the second included an is-
land the approximate size of Madeira (10 km 3 60 km)
placed 800 km off the African coast. Both simulations
were run on a two-dimensional east–west-oriented grid
slice, which was 2000 km in length and 6 km high. The
grid was centered at the latitude of Porto Santo (338N)
and at 128E with a horizontal resolution of 10 km and
a variable vertical resolution that ranged from 25 m near
the surface to 1000 m near the upper boundary. Sim-
ulations were run for 72 h of model time with a time
step of 30 s. The Porto Santo mean sounding for June
1992 (Schubert et al. 1992) was used to homogeneously
initialize the thermodynamic structure. The kinematic
structure was initialized as a state of rest. Land surfaces
were assumed to be covered with short grass and to-
pography was ignored. The SST was assigned from a
database of mean June values.

In the African simulation with no offshore island, the
land–sea-breeze circulation extended offshore ;800
km. In the lowest 3 km, subsidence occurred in the
vicinity of PS between 1200 and 2100 LST with a peak
subsidence rate of 0.5 cm s21 at 2100 LST. Easterlies
winds were observed near PS from 0700 to 1100 LST
with westerlies from 1500 to 2300 LST. In the second
simulation, which included Madeira, the sea-breeze cir-
culation extended outward about 100 km from the is-
land. In the lowest 3 km, subsidence occurred in the
vicinity of PS between 1200 and 1900 LST with a peak
subsidence rate of 2.5 cm s21 around 1430 LST. East-
erlies winds were observed near PS from 0700 to 2000
LST with westerlies from 2300 to 0500 LST. While
certain features in both simulations bear some resem-
blance to observations at PS (e.g., Figs. 8 and 13 show
low-level deviation zonal winds at PS with an easterly
component from 0700 to 1300 LST and a westerly com-
ponent from 1900 to 0400 LST), the simulated vertical
motion fields are inconsistent with the diurnal cloud
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boundary variations at PS depicted in Fig. 5. The ram-
ifications of these simulations are discussed in the text.
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