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It is known that stratus-topped marine 
boundary layers in the mid-latitudes are subject 
to significant diurnal changes in structure 
caused by solar heating (Nicholls, 1984, 
Hignett, 1991). One characteristic of the 
transition cloud regime that has not been 
thoroughly explored is its diurnal variability. 
Although this variability has been previously 
discussed by Miller and Albrecht (1995) and 
Rogers et al. (1995), in both of these studies 
the size of the database used was restrictive: 
24 hours in former case and only 1 hour in the 
latter case. Thus, it is of importance to 
examine the diurnal characteristics of transition 
cloud structure in a larger data sample to 
validate the conclusions of these previous 
studies and to enhance our understanding of 
the effects of this duimal variability on the 
climatology of the ttansition itself. 

The Atlantic Stratocumulus Transition 
Experiment (ASTEX, Albrecht et al., 1995) 
was designed to help understand transition 
clouds by making comprehensive 
measurements of their structure over a one- 
month period. Data collected using a suite of 
in-situ and surface-based remote sensors 
deployed on the island of Santa Maria (37" N, 
25 w) during this experiment &e analyzed 
below. These sensors were used to sample the 
clouds from a Eulerian perspective and 
quantify the cloud, precipitation, and 
thermodynamic structure in a column above 
the surface site, while at the same monitoring 
the effects of this structure on the surface 
radiative fluxes. While such a dataset cannot 
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serve as a proxy for obtaining a global 
climatology of transition clouds h m  satellites, 
it can be used to validate satellite hdiance- 
based retrieval algorithms and to study cloud 
properties that may not be adequately deduced 
from satellite measurements. 

Diurnal changes in stratus cloud 
structure are caused by radiation-induced 
changes in mixing processes. In extreme 
cases, the marine boundary layer may seperate 
into multiple mixed layers that do not interact, 
the uppermost layer being the only one capable 
of supporting mixing clouds. This seperation 
into non-interacting sublayers is termed 
decoupling. In general, however, the sublayers 
interact sporadically through cumulus 
convection that is initiated by the accumulation 
of moisture in the sublayer adjacent the ocean 
surface. In this situation, the state of the 
marine boundary layer can be described as 
intermittently decoupled. 

The thermodynamic structure of an 
intermittently decoupled marine boundary 
layer is shown schematically in Figure 1 and 
described using terminology suggested by 
Miller and Albrecht (1995). In daytime 
soundings from the ASTEX, a shallow stratum 
is found above the surface layer in which the 
vertical gradients of 0 and 0, are nearly zero. 
This stratum has ahigher mixing ratio than the 
layers above and is tenned the surface moist 
hyer and its upper boundary is called the 
transition level. From *e transition level to 
the b-f the trade 



gradients of 6 and 6, become positive. 
Because a layer of stratus is often found 
beneath the inversion in this upper stratum, it 
is termed the stratus layer. Note that stratus 
may not occupy the full depth of the stratus 
layer and that the transition level represents the 
lower boundary of a weak inversion. 

The thermodynamic profde shown in 
Figure 1 can support both mixing and 
convective clouds and, as a result, it is 
necessary to define two additional sublayers to 
account for this possibility. Cumulus clouds 
with bases at zta can potentially rise to the 
base of the trade inversion, so the cumulus and 
subcloud layers are defined accordingly. 
Cumulus elements can form in a decoupled 
envkopment because the surface moist layer 
moistens with time. A rough measure of the 
buoyancy experienced by a parcel that is lifted 
from the subcloud layer to the surface lifting 
condensation level, zm, is 8, (SML) - 8, 
(SL), where 8, is the equivalent potential 
temperature, the subscript s denotes 
saturation, and the acronyms SML and SL 
indicate the surface moist layer and the stratus 
layer, respectively. A dotted line has been 
placed on the diagram to help illustrate this 
condition. It can be demonstrated that the 
minimum possible depth of the subcloud layer 
is the depth of the surface moist layer and it.  
should be noted that the stratus and cumulus 
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layers overlap. 

The location of zuL is a critical 
variable in this fhermodynamic system, because 
latent heat release associated with 
condensation provides additional energy that 
can be used to overcome the negative 
buoyancy experienced by parcels as they 
penetrate the weak inversion just above the 
transition level. Under some conditions, 
cumulus clouds associated with parcels that 
have low enough za's may form at the base of 
the cumulus layer, but have insufficient energy 
to develop vertically and reach the stratus 
beneath the inversion. Thus, this 
thermodynamic structure can easily support 
two nearly decoupled cloud layers. Strictly 

speaking, these two cloud layers are not 
completely decoupled because the penetrating 
cumulus elements detrain moisture into the 
stratus layer. If parcels from the surface moist 
layer can overcome the weak inversion above i 

the transition level, they will reach their level 
of free convection shortly thereafter, and rise 
into the stratus that may occupy the upper 
portion of the stratus layer. Hence, this 
vertical structure not only allows for 
decoupled cloud layers to exist, but it may 
permit rising cumuIus to interact with the , 
stratus above. 

2. Data Collection and Processing 

The instrument package deployed by 
Penn State University to measure cloud and 
boundary layer structure during ASTEX 
included standard surface sensors, 
radiosondes, a Viiisiila laser ceilometer (model 
CI' 12K), a Pchannel microwave radiometer, 
and a 94 GHz radar. These sensors were 
deployed on northwestern coast of the island 
of Santa Maria in the Azores and operated for 
27 days during the experiment. The 
specifications of this suite of sensors can be 
found in Miller and Albmht (1995). 

Half-hour averages of the cloud 
fraction, cloud thickness, integrated cloud 
liquid water content, and surface rainfall rate 
are used to describe the state of the cloud 
structure in this paper. The characteristics of 
this cloud field are sampled during a period 

Figure 1. Schematic diagram of the 
thermodynamic structure of an intermittently 
decoupled marine boundary layer. 



At,, by narrow-beam, zenith-pointing 
instruments and these samples are averaged 
over a period At,. In this study, At,, = 30 
seconds and At, = 0.5 hours and the cloud 
fractional coverage is given byf = At, At, -’, 
where At, is the time period during which 
cloud echoes are detected. Becausef is 
frequently less than unity, it is necessary to 
divide the half-hour averages of cloud top 
height, cloud base height, cloud thickness, 
cloud liquid water, and precipitation rate by$ 
This normalization technique is used to 
compute all of the averages presented below. 

sunrise at -0630 UT and a strong, rapid 
increase in the same three variables after - 1600 UT until sunset at -2100 UT. Despite 
some variability in the observed cloud and 
thermodynamic structure during the nightime, 
no well-defined trend is evident. Interestingly, 
the cloud thickness remains relatively constant 
through the diurnal cycle (recall that this is 
the thickness of individual cloud elements 
since the data have been normalized by cloud 
fraction), although Figure 3 shows that the 
cloud fixtion decreases in response to solar 
heating. \ \ 

To satisfy the needs of the current 
study, the surface air temperature in the marine 
boundary layer is assumed to be constant. The 
bulk of the data analyzed below was collected 
during mid-June when the air temperature 
measured by a nearby ship was - WC, which 
is the surface temperature used to compute 
L U Z .  

cloud statistics computed from the 
measurements taken on Santa Maria are 
representative of the stratus cloud system over 
open ocean, a stringent conditional sampling 
strategy was developed to minimize potential 
island effects. Out of a possible 648 hours of 
available data, 218 hours (33.6%) were found 
not to be island-influenced, but only 176 
hours (27%) had a northeasterly wind 
component representative of the 
climatological mean flow in the region. 
Accordingly, these 176 hours (-7.3 days) are 
analyzed below. 

- 
To ensure that the boundary layer 

3. Results 

The diurnal cycle of the marine 
boundary layer inversion height, zi, cloud 
boundaries, cloud thickness, z, , and surface 
LCL is shown in Figure 2, along with fa- 
order polynomial fits to highlight trends in 
these data. This fit must be viewed with some 
caution near the boundaries of the plot (-oooO 
UT), as is the case with all polynomial fits. 
Despite this shortcoming, the figure illustrates 
a steady decrease in the cloud base, cloud top, 
and surface lifting condensation level after - 
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Figure 2. Composite half-hour averages of 
cloud top height (squares), cloud base height 
(diamonds), lifting condensation level 
(circles), and cloud thickness (triangles) for 
the 7.3-day sample. The solid lines are 5th 
order polynomial fits to the data 
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Figure 3. Composite half-hour averages of 
cloud fraction (diamonds) for the 7.3-day 
sample. The solid line is a 5th order 
polynomial fit to the data. 



. .. - The observed decrease in the cloud - 
base height during the daytime is 
accompanied by a similar decrease in the 
lifting condensation level due to the 
accumulation of water vapor in the 
intermittently decoupled surface moist layer. 
The evolution of the surface mixing ratio is 
shown in Figure 4. Although water vapor is 
being transported out of the surface moist 
layer through cumulus convection, the water 
vapor flux due to the convective elements is 
inadequate to offset the moisture being added 
to the layer through the surface water vapor 
flux and evaporating drizzle. 

Another interesting component of the 
diurnal cycle in the transition region is the 
presence of morning and evening maxima in 
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Figure 4. Composite half-hour averages of the 
surface mixing ratio (diamonds) for the 7.3 
day sample. The solid line is a 5th order 
polynomial fit to the data. 

Figure 5. Composite half-hour averages of the 
surface rainfall rate (diamonds) for the 7.3 
day sample. The solid line is a 5th order 
polynomial fit to the data. 

the surface drizzle rate as shown in Figure 5. 
Both of these peaks in the surface drizzle rate 
correspond to periods of transition within the 
marine boundary layer as evidenced in Figure 
2. The morning peak is the most prominent 
and suggests drizzle rates that are 
approximately twice as large as those 
observed during the late afternoon and at 
night. 
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4. Conclusions 

It canbe concluded from these data \ 

that the marine boundary layer in the 
transition regon shows a well-defined 
response to solar heating, and that this 
response is a gradual decrease in cloud top 
height, cloud base height, zLa, and cloud 
fraction. The decease in z,, is caused by an 
increase in the mixing ratio of the surface 
moist layer. In addition, the surface drizzle 
rate exhibits diurnal variability in the form of 
morning and late afternoon maxima. In 
contrast to all of the other variables examined 
in this study, the normalized cloud thickness 
showed little diurnal variability. 
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