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ABSTRACT

To aid in understanding the role that marine boundary layer (MBL) clouds play in climate and assist in
improving their representations in general circulation models (GCMs), their long-term microphysical and
macroscale characteristics are quantified using observations from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) instrument aboard the National Aeronautics and Space Administration’s
(NASA's) Terra satellite. Six years of MODIS pixel-level cloud products are used from oceanic study
regions off the west coasts of California, Peru, the Canary Islands, Angola, and Australia where these cloud
types are common. Characterizations are given for their organization (macroscale structure), the associated
microphysical properties, and the seasonal dependencies of their variations for scales consistent with the
size of a GCM grid box (300 km X 300 km). MBL mesoscale structure is quantified using effective cloud
diameter Cj,, which is introduced here as a simplified measure of bulk cloud organization; it is straightfor-
ward to compute and provides descriptive information beyond that offered by cloud fraction. The interre-
lationships of these characteristics are explored while considering the influences of the MBL state, such as
the occurrence of drizzle.

Several commonalities emerge for the five study regions. MBL clouds contain the best natural examples
of plane-parallel clouds, but overcast clouds occur in only about 25% of the scenes, which emphasizes the
importance of representing broken MBL cloud fields in climate models (that are subgrid scale). During the
peak months of cloud occurrence, mesoscale organization (larger Cj,) increases such that the fractions of
scenes characterized as “overcast” and “clumped” increase at the expense of the “scattered” scenes. Cloud
liquid water path and visible optical depth usually trend strongly with C,, with the largest values occurring
for scenes that are drizzling. However, considerable interregional differences exist in these trends, suggest-
ing that different regression functionalities exist for each region. For peak versus off-peak months, the
fraction of drizzling scenes (as a function of Cj) are similar for California and Angola, which suggests that
a single probability distribution function might be used for their drizzle occurrence in climate models. The
patterns are strikingly opposite for Peru and Australia; thus, the contrasts among regions may offer a test
bed for model simulations of MBL drizzle occurrence.
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1. Introduction

Marine boundary layer (MBL) clouds represent a cli-
matologically significant influence on the global energy
and water cycle (Randall et al. 1984). Because they
possess an albedo that is much larger than the under-
lying ocean surface, these clouds cause a significant de-
crease in the amount of solar radiation absorbed in the
ocean’s mixed layer, with minimal compensation in
thermal radiation emitted to space. In fact, obser-
vations of the top-of-atmosphere radiation balance
measured by the Earth Radiation Budget Experi-
ment (ERBE) satellite and the cloud fields observed by
the International Satellite Cloud Climatology Project
(ISCCP) show that low clouds provide the largest net
radiative cloud forcing of any cloud type (Hartmann et
al. 1992). Despite their importance, the albedo of sub-
tropical MBL clouds is poorly simulated by climate
models (Zhang et al. 2005; Bender et al. 2006). It has
even been shown that their simulation and response to
changing environmental conditions is the main source
of uncertainty in tropical cloud feedbacks simulated by
climate models (Bony and Dufresne 2005). These ra-
diative impacts are influenced by both macro- and mi-
crophysical properties of the clouds that are not fully
understood, and their accurate representation in climate
models is essential for obtaining realistic simulations.

The nature of this problem is shown in Fig. 1, which
illustrates the complex structure that often exists within
MBL cloud regions. General circulation models
(GCMs) that are used for long-term climate simulations
typically have a horizontal grid resolution of approxi-
mately 300 km; so dramatic variations in MBL cloud
structure are possible even within one model grid cell.
Such variations clearly have important impacts on the
albedo of the system, and understanding them will re-
quire a description of how the cloud field is organized
(on the macroscale), the associated microphysical prop-
erties (e.g., liquid-water path and drop size), as well as
their dependence on the atmospheric physical, dy-
namic, and thermodynamic properties.

For some time, satellite-borne instrumentation has
provided the means for observing the intricate structure
of MBL cloud fields (e.g., Agee 1984). The description
of these fields continues to improve with the deploy-
ment of more advanced sensors (e.g., Garay et al. 2004),
as well as through the considerable advances in retriev-
ing cloud properties from the measured radiances (e.g.,
liquid water path and cloud drop size). However, de-
spite these advances, the cloud properties normally
available to the broader climate modeling community
involve bulk properties such as cloud fraction, which is
certainly not sufficient to quantify this structure. A no-
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F1G. 1. Marine boundary layer cloud scene. This Terra MODIS
scene illustrates the complex structure that often exists within
MBL cloud regions. The region shown is about 750 km on each
side and is from off the coast of California on 2 Jan 2005. The
image uses reflected radiances for MODIS band 3.

table exception is the recent work by Wood and Hart-
mann (2006), who developed a neural net to use pixel-
level satellite data to classify the MBL mesoscale cel-
lular convection (MCC) within scenes (e.g., no MCC,
closed MCC, open MCC, cellular but disorganized).
Their study was performed for 2 months of data for
regions off the coasts of California and Peru.

As such additional cloud structure information be-
comes available, its utility to the modeling community
depends on it being represented (packaged) in vari-
ables that can be related to those used in the climate
models. The cloud property variations seen in Fig. 1
occur at a scale that is much finer than the model reso-
lution; however, the figure also shows that similar fine-
scale variations occur across regions that are much
larger than the individual variations. These features
suggest that the governing processes may interact with
the mesoscale through mechanisms that could be rep-
resented even at the relatively low resolution of most
current climate models. For example, Cusack et al.
(1999) showed, using a high-resolution forecasting
model, that the subgrid-scale variance of cloud and at-
mospheric properties with a GCM grid box can be pa-
rameterized from larger-scale variations that are re-
solved by the GCM.

The physical processes that are responsible for struc-
tures seen in the MBL cloud fields are not fully under-
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stood, but recent research has indicated that the occur-
rence of drizzle may play a key role in forming and
sustaining the observed structures. Observational stud-
ies have investigated pockets of open cells (POCs) that
are embedded in otherwise uniform stratocumulus, and
resemble broader regions of open mesoscale cellular
convection typically found farther offshore (Stevens et
al. 2005). POCs and open mesoscale cellular convection
are long lived and contain pronounced amounts of
drizzle, which is in contrast to the substantially smaller
amount of drizzle found in the surrounding unbroken,
stratiform MBL clouds (Comstock et al. 2007). Large-
eddy simulation (LES)-based studies support that,
when drizzle processes are included, mesoscale organi-
zation emerges in the form of cloud bands as the well-
mixed MBL (with stratiform cloud) transitions into a
convective boundary layer regime (Mechem and Kogan
2003). In addition to the greater amounts of drizzle and
mesoscale variability, the POCs also differ microphysi-
cally from the stratiform MBL cloud regions by having
a smaller amount of liquid water and larger effective
radii (Wood and Hartmann 2006). Evidence suggests
that the differences in precipitation amounts between
the POCs and stratiform regions may be caused by dif-
ferent amounts of cloud condensation nuclei available
from aerosols (Sharon et al. 2006; Petters et al. 2006;
Rosenfeld et al. 2006), where the effects may depend on
the combined influences of aerosols, thermodynamics,
and the diurnal cycle (Matsui et al. 2006).

In this paper, to aid in understanding the role MBL
clouds play in climate and assist in improving their rep-
resentations in climate models, we use satellite data to
characterize the organization of MBL cloud systems
across the globe (macroscale structure), their associ-
ated microphysical properties (e.g., liquid water path
and particle size), and the seasonal dependence of their
variations. The interrelationships of these characteris-
tics are explored while considering the influences of the
MBL state, including the occurrence of drizzle. While
many prior studies have investigated MBL cloud prop-
erties for either a specific region or a limited period,
additional insights can be obtained by examining global
and seasonal (long term) differences, as has been done
by studies that used either ship-based observations
(e.g., Klein and Hartmann 1993; Norris and Leovy
1994) or satellite data (Rozendaal and Rossow 2003).
Our analyses use six full years of satellite data from the
Moderate Resolution Imaging Spectroradiometer
(MODIS) aboard the National Aeronautics and Space
Administration’s (NASA’s) Terra satellite to examine
the seasonal interregional differences in MBL cloud
properties in five oceanic regions where these cloud
types are typical. Similar to other work (e.g., Xu et al.
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2005; Zhou et al. 2006), we construct probability distri-
bution functions (PDFs) of many of the properties as a
means to quantify the property variation across the re-
gion. As will be seen, we use extensive amounts of
pixel-level satellite data to enable screening and analy-
ses that would not be possible with coarser (gridded)
datasets, such as quantifying the cloud-to—cloud scale
(macroscale) structure within each MBL scene. The in-
tended use of these relationships is to aid in improving
GCM representations of MBL clouds through simula-
tion evaluation and parameterization development of
these MBL cloud characteristics.

The study is presented as follows: Section 2 describes
the pixel-scale MODIS cloud property retrievals used,
including considerations and minor modifications ap-
plied to their values. Section 3 describes the methodol-
ogy, which includes the location of the MBL study re-
gions used, and the procedures used to select and
screen for MBL scenes of the area of a GCM grid box
(300 km X 300 km). Special attention is given to steps
taken to minimize the potential uncertainty in the cloud
microphysical retrievals that can be caused by partially
filled cloud pixels or 3D effects. This section also de-
scribes the calculation of the effective cloud diameter,
which we use to quantify the bulk cloud—to—cloud scale
structure within each scene. The measure it provides of
the cloud macroscale structure is coarse; however, it is
simple to compute and provides cloud structure infor-
mation beyond that available from cloud fraction, yet
can be approximated by grid-scale variables computed
in GCMs. Section 3 contains the results of the analysis
that uses six full years of satellite data for multiple
MBL cloud regions, and includes differences in the re-
gional and seasonal variations of cloud diameter. We
explain how drizzle occurrence is determined from the
data, and show how its regional and seasonal variations
are related to those in cloud diameter and the cloud
microphysical properties (e.g., liquid water path, drop
size, and optical depth). The objective of this study is to
determine the seasonal and regional variations that ex-
ist in cloud macroscale structure (cloud diameter),
drizzle frequency, and their associated microphysical
properties, such that they may be used in GCM climate
model validation and parameterization development. It
is beyond the scope of this study to determine how
these interrelationships impact the radiative budget or
are affected by factors such as the meteorological state
and aerosol properties, which will be the subject of later
research.

2. Terra MODIS data

The data used are from the MODIS instrument de-
ployed on NASA’s Terra satellite that was launched on
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18 December 1999. Terra is a sun-synchronous, polar-
orbiting satellite that has an equatorial overpass at ap-
proximately the same local time (LT) once daily in the
ascending (2230 LT) and descending (1030 LT) nodes.
The orbit precesses to provide a view of the entire
earth’s surface every 1-2 days. We only use data from
the 1030 LT overpass because many of the MODIS
retrievals we use require solar illumination. The Terra
MODIS data collection began in February 2000. Each
scan consists of a 2330-km swath of upwelling radiance
measurements in 36 spectral bands from 0.4 to 14.4 um
that have horizontal resolutions ranging from 250 to
1000 m. The MODIS Atmosphere Team uses combi-
nations of these spectral observations to determine a
cloud mask and retrieve cloud physical and radiative
properties (Platnick et al. 2003; King et al. 2003). We
use version 4 of the MODIS instantaneous pixel-level
cloud product retrievals (MODO06_L2). With the analy-
sis methodology we employed (described next section),
negligible differences were found in most of our MBL
cloud statistics when results using version 4 MODIS
cloud products were compared with those using version
5. The single exception is for effective cloud diameter,
which is easily understood and discussed later in the
relevant section.

The primary MODIS products used here include the
cloud mask, the midvisible cloud optical thickness (7,
at 0.66 wm), liquid water path (LWP), and hydrometeor
effective radius (R.g). These data are provided at a
nadir resolution of 1 km. The MODIS team derives T,
and R,y using radiances from three water-absorbing
bands (1.6, 2.1, 3.7 um) and one of three nonabsorbing
bands (0.65, 0.86, 1.2 wm), based on a library of results
for plane-parallel homogeneous liquid and ice clouds
(Platnick et al. 2003). The LWP is derived from these
quantities using the relation LWP = 2/3p1; R ¢ (King
et al. 1998), where p is the density of water. (The
MODIS version 4 processing inadvertently used 3/4 in-
stead of 2/3, which we corrected as per the “Known
Problems” documentation available online at http:/
modis-atmos.gsfc.nasa.gov/MODO06_L2/qa.html). For
the purposes of cloud screening, we use the MODIS
cloud-top pressures (CTPs) that, for clouds below 700
hPa, are determined by comparing the 11-um infrared
window brightness temperature with a temperature
profile from the National Centers for Environmental
Prediction (NCEP) analyses (Menzel et al. 2002).

We modified the cloud mask to classify pixels with
LWP < 3 g m~? as invalid data, because visual inspec-
tion suggested that those retrievals were suspect. The
MODIS cloud mask includes classifications of “cer-
tainly cloudy” and “likely cloudy,” and the MODIS
products are only retrieved for the certainly cloudy pix-
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els. We use both classifications to determine our cloud
boundaries, but accept the scene only if the certainly
cloudy pixels are a significant fraction of the (total)
cloudy pixels. This ensures that the cloud mask used for
the cloud fraction (and, as discussed later, cloud diam-
eter) is relatively insensitive to the partitioning between
the “certain” and “likely” classifications and, because
retrievals are only available for certainly cloudy pixels;
this also ensures that the retrievals exist for the vast
majority of the cloudy pixels used. The threshold re-
quires that the ratio (certain to total cloudy pixels) is in
the top 90th percentile certainty for all observations.
The threshold, which varies slightly with cloud fraction,
is always greater than 0.85 and is usually greater than
0.95, which means that the microphysical properties
have been retrieved for most of the cloudy pixels.

Deriving LWP from the cloud optical depth and R
depends on assumptions about the cloud vertical struc-
ture. The equation above makes the common assump-
tion that the liquid water content (LWC) and R, are
constant with height. However, R is representative
only of the cloud top, and a proper retrieval of LWP
would require the in-cloud profile of R, (e.g., Chang
and Li 2003). Wood and Hartmann (2006) note that
observations of MBL clouds indicate that LWC often
increases linearly with height from cloud base while
cloud droplet concentrations remain approximately
constant. They conclude that a more appropriate equa-
tion for boundary layer clouds is LWP = 5/9p7;R.¢,
which results in LWPs that are 0.83 times those that
assume constant LWC and R.; with height. This ap-
proach is valid for MBL clouds, although observations
indicate that it would not be valid for continental
boundary layer clouds (Miles et al. 2000). Because this
paper deals only with marine boundary layer clouds,
we adopt and apply the 0.83 factor to the (corrected)
MODIS LWP.

3. Methods and analysis

a. Marine boundary layer study regions

We focus our attention on five major subtropical
MBL cloud study regions. The general regions are the
same as those identified in Loeb and Coakley (1998),
but whose areas were expanded based on the ship-
based observer climatologies shown in Klein and Hart-
mann (1993) and Norris and Leovy (1994). The addi-
tional area allows for capturing the MBL cloud decks
within our MODIS study regions, because their loca-
tions during the MODIS observation period might fluc-
tuate relative to their climatology. The five study re-
gions and their latitudes and longitudes are given in
Table 1 and are displayed in Fig. 2. Cloud data over any
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TABLE 1. MBL study regions. The latitude and longitude boundaries are given for each study region. A MBL scene is defined as a
300 km X 300 km grid box that satisfies the selection criteria given in the text. The three peak months refer to the three contiguous
months that contain the maximum number of MBL scenes per region. The locations of the regions are plotted in Fig. 2. A total of 38 550
independent MBL cloud scenes are identified in our 6-yr dataset spanning March 2000-February 2006.

Region name Latitude/longitude bounds

Total number of MBL scenes Peak 3 months

Angola —25°to 0°N —20° to 15°W
Australia —40° to —15°N 85°to 115°W
California 20° to 40°N —140° to —115°W
Canary Islands 5°to 30°N —45°to —10°W
Peru —35°to 5°N —100° to —70°W

13136 September—-November
4210 December—February
4835 July-September
4727 May-July

11 642 July-September

land surface areas that might intersect the regions are
removed from the analysis.

Our objective is to analyze the MBL cloud properties
for these five regions throughout multiple seasonal
cycles of MODIS observations to enable analyzing
cloud occurrence and variations in their microphysical
and macrophysical properties. To do so, we acquired 6
yr of the pixel-level Terra MODIS cloud products
(MODO06_L2) for our regions from March 2000 to Feb-
ruary 2006 from the Goddard Distributed Active Ar-
chive Center (DAAC). The data are obtained from the
DAAC in the form of granules (the approximate size of
a granule is 2030 km X 1354 km), and the parts of the
granules that were within one of our study regions (Fig.
2) were subset and stored for later analysis. Overall,
this process involved acquiring about 4.7 Tbytes of
MODO06_L2 data from the DAAC.

b. Scene selection

Our goal is to investigate the mean properties of
MBL clouds and their associated variability on the scale

of a GCM grid box. The size of the grid box used here
is 300 km on each side, which is the size typically used
by GCMs for long-term climate simulations. One of the
reasons for working with the volume-intensive pixel-
level MODIS products, rather than the less voluminous
gridded data (e.g., level-3 data), is to enable careful
selection and quality control of our MBL scenes. Each
data file acquired from the DAAC potentially contains
multiple candidate MBL scenes (i.e., one scene per grid
box), which are located and evaluated (quality con-
trolled) using an automated set of procedures. A can-
didate scene is located within a granule by moving a 300
km X 300 km window across the region in a stepwise
search pattern. If a candidate scene satisfies the criteria
for a MBL scene, its pixels are removed from the search
array to prevent being reused in later scenes, thereby
ensuring that each scene is independent.

A candidate scene is first screened using MODIS
quality control flags and solar geometry requirements.
Any portion of the file that contains sun glint is ex-
cluded, because it may render cloud retrievals in that

F1G. 2. Map of MBL cloud study regions. Each box indicates the location of a major MBL
cloud region, based on the surface-based climatologies in Klein and Hartmann (1993) and
Norris and Leovy (1994). The latitude—longitude bounds for each region are given in Table 1.
Six years of data are obtained for each study region, spanning March 2000-February 2006.
Cloud data over any land areas within the study regions are removed from the analyses.
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region suspect. In some cases, this can exclude half of
the data within the file. This has a benefit of also re-
moving data from the forward-scattering direction that
can have biases in cloud optical depth retrievals result-
ing from variations in cloud-top topography (Loeb and
Coakley 1998). To avoid retrieval problems associated
with low sun angles (Loeb and Davies, 1996), the solar
zenith angle and satellite viewing angles are required to
be less than 60°. A minimum cloud fraction of 20% is
required, and 90% of a scene’s cloud pixels must be
valid (i.e., not invalid by the MODIS quality control
flags).

Scenes containing significant amounts of other cloud
types are rejected. For example, regions containing cir-
rus cloud fractions greater than 10% are rejected, be-
cause it is uncertain that thin cirrus overlying MBL
clouds can be detected reliably. To determine whether
MBL clouds are the dominant cloud type within a
scene, each scene is tested for the presence of low cloud
decks with uniform cloud-top heights. This is deter-
mined by requiring that the median CTP of the pixels is
greater than 650 hPa, and that 50% of the CTPs are
within =10 hPa of the median. This removes scenes that
may contain frontal cloud systems or a significant num-
ber of penetrating convective clouds. We note that a
CTP of 650 hPa is higher in the atmosphere than ex-
pected for MBL clouds; however, this is only used as an
upper limit for candidacy and those that are selected
are much lower in the atmosphere, which is more con-
sistent with typical MBL cloud heights. When a scene is
accepted, any remaining pixels that have pressures less
than 650 hPa are flagged as invalid for our analysis. This
way, if we have a scene dominated by MBL clouds, but
including one penetrating convective cell (<10% of the
cloud pixels), the statistics for the MBL portion can still
be used. We note that the CTP reported as part of the
MODIS cloud product is subject to uncertainties likely
resulting from problems the algorithm has with match-
ing the observed brightness temperature to a unique
atmospheric level in the presence of a strong subsi-
dence inversion (Naud et al. 2005; R. E. Holz 2007,
personal communication); however, the values ob-
tained are still useful for determining when low cloud is
present and gross features, such as frontal slopes and
penetrating convection, can be eliminated because of
their much lower CTPs. A final criterion requires that
the cloud effective diameter be relatively constant
across the scene, and is described in section 3e.

c¢. Seasonal and diurnal aspects of MBL scene
occurrence

Based on these selection criteria, a total of 38 550
independent MBL cloud scenes are identified within
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F1G. 3. Occurrence frequencies of MBL cloud scenes. (a)
Monthly frequencies per region. The numbers of MBL cloud
scenes identified per month are combined from all years. (b)—(f)
Regional variations in MBL cloud scene occurrence. For each
region, the number of MBL scenes for all months are combined
and gridded. Results are displayed as a fraction of the respective
region’s maximum grid value (i.e., the maximum value in each 2D
plot is one). Occurrence frequency per region is binned on a 1°
grid.

our 6-yr dataset. The total number of scenes per region
is given in Table 1, and the annual cycles of the number
of scenes per region are plotted in Fig. 3a. A clear
seasonal cycle is found per region, which may be con-
sidered as a rough proxy for MBL cloud occurrence.
The number of monthly scenes per region can differ
from each other by a factor of 3 or more (Fig. 3a). This
can be explained by the different sizes in the study
regions (see Table 1), and by the variable fraction of a
region’s “true” MBL frequency accepted by our analy-
sis after rejecting scenes that are contaminated by high
clouds or other quality control issues. The fraction of
true MBL scenes rejected by such issues will vary be-
tween regions and even within a region over its sea-
sonal cycle. Our satellite sampling will be biased toward
cases dominated by high pressure systems, because our
method rejects scenes containing a significant number
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of high-level clouds (10% of cloudy pixels). During
peak months, large-scale subsidence generally exists
within our regions, which diminishes the chance of
high-level clouds; however, this is not the same case
during off-peak months, which increases the chances of
scene rejection. Because of seasonal differences in high
cloud occurrence, the seasonal patterns shown in Fig.
3a may be thought of as being representative of the
MBL cloud frequency, but they cannot be translated
directly into absolute seasonal cycles in MBL cloud oc-
currence.

For example, Klein and Hartmann (1993) used 30 yr
of ship-based observer reports (Woodruff et al. 1987) to
define climatologies for similar regions. They find a
stratus maximum in the Peru region around —20°S,
where we find a local minimum between the northern
and southern maxima. However, an inspection of
ISCCP cloud data reveals that midlevel clouds tend to
occur in this region with a maximum over the southern
portion of our defined region (from about —15° to
—30°S). For cases where MBL clouds are mixed with
midlevel clouds, we would reject the scene to avoid
contaminating our MBL cloud properties with those
from the midlevel clouds. Differences from Klein and
Hartmann may also arise because we do not limit our
definition of MBL clouds to large cloud fraction scenes.
We allow MBL scenes to be identified with cloud frac-
tions as low as 20%, which includes the transition re-
gion, and possibly the trade cumulus regions, that might
be classified differently in other cloud climatology stud-
ies. We feel these cloud systems should be included
because they are present within a continuum of dy-
namical conditions within the MBL.

Nevertheless, despite these differences, the seasonal
cycle that is found generally agrees well with that ob-
served by Klein and Hartmann (1993). The months of
peak MBL cloud frequency are easily identified and are
listed in Table 1, and only minor amounts of interan-
nual variability exist within our seasonal cycles (not
shown). We find similar peak months to those in Klein
and Hartmann (1993) for three of the five regions (Ca-
nary Islands, Angola, and Australia); however, the
peaks are slightly shifted for California (theirs are
June-August and ours are July-September) and Peru
(theirs are September—-November and ours are July—
September). These differences could be caused by the
following several obvious differences in the observation
methods: the locations of the study regions are slightly
different (their regions are subsets of our larger re-
gions); unlike the ship-based observations, our satellite
algorithm rejects scenes that are contaminated by high-
level clouds or sun glint; there are possible differences
caused by the diurnal sampling between the ship-based
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observations and the Terra satellite midmorning obser-
vation time; and our 6-yr study period is not equivalent
to the 30-yr period they used for their climatology. Also
included in Fig. 3 are the geographical distributions of
the MBL cloud occurrence within each region, which
show that the maxima are generally captured well
within our study regions. These distributions have com-
bined all years into a single image, but the general lo-
cations of the maxima do not shift significantly during
the seasonal cycle (not shown) although, of course,
their absolute magnitudes are modulated by the
seasonal cycle in the total number of scenes given in
Fig. 3a.

Klein and Hartmann (1993) concluded from their
analysis that the annual cycle of MBL cloud occurrence
is closely tied to the annual cycle of static stability in the
lower atmosphere. MBL clouds are also influenced by
the diurnal cycle of factors, such as boundary layer mix-
ing and cloud-top entrainment, which are driven by the
differential solar heating and infrared cooling at cloud
top. Generally speaking (e.g., summarized in Comstock
et al. 2005), at nighttime, infrared cooling causes air
parcels to sink, and they tend to mix (couple) the MBL,
as well as entrain drier air aloft at cloud top. As daytime
progresses, solar radiation heats the cloud top and re-
duces the effects of infrared cooling. This reduces the
amount of mixing within the MBL and, in particular,
below cloud base. This solar heating, assisted possibly
by drizzle in the early morning, can ultimately lead to
decoupling of the MBL, whereby the mixing no longer
extends through the depth of the MBL (i.e., across the
cloud and surface air layers). At nighttime, the infrared
cooling reenergizes the MBL mixing (coupling). While
this is a broad conceptual view of the diurnal cycle, it is
useful to bear in mind that the results presented using
data from the Terra satellite will tend to capture the
midmorning state of this diurnal cycle, which is gener-
ally a transition period between the coupled and de-
coupled states.

d. Acquiring scene statistics and uncertainties

For each scene that passes this rigorous screening, we
compute its cloud fraction and the mean of the cloud
pixels for 7., LWP, and R.. In addition to the items
discussed earlier, these cloud property retrievals can be
effected by uncertainties caused by some other consid-
erations that are addressed here. For example, retriev-
als of cloud properties from satellite data often assume
that the cloud within each pixel is overcast, as is as-
sumed for the MODIS retrievals. However, some pixels
might only be partially cloud covered and, if so, they
would masquerade to a retrieval algorithm as a thinner
cloud (e.g., Oreopoulos and Davies 1998). This would
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lead to overestimations in cloud amounts and R,
while underestimating visible optical depths and cloud
LWP (Coakley et al. 2005). To minimize the potential
impact of this uncertainty, we use a binary cloud mask
to locate pixels that reside at the edge of the cloud, and
remove them from our calculations of the mean. From
the edge, we remove only one pixel deep into the cloud.
We acknowledge that all of these pixels might not be
partially cloud filled and that we might be excluding
legitimate cloud variability that exists at cloud edge.
However, at least part of this variability will be cap-
tured by the neighboring cloud pixels that are not re-
moved, while erroneous retrievals of potentially par-
tially filled pixels would introduce biases with little to
no compensation. For the calculation of cloud fraction,
we have no choice but to use the MODIS cloud mask as
is (i.e., include potential partially filled pixels) because
its exclusion would only guarantee an underestimation
of the cloud fraction.

The MODIS cloud retrieval algorithm also makes the
common assumption that the radiance field emerging
from the cloud can be accurately interpreted using
plane-parallel radiative transfer theory. This assumes
that 3D radiative transfer effects are negligible, wheth-
er they are pixel-to-pixel exchanges of photons or shad-
owing of pixels by uneven cloud-top topography (e.g.,
Marshak et al. 2006). The presence of such 3D effects
can result in retrieval errors in cloud optical depth
(Loeb and Davies 1996; Loeb and Coakley 1998; Var-
nai and Marshak 2002a,b) as well as R.y (Bréon and
Doutriaux-Boucher 2005; Cornet et al. 2005; Marshak
et al. 2006). Correcting these potential 3D effects for all
of our study regions is beyond the scope of this study.
However, we note that the following considerations will
reduce the systematic effect of retrieval artifacts related
to 3D cloud geometry: 1) exclude the pixels at the edge
of the cloud, because 3D effects are arguably the largest
at a cloud edge; 2) seek the central tendency (average)
for a scene that is 300 km on each side so that a certain
amount of cancellation of 3D effects of opposite sign
can be expected in the averaging; 3) note that the tops
of many MBL clouds follow the top of the smoothly
varying boundary layer inversion (e.g., except for the
case of decoupling), and 4) use only scenes that have a
cloud fraction of 20% or more, which would tend to
avoid cumulus fields that are particularly problematic
(e.g., Marshak et al. 2006). Our approach seems to be
supported by the recent work of Vant-Hull et al. (2007),
who show that 3D effects on MODIS retrievals of ef-
fective radius are reduced by the combined contribu-
tions of removing one pixel from cloud edges and av-
eraging the results across a large area (e.g., as for our
300-km grid boxes). Further, at least one piece of cir-
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cumstantial evidence suggests that the effects of such
3D effects are minimized after augmenting the algo-
rithm and quality control practices used in the MODIS
products with our analysis procedure. Marshak et al.
(2006) show that, because retrievals using plane-
parallel theory cannot treat the shadowing of neighbor-
ing pixels caused by cloud-top height variations, such
cases will retrieve optical depths that are biased low
and R that are biased high. However, as will be seen
later herein, we find the opposite pattern (i.e., larger
optical depths for scenes correlate with larger R.g),
which is also in general agreement with related marine
boundary layer observations.

e. Effective cloud diameter

The eventual goal of this work is to aid GCM cloud
parameterization, and to assist in this endeavor we de-
sire a property that goes beyond determining the frac-
tional cloud coverage of the scene and quantifies the
bulk cloud-to-cloud-scale structure within each scene.
Information on how the cloud elements are organized
within the scene may offer useful descriptive informa-
tion beyond cloud fraction, because their horizontal
distribution might result from (or impact) cloud-top en-
trainment and/or the state of the MBL coupling/
decoupling. To quantify how the clouds within a scene
are organized or clustered, we compute its effec-
tive cloud diameter Cj,. It is proportional to the aver-
age diameter of the clouds within the scene and is de-
fined as

Cp=——,
2P

where A; and P; are, respectively, the area and perim-
eter of the N individual clouds within the scene. (A
cloud is a contiguous set of cloud-filled pixels that is
surrounded by a ring of cloud-free pixels.) The factor of
4 converts the ratio to a cloud diameter, such that for a
scene containing perfectly circular clouds with diameter
D, Cp would equal D. Figure 4 shows an idealized ex-
ample of Cp, and its advantage relative to using the
cloud fraction. Each scene is composed of circular
clouds, whose radii are the same, that change among
scenes. Even though the cloud fraction is identical for
all scenes, C, varies by a factor of 2 from 0.75 arbitrary
length units (lu) to 1.5 lu. Thus, C,, provides informa-
tion additional to the cloud fraction about how clouds
are organized within a scene.

The calculation of Cj, is generally insensitive to the

@
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FIG. 4. Idealized illustration of effective cloud diameter. For each scene composed of circular clouds, the cloud
fraction is constant at 0.785, but Cj, assumes a different value for each scene: 0.75, 1.0, and 1.5 lu. This shows how
Cp, provides information additional to cloud fraction about how clouds are organized within a scene.

size of the scene (or grid). It is completely insensitive to
the size of the scene when the individual clouds are
small enough to remain within (and not cross) the scene
perimeter; however, the maximum value for C, is lim-
ited by the size of the scene. This limit applies when a
single large cloud fills the scene completely. In our
study, with square scenes 300 km on each side, the val-
ues for Cp, range from near zero (very scattered clouds)
to a maximum of 300 km (a single, solid cloud deck, or
“sheet,” without any holes). Examples of different
cloud scenes from MODIS observations and how they
are quantified via Cj, are given in Fig. 5 for MBL clouds
off the coast of California. We emphasize that the cal-
culation of C, depends only on the scene’s binary cloud
mask, and not on the LWP variations among the cloudy
pixels. This simplicity lends itself to the speed and sta-
bility needed for our multiyear, automated analysis
and, as will be seen, C, correlates well with the prop-
erties currently available from GCMs, such as cloud
fraction and LWP.

The calculation of Cj, is robust in that it can be easily
calculated for any scene with minimal numerical chat-
ter. Except for the limit when a single cloud approaches
filling the entire scene, tests of C;, find that it is fairly
independent of the scene size used. We tested the sta-
bility of C, by starting with 300 km X 300 km scenes,
and we “zoomed” in via multiple size steps, recomput-
ing C,, at each step. Regardless of the initial C;, value,
it remained roughly constant until the grid approached
100 km. The only exception was if the scene happened
to be centered on the edge of a cloud system where, for
example, half of the scene is overcast and the other half
is clear. However, because the cloud character is not
consistent across the scene, it also would not be desir-
able (representative) input for our analysis. So, as a
final scene selection criterion (in addition to those in
section 3b), we use this zoom procedure to remove

scenes that contain cloud edges, and require that the
Cp value remain constant to within 50% when the
scene is zoomed in by 50% (i.e., 300-150 km). We
tested the sensitivity of C, calculations to using
MODIS version 4 versus version 5 cloud products. The
Cp frequency distributions shift slightly toward larger
values when version 5 data are used, with the peak
increasing by about 20 km. Such a difference would not
change the conclusions discussed in this work, and
would not be obvious in the graphs because Cj, is plot-
ted on a logarithmic scale.

f- Relation of cloud diameter to cloud fraction and
cloud structure

For the use of our analysis for GCM parameteriza-
tion and validation efforts, C, does not need to be
computed within a GCM. Rather, it is primarily used
here as a means to separate the different classes of
cloud fields. However, we do find a general relationship
between MBL scene cloud fraction (computed in
GCMs) and Cj, which may be useful for translating
between the two. Figure 6a shows how C,, increases
with cloud fraction, where the points represent binned
medians of all of the MBL cloud scenes in our database.
In the limit of large cloud fractions, C, has a greater
range of values and, therefore, provides a more sensi-
tive measure of bulk cloud structure than cloud frac-
tion. A sigmoidal fit to the median points is shown for
reference, and the coefficients of the fit are provided.
The fit is only applicable within the bounds of the data
used for the fit, 5 = C, = 300 km, where the lower limit
(cloud fraction of 0.35) arises from the limit we set for
screening and identifying MBL scenes from other types
of clouds. The fit is better than *+0.015 in cloud fraction,
and the average of the absolute deviation between all
median points and the fit is within 0.0017. The relation-
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F1G. 5. Marine stratus cloud structure and effective cloud diam-
eter. The three MODIS scenes illustrate the appearance of the
cloud LWP as C,, increases sequentially by a factor of 5 between
each scene. Plotted are log,,(LWP), where white is clear sky. For
each scene, the effective cloud diameter, fractional cloud cover,
mean cloud LWP, and standard deviation of the LWP are (a)
Cp =200km, f=99%,L =8lgm 2 0=35gm % (b) Cp =
40km, f=83%,L =189 gm % 0 =132gm % and (c) C, = 8
km, f=51%,L=97gm % o0=43gm 2

ship shown between cloud fraction and Cj, is very simi-
lar to that obtained if the fits are performed individu-
ally per region (not shown) instead of being aggregated
into a single fit.

We note that other studies have shown the value in
using more sophisticated techniques for MBL cloud
identification and classification, such as the neural net
used by Wood and Hartmann (2006). They use 32 ele-
ments describing the LWP power spectrum and 40 el-
ements characterizing the LWP probability distribution
function to classify the MCC in MODIS scenes (no
MCC, closed MCC, open MCC, and cellular but disor-
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FiG. 6. (a) MBL cloud fraction and effective cloud diameter.
The cloud fractions for all MBL cloud scenes are binned by
In(Cp) and the medians per bin are plotted (diamonds). A sig-
moid is fit to the median points (solid curve) and the coefficients
provided. The fit is only applicable within the bounds of the data
used for fitting, 5 = C,, = 300 km. Contours indicate the scatter
of the points about the median, where the counts per grid are
normalized by the maximum grid value. Contours are 0.0, 0.1, 0.2,
and 0.4. (b) Cloud spacing and effective cloud diameter. The space
between clouds computed from the data. The counts per grid are
normalized by the maximum grid value. Contours are 0.0, 0.1, 0.2,
0.4, 0.6, and 0.8. Line with diamonds gives the median spacing
diameters per In(Cp) bin. The vertical dashed lines delineate
groupings discussed in the text.

ganized). Unfortunately, ranges of our Cj values will
not directly correlate with their categories because they
use additional information about the LWP spatial struc-
ture that is not considered in our classification. How-
ever, smaller values of C, will contain open MCC
(among other scattered cloud types), and intermediate
values will contain closed MCCs. (Below, in section 4a,
these categories will be referred to respectively as
“scattered” and “clumped.”)
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4. Results

Six years of Terra MODIS data from our five MBL
study regions are used to investigate the long-term,
broad characteristics of MBL clouds and their variabil-
ity as a function of geography, season, and drizzle oc-
currence.

a. Cloud diameter regional and seasonal variation

The mesoscale organization of MBL clouds can be
characterized using the effective cloud diameter. For
ease of discussion, MBL cloud scenes are divided into
the following three descriptive categories: scattered,
Cp = 20 km; clumped, 20 < Cp = 140 km; and over-
cast, Cp > 140 km. These values are obtained from the
frequency histograms of Cp, as well as from visual in-
spection of plots of the horizontal distributions of the
cloud mask within each category. This choice is sup-
ported further by examining the cloud spacing. The
cloud spacing diameter S, is defined as the average
distance between clouds (i.e., the diameter of the holes)
and is computed similarly to Cp, except the area and
perimeter of the clouds [A; and P; in Eq. (1)] are re-
placed by, respectively, the area and perimeter of the N
individual clear regions within the scene. Figure 6b
gives the relative frequency distribution of S, versus
Cp, for the data from Fig. 6a. Two local maxima in S,
versus Cp, space are found at C;, values of about 60 and
200 km. These maxima (separated by the vertical lines
in Fig. 6b) support the numerical values observed for
the descriptive cloud categories. Further, we note that
the dynamic range in Cp, is much greater than Sj; for
example, the maxima at 0.8 span only a twofold differ-
ence in S, (9-20 km) while the same contour spans a
fourfold difference in Cp, (30-120 km). Thus, while C,
and S, tend to be (anti) correlated, Cp’s larger dy-
namic range suggests that it is better suited to represent
the average cloud structure scene-to-scene variability.

The overall relationship between Cp and the meso-
scale organization is summarized in Fig. 7, which shows
the cumulative frequency distribution of MBL Cj, for
all regions and all years combined. The percentages of
MBL scenes per category (scattered, clumped, and
overcast) are approximately 15%, 60%, and 25%.
Stratiform MBL clouds are often sought for natural
examples of clouds that approach being plane parallel,
but this figure illustrates that this is a relatively uncom-
mon state for MBL clouds and emphasizes the impor-
tance of broken (i.e., either scattered or clumped) MBL
cloud scenes over the major MBL cloud regions of the
globe. Such broken regions may be influenced by the
occurrence of POCs and the physical processes operat-
ing therein.
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FiG. 7. Cumulative frequency of occurrence of MBL effective
cloud diameters. All regions and years combined in the plot. For
ease of discussion, cloud scenes are divided into three descriptive
categories: scattered, Cp, = 20 km; clumped, 20 < C,, = 140 km;
and overcast, C,, > 140 km. The percentages of MBL scenes per
category (scattered, clumped, and overcast) are approximately
15%, 60%, and 25%.

The five MBL cloud regions explored in this study
show two distinct modes of Cp frequency of occur-
rence. Figure 8a shows the partitioning of the scattered,
clumped, and overcast MBL cloud categories for each
of the five regions combining all years. MBL cloud
scenes observed for the Peru, California, and Angola
regions are similar in nature, that is, for all three re-
gions the greatest fraction of clouds are clumped
(~65%), and there are more overcast scenes (~25%)
compared to scattered scenes (~10%). For Australia
and the Canary Islands, there are greater fractions of
scattered scenes at the expense of overcast scenes. This
is consistent with the observations by Norris (1998) that
showed a greater occurrence of broken clouds in these
regions, and with Klein and Hartmann (1993) who
show that the Canary Islands and Australia regions
have relatively lower amounts of stratus, stratocumu-
lus, and sky-obscuring fog compared to the other re-
gions.

To investigate the differences in cloud structure with
seasonal cycle and its variation among the regions, we
determine the fraction of the scenes per month within
the three different ranges of Cp,, and show the fractions
per category as a function of the seasonal cycle (Figs.
8b—f). The California, Peru, and Angola regions are
dominated by clumped clouds, and the fractions of
overcast clouds increase during the peak months at the
expense (reduction) of clumped and scattered cloud
fraction. The Canary Islands and Australia regions ex-
hibit larger amplitudes in their seasonal cycle of scat-
tered cloud with the maximum (minimum) frequencies
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FiG. 8. General MBL cloud structure per region. (a) All years and months are combined per region to show the
total composition of each study region given as a fraction of the three descriptive cloud categories: scattered (S),
clumped (C), and overcast (O). (b)—(f) Seasonal cycle of MBL cloud structure per study region. The relative
frequency of occurrence per month is given for each of the three cloud categories. Gray shading indicates the 3

months of peak MBL cloud occurrence per region.

of scattered (clumped) clouds occurring during the off-
peak (peak) months. This has important implications
for the parameterization of these cloud types in climate
models because these different cloud categories have
very different impacts on the energy and water balance
of the ocean—atmosphere system and likely are influ-
enced by different dynamical mechanisms.

A more quantitative assessment of the differences in
Cp between regions and seasons is shown in Fig. 9,
which gives the relative frequency of occurrence of C,
for all regions (Figs. 9a,b). The frequencies are parti-
tioned by the three peak months of MBL cloud occur-
rence (defined in Table 1) and the nine off-peak
months. These plots show two distinct groups of re-
gional characteristics, where California, Peru, and An-
gola form one group, and Australia and the Canary
Islands form the other. The distributions of the Cali-
fornia group tend to have larger C, than the Australia
group (during both peak and off-peak months), and the
Australia group has a much larger fraction of Cj, less
than 20 km. This is consistent with the greater fraction
of scattered clouds in the Australia and Canary Islands
regions shown in Fig. 8a. Figures 9c,d clarify the differ-
ences in the frequency distributions of Cj, between
peak and off-peak months using the California and
Australia regions. In both regions there is a clear shift
toward larger values of C, during the peak months
(i.e., there is a greater proportion of overcast cloud
scenes). Similar plots for Angola, Australia, and Peru
(not shown) reveal similar shifts.

b. Relation to scene drizzle occurrence

Previous studies of MBL cloud systems show that the
presence of satellite-observed cloud particle effective
radii greater than 15 um generally indicates the pres-
ence of drizzle (Pinsky and Khain 2002; Masunaga et al.
2002; Shao and Liu 2004). Such a threshold cannot treat
some of the finer details of drizzle occurrence (such as
drizzle rate) and, in certain cases, it might even be un-
able to detect drizzle that occurs at the base of a thick
cloud that has not yet involved (entrained) the higher
cloud levels in the precipitation process. Nevertheless,
because we lack a comprehensive picture of drizzle oc-
currence within broader MBL cloud systems, even a
crude threshold can provide valuable insights into how
common drizzle is within MBL cloud systems, the de-
gree of its seasonal and regional variations, as well as
the coincident variation in the other cloud microphysi-
cal properties. Thus, we adopt this threshold and, in its
application, require that the scene-mean R, is greater
than or equal to 15 um for the scene to be identified as
drizzling. This is a rather stringent requirement because
drizzle-sized droplets must occur over a majority of a
GCM-sized grid box and, thus, is only used to identify
scenes that have a pronounced drizzle mode.

We tested the sensitivity of our drizzle frequencies to
the R, at cloud edges that, as discussed before, may
carry greater uncertainty from edge and 3D effects. We
compared the frequency distributions of scene drizzle
occurrence when more than one ring was removed (not
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FiG. 9. Relative frequencies of occurrence of C,, per region.
(left) All regions are placed on one plot partitioned by (top) peak
and (bottom) nonpeak months of MBL cloud occurrence. Semi-
circles encompass California, Peru, and Angola, which have simi-
lar distributions that are distinctively different from the features
shared by the Canary Islands and Australia. (right) Results for the
(top) California and (bottom) Australia regions, partitioned by
the three peak (solid) and nine nonpeak (dashed) months. A shift
toward larger cloud diameters occurs during the peak months
(including the regions not shown).

shown) and found small differences at the smallest val-
ues of Cp, which were sufficiently minor that they could
just be an artifact caused by elimination of some small
clouds in the removal of more rings. Thus, these results
suggest that the edge effects should not adversely affect
our scene drizzle determination. We also considered
the more detailed drizzle occurrence parameterization
of Bennartz (2007). Bennartz builds upon the work of
Pawlowska and Brenguier (2003), van Zanten et al.
(2005), and Wood (2005) who present relationships be-
tween cloud thickness and cloud particle number con-
centration, which then can be related to the liquid water
path, cloud fraction, optical depth, and drizzle rate. In a
comparison between the number of drizzling scenes
identified by the Bennartz parameterization and the
15-pum threshold, we found that only 11% of the scenes
are identified differently. We remained with the 15-um
threshold because of its simplicity, and the lack of ad-
ditional data for the scenes (values of adiabaticity and
the condensation rate) upon which the Bennartz crite-
rion depends critically.

Using this criterion, we determine the fraction of
MBL scenes that are drizzling for the different seasons
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Fi1G. 10. Geographical distribution of drizzle frequency. Drizzle
scenes are defined as those with a mean Ry = 15 um (Pinsky and
Khain 2002; Masunaga et al. 2002; Shao and Liu 2004). (a)
Monthly variation of drizzle frequency. Plotted are the fractions
of MBL scenes that meet the drizzle criterion per month. The
abscissa is the month of year, given per region as an offset relative
to the middle of its three peak months (given in Fig. 8 and Table
1). (b)—(f) Regional distribution of drizzling MBL cloud scenes.
Shown are the fractions of MBL scenes that are drizzling per grid,
where the scenes for all months are combined in a single grid per
region. Contours of fractional occurrence are given for 0.15, 0.30,
0.45, and 0.60. Note that the total drizzle occurrence would be
determined by weighting these fractions by the total frequency of
MBL occurrence per grid. Occurrence frequency per region is
binned on a 1° grid.

and regions. Figure 10a shows the fraction of MBL
cloud scenes that have a dominant drizzle mode over 6
yr of Terra MODIS observations, which are shown as a
function of month relative to the region’s peak month.
This indicates that the fraction of MBL scenes that are
drizzling are generally greater during the off-peak
months than for the peak months. For the California,
Canary Islands, and Australia regions, the month of
peak drizzle occurrence coincides with the peak frac-
tion of scattered cloud scenes (cf. with Fig. 8). The
Angola region shows a frequency of drizzle that is con-
sistently lower than any other region, and its month for
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F1G. 11. Frequency of drizzle occurrence as a function of effec-
tive cloud diameter. The drizzle frequencies are partitioned into
two groups: the 3 months of peak MBL cloud occurrence within
each region (solid line), and the nine off-peak months (dashed
line). The frequencies for California and Angola show little sen-
sitivity to peak vs off-peak timings, while Peru and Australia show
pronounced differences in directions that are opposite from each
other.

peak drizzle does not coincide with the peak occurrence
of scattered clouds (in fact, they are separated by 3
months). The former observation is consistent with the
results of Masunaga et al. (2002), who suggest that this
may be due to cloud-aerosol interactions. Figures 10b—f
show the regional distribution of drizzling MBL cloud
scenes for each region. Overall, the patterns show a
tendency for the fraction of drizzling scenes to increase
going away from the coast. This pattern and some of the
finer details in the regional drizzle occurrence are quali-
tatively consistent with the results Masunaga et al.
(2002) and Kawamoto et al. (2001).

To illustrate the relationship between drizzle occur-
rence and cloud structure further, Fig. 11 shows the
frequency of drizzle occurrence as a function of Cj, for
each region, separated for their peak and off-peak
months. The California and Peru regions have local
maxima near 20 km, which suggests that an average cell
size of 20 km is preferred for drizzle in these regions.
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Fi1G. 12. Dependence of MBL cloud properties on effective
cloud diameter. MBL cloud optical depth (top) ;s and (bottom)
LWP are plotted as a function of the natural logarithm of C,. For
each curve, all data per region are separated into drizzling (red)
and nondrizzling (blue) categories. Ten bins are used, where one-
tenth of the values per curve are averaged for each point plotted.

The California and Angola regions have similar drizzle
frequencies (as a function of Cj) for their peak and
off-peak months, while Peru demonstrates dramatically
larger frequencies during its peak months. The Peru
pattern is opposite that for Australia and the Canary
Islands, which have substantially lower drizzle frequen-
cies during their peak months. These results indicate
that there are unique patterns of drizzle occurrences
among the regions, which are distinguishable by C;, and
the peak versus off-peak months.

¢. MBL cloud optical and microphysical properties

Figure 12 shows the variation of 7., and LWP as a
function of Cj, for all regions divided by drizzling and
nondrizzling scenes. These plots show that, despite
some interregional variations, robust trends exist be-
tween the Cp, and cloud optical and microphysical
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F1G. 13. Monthly variation in MBL cloud properties. For each curve, all data per region are separated into
drizzling and nondrizzling categories and their monthly means are plotted. Shown are the monthly medians of MBL
cloud optical depth (top) 7,5, and (bottom) LWP for (left) nondrizzling and (right) drizzling scenes. The abscissa
is the month of year, given per region as an offset relative to the middle of its three peak months (explained in Fig.
10). The pattern shown for Peru is indicative of that found for the northern part of the study region (see text).

properties. The 7., and LWP trend strongly with Cp, for
all regions, with the greatest values occurring for the
drizzling scenes, particularly for LWP. However, there
are considerable interregional differences in the trends,
indicating that different functionalities exist between
the regions.

Of particular interest is the dramatically different
pattern found for the Canary Islands region, which we
investigated further. We verified the robustness of the
result to the sensitivity to the cloud mask certainty,
increasing the mask threshold for valid pixels (section
2) to the 95th percentile and arriving at the same results
(for all regions). More so than the other regions, the
Canary Islands region is frequently visited by dust, bio-
mass burning aerosols, and mixtures thereof (Li et al.
2004). Previous research within this region found a
positive correlation between cloud fraction and aerosol
index, which would be consistent with mineral aerosols
suppressing precipitation in thin low-altitude clouds
(Mahowald and Kiehl 2003). However, definitive con-
clusions could not be drawn because the cloud and dust
changes are both driven by the same meteorological
conditions, and are also consistent with the misidenti-
fication of desert dust events as low-altitude thin clouds
(Mahowald and Kiehl 2003). Further, we examined the
seasonal variation of this bias (relative to the other re-
gions) and found the same type of bias even during
months when the climatological aerosol loading is low
(e.g., see Fig. 3 in Li et al. 2004). Finally, radiative
transfer studies suggest that partially absorbing aerosol

layers aloft could bias the MODIS retrieval’s optical
depth and LWP low (Haywood et al. 2004). A biomass
burning aerosol optical depth of 0.5 above the cloud
reduces 7,;; and LWP by about 15%-20% (Bennartz
and Harshvardhan 2007; Haywood et al. 2004), but this
amount would only account for part of the bias found
here between the Canary Islands and other regions.
The effects of mineral dust on clouds are an area of
active research, and clearly this is a potentially inter-
esting case region worthy of further study.

Figure 13 shows the monthly variation in the MBL
cloud optical and microphysical properties partitioned
by drizzling and nondrizzling scenes. Except for Aus-
tralia, the nondrizzling scenes tend to have the largest
Tyis and largest LWP during the region’s monthly peaks.
This is in phase with the increased fractional occurrence
in overcast and clumped scenes (Fig. 8). The Australia
region, instead, has something of a double maximum
(with the largest 7,;, and largest LWP occurring 2
months prior to the peak, and 4 months after the peak).
For drizzling scenes, the maximum values of ., and
LWP for California and Angola occur during the
monthly MBL peaks, while Peru and the Canary Is-
lands tend to occur 1 month after the peak season. The
Australian region maximum tends to occur 2-4 months
before its peak season.

We note that the Peru region has a much larger lati-
tudinal range than the other regions—almost double—
which may make it susceptible to north-south differ-
ences in the features discussed here. Such differences
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were negligible in all prior plots; however, the seasonal
patterns shown in Fig. 13 are largely driven by signals in
the northern portion of the region, where the greatest
fractions of the scenes were obtained (see Fig. 3). The
southern portion has a signal that is phase shifted by
about 6 months from that shown in Fig. 13 (top left),
and lags that shown by 2 months in Fig. 13 (top right).

5. Summary and conclusions

To aid in understanding the role that MBL clouds
play in climate and assist in improving their represen-
tations in climate models, we analyzed 6 yr of pixel-
level Terra MODIS observations for five diverse re-
gions of the globe where these cloud types are common.
A feature of this study is that the long-term central
tendency and seasonal variations of MBL cloud micro-
physical properties (e.g., LWP, R, and optical depth)
are investigated using mesoscale structure and drizzle
occurrence as organizing principles. We minimize the
uncertainty in the cloud microphysical retrievals that
can be caused by partially filled cloud pixels or 3D
effects by removing the contribution of pixels from the
cloud edge (one pixel deep) from our microphysical
property averages. MBL mesoscale structure is quanti-
fied using effective cloud diameter, which is introduced
here as a measure of bulk cloud organization that is
easy to compute and provides descriptive information
beyond that offered by cloud fraction.

Despite expected differences among the regions,
some similar features are found in their macroscale
structure (Cp), drizzle frequency, and associated micro-
physical properties. The following similarities and dif-
ferences may be used to target work that diagnoses
MBL cloud behavior and their functional dependencies
in model simulations:

1) In all regions, we find a clear seasonal cycle in the
frequency of MBL cloud occurrence that is consis-
tent with previous studies (e.g., Klein and Hart-
mann 1993). They concluded that this seasonal
cycle was related to the boundary layer stability.

2) Although stratiform MBL clouds are often sought
for natural examples of clouds that approach being
plane parallel, we find overall that this is a rela-
tively uncommon MBL state (~25%), which em-
phasizes the importance of accurately representing
the subgrid-scale broken (i.e., either scattered or
clumped) MBL cloud scenes in climate models.

3) The Cj, is related to the seasonal cycle, with the
greatest mesoscale organization (largest values of
Cp) tending to occur during the months of peak
cloud occurrence. Among the regions, the Cj, fre-
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quency distributions of peak and off-peak months
cluster into two groups that possess similar charac-
teristics, with Australia and the Canary Islands in
one group (which favors smaller Cp), and Angola,
California, and Peru in the other.

4) The seasonal cycle of drizzle occurrence is usually
at a minimum during the months of peak MBL
cloud occurrence and at a maximum during the
off-peak months. This would be consistent with the
correlation of the largest drizzle frequencies occur-
ring for the smaller values of Cj. Interestingly,
however, the Peru region runs contrary to this pat-
tern shared by the other four regions.

5) The patterns of drizzle frequency as a function of
Cp show marked differences between the regions
for peak versus off-peak months. California and
Angola have drizzle frequencies that are rather in-
dependent of these two seasons, which suggests
that a single PDF of drizzle frequency (versus Cp)
might be used in climate models [e.g., by estimating
C)p, from cloud fraction using Eq. (1)].

6) However, the pattern can be quite different for the
other three regions. The drizzle frequencies are
greatest for the Peru region and during its peak
months of MBL occurrence, which is the reverse of
the off-peak timing of peak drizzle frequency for
the Canary Islands and Australia. These regional
contrasts may serve as an excellent test for model
simulations of MBL drizzle occurrence.

7) The frequency of drizzle occurrence for the Cali-
fornia and Peru regions tend to have pronounced
maxima near a Cj, of 20 km, which suggests that, in
these regions, an average cell size of 20 km is pre-
ferred for drizzle. This implies that cloud resolving
models may lack the horizontal resolution needed
to simulate these processes and, therefore, require
large-eddy simulation models until adequate pa-
rameterizations have been determined.

8) Cloud LWP and visible optical depth trend
strongly with C;,, with the greatest values occurring
for the drizzling scenes. However, there are con-
siderable interregional differences in the trends, in-
dicating that different regressions must be used for
each region. Of particular note is the Canary Is-
lands region, which, unlike the other regions,
ceases to increase monotonically for C, > 50 km.
The explanation for this difference is the subject of
future research activities.

9) The long-term cloud microphysical properties are
also related to this seasonal cycle, where a region’s
monthly peak MBL frequency tends to have the
largest mean 7,;, and LWP. Only the Australian
region contradicts this pattern, with the larger op-
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tical properties found mostly in the off-peak
months.

Overall, the Canary Islands and Australia regions
generally have similar features that are distinc-
tively different from the other regions. They have a
greater variation in their seasonal cycle of cloud
structure and a larger frequency of scattered cloud
scenes, which have lower 7,;, and low LWP. These
features are in stark contrast to those from Angola
and Peru, which have a greater fraction of clumped
and overcast clouds that have a larger mean T,;, and
LWP. The California region tends to follow the
seasonal pattern shared by Angola and Peru, but
with lower values of mean 7,;; and LWP.

vis

10)

We note that the Terra orbit and types of MODIS data
used here enable observing the MBL cloud state at
approximately the same midmorning local time each
day (about 1030 LT). However, given the long-term
statistics compiled for multiple locations and seasons,
we likely capture MBL states that can occur at any
point during the diurnal cycle. Also, the variability of
MBL cloud properties are dominated by seasonal to
annual time scales, and daily to monthly time scales
have smaller (but not negligible) variability (Rozendaal
and Rossow 2003). Thus, our temporal sampling can
capture the dominant variations in MBL cloud proper-
ties, although our sampling will favor any subtleties that
occur during the midmorning hours. We also note that
our definition of drizzling MBL cloud scenes is subject
to several assumptions about the vertical structure of
droplet sizes within a cloud layer and how it is related
to the drizzle process. Although aerosol-cloud interac-
tions are known to play an important role in MBL
cloud microphysics, we have not yet included aerosol
observations in our analysis.

The variability of these MBL cloud micro- and mac-
roscale properties will have important impacts on the
transfer of radiation through the atmosphere and its
subsequent impact on the earth’s energy balance. Fu-
ture work will explore the relationships between these
MBL cloud properties, the aerosol properties, the
large-scale meteorological state, and the accurate rep-
resentation of the associated radiative transfer in global
climate models.
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