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over the cloudy pixels of the scene as LWP and !LWP,
respectively. Following Barker (1996b) and Oreopou-
los and Davies (1998a) we use "LWP # (LWP/!LWP)2 as
a nondimensional homogeneity parameter. Figure 3

shows a comparison of the LWP PDFs for the four
example scenes. A clear shift from a modal to a non-
modal PDF form is seen with decreasing cloud cover.
Accompanying this shift is a general decrease in "LWP

TABLE 2. Characteristics of the four test images shown in Fig. 2. Parameters listed are cloud fraction CF, characteristic scale of the
cells $1 and of the cloud structures $2, mean liquid water path LWP, the ratio of square of the mean to the variance of LWP for cloudy
pixels only ("LWP), liquid water path skewness SLWP, scene type (no MCC, N; closed MCC, C; open MCC, O), and the boundary layer
depth zi.

Image Date
Location
(lat, lon) CF

$1

(km)
$2

(km)
LWP

(g m%2) " SLWP Type
zi

(m)

(a) 17 Oct 2000 36°N, 125°W 0.99 5.4 N/A* 59 5.02 0.51 N 610
(b) 18 Aug 2000 30°N, 131°W 0.88 10.9 10.3 64 3.13 1.45 C 760
(c) 18 Aug 2000 26°N, 135°W 0.86 38.5 48.2 85 1.35 1.38 C 1100
(d) 13 Oct 2000 11°S, 97°W 0.32 35.7 10.1 92 1.24 1.72 O 1020

* Characteristic scale undetermined.

FIG. 2. Example scenes of MODIS LWP in boundary layer cloud showing wide variability
in cloud structure. Each scene size is 256 km & 256 km at 1-km resolution. Image times and
locations are given in Table 2.
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as the cloudy fraction of the scene becomes more in-
homogeneous, together with an increase in the skew-
ness of the distribution (Table 2). These links are ex-
plored more systematically in section 3.

For each scene we derive the two-dimensional power
spectrum as a function of total wavenumber k, where
k2 ! k2

x " k2
y and kx and ky are the wavenumbers along

the axes of the square scene. The image is first de-
trended by removing the best-fit plane and then win-
dowed using a Welch window. Spectra for the four test
scenes are shown in Fig. 4. We find in general that
spectra for both open and closed MCC usually exhibit a
peak at some length scale (this length scale we call #1).
Power-law scaling is generally found at large k. The
scale at which the spectrum diverges from the power
law we label as #2. Closed MCC spectra diverge from
the power law at a scale close to the peak scale (i.e., #1

$ #2, as in Figs. 4b,c), but for open MCC the divergence
from power-law behavior occurs at a scale somewhat
smaller than the cell scale (i.e., #1 % #2, as in Figs. 4b,c).
Visual inspection of many scenes leads to the conclu-
sion that #1 and #2 can be interpreted as the approxi-
mate cell diameter and typical cloud size, respectively.
For closed cells these are approximately the same be-
cause the gaps between clouds are quite small. Open
MCC tends to consist of small clouds that form around
the perimeter of a larger cellular structure and so #2 is
often considerably smaller than #1.

Automatic methods are used to determine the length
scales #1 and #2 from the power spectral data. Tests
using synthetic fractal scenes with spatial variability
characteristics representative of low clouds reveal rms
errors in the estimated values of #1 of 10%–20%, with
a tendency for systematic underestimation that in-
creases from approximately 3 km for #1 ! 20 km to 6
km for #1 ! 50 km. In some cases the power-law be-
havior is either not present or limited to scales similar

to the Nyquist frequency (0.5 km&1). In these cases #2

is undefined. Similarly, some of the scenes do not con-
tain a peak in the power spectrum other than that in-
troduced artificially by data windowing. In such cases #1

is undefined. Table 2 shows values of #1 and #2 for the
example scenes. Note that it is possible that scenes
without clearly defined mesoscale cellular convection,
such as scene a in Fig. 2, can have #1 defined. In these
cases, roll-like structures give rise to the power spectral
peak. Power spectra and their relationship with LWP
variance are further explored in section 4.

e. Neural network scene type classification

The LWP PDF and the power spectrum are used
together to classify scenes into four categories that en-
compass the range of mesoscale (1–100 km) structures
in low clouds: (i) clouds with no clear identifiable cel-
lularity, (ii) closed MCC, (iii) open MCC, and (iv)
clouds containing cells but with no clear organization.
We use a three-layer back propagation neural network
(Castleman 1996; Atkinson and Tatnall 1997; Clark and
Boyce 1999; Schroder et al. 2002), with a feature vector
combining 32 elements describing the LWP power
spectrum and 40 elements characterizing the LWP
PDF. Approximately 1000 scenes were classified by eye
as belonging to one of the categories (i)–(iv) above, and
this ensemble was randomly split into two to provide
training and verification datasets. Training is carried
out until the misclassification in the verification dataset
ceases to decrease. We obtained an 85%–90% classifi-
cation accuracy for the trained network. Visual inspec-
tion shows the misclassified scenes tend to have fea-
tures common to two categories, that is, those more
difficult to classify for the human observer. The neural
network weights derived from the training process are
then applied to all MODIS data from the NE and SE
Pacific to provide a scene-by-scene classification. Fig-
ure 5 shows a selection of 16 MODIS scenes, arranged
by scene type, that have been successfully classified us-
ing the neural network algorithm.

f. Reanalysis data

Reanalysis data from the National Centers for Envi-
ronmental Prediction–National Center for Atmo-
spheric Research (NCEP–NCAR) reanalysis (Kistler et
al. 2001) are used to investigate links between large-
scale meteorology and mesoscale spatial variability.
Our methodology is to obtain a set of pertinent reanaly-
sis variables for each of the MODIS scenes analyzed.
Reanalysis data are available 4 times daily on a 2.5° '
2.5° grid, and include sea surface temperature data

FIG. 3. Examples of LWP PDFs for the four test scenes shown
in Fig. 2.
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(Reynolds and Smith 1994). Trilinear interpolation is
used to determine the values of the reanalysis variables
at the MODIS scene-center locations and times. We
consider three large-scale variables derived from re-
analysis in this study: lower-tropospheric stability (LTS
! "700 # "0, where "700 and "0 are the potential tem-
peratures at 700 hPa and the surface, respectively);
large-scale vertical motion at 850 hPa (w850); and sea
surface temperature advection U · !SST, where U is
the surface wind and SST is the sea surface temperature.
Because it is known that there exists a sizeable diurnal
cycle in surface divergence and subsidence rates above
the MBL (Dai and Deser 1999), we use the mean w850

for the 24-h period centered on the time of the MODIS
overpass. This is unnecessary for the other reanalysis
parameters as their diurnal cycles are much weaker.

3. CF and LWP variability

The early work of Barker (1996b) presented the first
observational evidence that cloud internal variability
and CF might be linked, with homogeneous clouds also
being those with the most extensive cloud cover. How-
ever, the limited sample of high-resolution satellite im-
ages in the Barker study was insufficient to fully ex-
plore the relationship between cloud homogeneity and
CF. Similar findings were reported by Pincus et al.
(1999) using simultaneous observations from ships and
satellite, but no explicit classification by CF was carried
out. The general issue here is to what degree can asso-
ciations between cloud cover and the internal variabil-
ity of the cloud be represented using simple ideas. From
a conceptual viewpoint, it is relatively straightforward

FIG. 4. Power spectra calculated using a 2D FFT for the four example scenes shown in Fig.
2. The unsmoothed spectra are shown using the solid line. Spectra are normalized so that $%

0

PLWPdk ! &2
LWP, all where &LWP, all is the standard deviation of LWP (including cloud-free

regions where LWP ! 0). Averaged spectra are shown using filled circles and approximate
95% confidence limits are given by the light dotted line. The filled triangle on the wavenum-
ber axis shows the mean wavenumber used to determine the power-law fit to the large k end
of the observed spectra (thick dotted line). The two characteristic length scales are defined as
'1, the wavelength of the highest wavenumber peak in the averaged power spectrum; '2, the
minimum wavenumber at which the 95% confidence limit of the spectrum exceeds the fitted
power law. These scales correspond approximately to cellular diameters and cloud sizes,
respectively.
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over the cloudy pixels of the scene as LWP and !LWP,
respectively. Following Barker (1996b) and Oreopou-
los and Davies (1998a) we use "LWP # (LWP/!LWP)2 as
a nondimensional homogeneity parameter. Figure 3

shows a comparison of the LWP PDFs for the four
example scenes. A clear shift from a modal to a non-
modal PDF form is seen with decreasing cloud cover.
Accompanying this shift is a general decrease in "LWP

TABLE 2. Characteristics of the four test images shown in Fig. 2. Parameters listed are cloud fraction CF, characteristic scale of the
cells $1 and of the cloud structures $2, mean liquid water path LWP, the ratio of square of the mean to the variance of LWP for cloudy
pixels only ("LWP), liquid water path skewness SLWP, scene type (no MCC, N; closed MCC, C; open MCC, O), and the boundary layer
depth zi.

Image Date
Location
(lat, lon) CF

$1

(km)
$2

(km)
LWP

(g m%2) " SLWP Type
zi

(m)

(a) 17 Oct 2000 36°N, 125°W 0.99 5.4 N/A* 59 5.02 0.51 N 610
(b) 18 Aug 2000 30°N, 131°W 0.88 10.9 10.3 64 3.13 1.45 C 760
(c) 18 Aug 2000 26°N, 135°W 0.86 38.5 48.2 85 1.35 1.38 C 1100
(d) 13 Oct 2000 11°S, 97°W 0.32 35.7 10.1 92 1.24 1.72 O 1020

* Characteristic scale undetermined.

FIG. 2. Example scenes of MODIS LWP in boundary layer cloud showing wide variability
in cloud structure. Each scene size is 256 km & 256 km at 1-km resolution. Image times and
locations are given in Table 2.
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FIG. 6. Links between nondimensional cloud heterogeneity and CF for a simple PDF model
of cloud thickness variability. The horizontal axis represents the difference in height h be-
tween the inversion base height zi and the LCL, so that the shaded areas represent cloudy
regions and the unshaded regions are regions without cloud.
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as the cloudy fraction of the scene becomes more in-
homogeneous, together with an increase in the skew-
ness of the distribution (Table 2). These links are ex-
plored more systematically in section 3.

For each scene we derive the two-dimensional power
spectrum as a function of total wavenumber k, where
k2 ! k2

x " k2
y and kx and ky are the wavenumbers along

the axes of the square scene. The image is first de-
trended by removing the best-fit plane and then win-
dowed using a Welch window. Spectra for the four test
scenes are shown in Fig. 4. We find in general that
spectra for both open and closed MCC usually exhibit a
peak at some length scale (this length scale we call #1).
Power-law scaling is generally found at large k. The
scale at which the spectrum diverges from the power
law we label as #2. Closed MCC spectra diverge from
the power law at a scale close to the peak scale (i.e., #1

$ #2, as in Figs. 4b,c), but for open MCC the divergence
from power-law behavior occurs at a scale somewhat
smaller than the cell scale (i.e., #1 % #2, as in Figs. 4b,c).
Visual inspection of many scenes leads to the conclu-
sion that #1 and #2 can be interpreted as the approxi-
mate cell diameter and typical cloud size, respectively.
For closed cells these are approximately the same be-
cause the gaps between clouds are quite small. Open
MCC tends to consist of small clouds that form around
the perimeter of a larger cellular structure and so #2 is
often considerably smaller than #1.

Automatic methods are used to determine the length
scales #1 and #2 from the power spectral data. Tests
using synthetic fractal scenes with spatial variability
characteristics representative of low clouds reveal rms
errors in the estimated values of #1 of 10%–20%, with
a tendency for systematic underestimation that in-
creases from approximately 3 km for #1 ! 20 km to 6
km for #1 ! 50 km. In some cases the power-law be-
havior is either not present or limited to scales similar

to the Nyquist frequency (0.5 km&1). In these cases #2

is undefined. Similarly, some of the scenes do not con-
tain a peak in the power spectrum other than that in-
troduced artificially by data windowing. In such cases #1

is undefined. Table 2 shows values of #1 and #2 for the
example scenes. Note that it is possible that scenes
without clearly defined mesoscale cellular convection,
such as scene a in Fig. 2, can have #1 defined. In these
cases, roll-like structures give rise to the power spectral
peak. Power spectra and their relationship with LWP
variance are further explored in section 4.

e. Neural network scene type classification

The LWP PDF and the power spectrum are used
together to classify scenes into four categories that en-
compass the range of mesoscale (1–100 km) structures
in low clouds: (i) clouds with no clear identifiable cel-
lularity, (ii) closed MCC, (iii) open MCC, and (iv)
clouds containing cells but with no clear organization.
We use a three-layer back propagation neural network
(Castleman 1996; Atkinson and Tatnall 1997; Clark and
Boyce 1999; Schroder et al. 2002), with a feature vector
combining 32 elements describing the LWP power
spectrum and 40 elements characterizing the LWP
PDF. Approximately 1000 scenes were classified by eye
as belonging to one of the categories (i)–(iv) above, and
this ensemble was randomly split into two to provide
training and verification datasets. Training is carried
out until the misclassification in the verification dataset
ceases to decrease. We obtained an 85%–90% classifi-
cation accuracy for the trained network. Visual inspec-
tion shows the misclassified scenes tend to have fea-
tures common to two categories, that is, those more
difficult to classify for the human observer. The neural
network weights derived from the training process are
then applied to all MODIS data from the NE and SE
Pacific to provide a scene-by-scene classification. Fig-
ure 5 shows a selection of 16 MODIS scenes, arranged
by scene type, that have been successfully classified us-
ing the neural network algorithm.

f. Reanalysis data

Reanalysis data from the National Centers for Envi-
ronmental Prediction–National Center for Atmo-
spheric Research (NCEP–NCAR) reanalysis (Kistler et
al. 2001) are used to investigate links between large-
scale meteorology and mesoscale spatial variability.
Our methodology is to obtain a set of pertinent reanaly-
sis variables for each of the MODIS scenes analyzed.
Reanalysis data are available 4 times daily on a 2.5° '
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used to determine the values of the reanalysis variables
at the MODIS scene-center locations and times. We
consider three large-scale variables derived from re-
analysis in this study: lower-tropospheric stability (LTS
! "700 # "0, where "700 and "0 are the potential tem-
peratures at 700 hPa and the surface, respectively);
large-scale vertical motion at 850 hPa (w850); and sea
surface temperature advection U · !SST, where U is
the surface wind and SST is the sea surface temperature.
Because it is known that there exists a sizeable diurnal
cycle in surface divergence and subsidence rates above
the MBL (Dai and Deser 1999), we use the mean w850
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plore the relationship between cloud homogeneity and
CF. Similar findings were reported by Pincus et al.
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satellite, but no explicit classification by CF was carried
out. The general issue here is to what degree can asso-
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Identifications applied to A-Train
6704 A. Muhlbauer et al.: Climatology of stratocumulus cloud morphologies

in Southern Hemisphere. Similarly, in the subtropics, closed
MCC occurrences exhibit a clear seasonal cycle with occur-
rences peaking in summer (NEP) and fall (SEP), respectively.
Open MCCs tend to peak in boreal winter at midlatitudes,
in particular over the western parts of the Pacific, and over
vast parts of midlatitude southern oceans during boreal sum-
mer. The seasonality in the open MCC occurrence may be
linked to the frequency of occurrence of cold-air outbreaks
and the associated advection of cold continental air masses
over warmer ocean surfaces in the wake of cyclones, which
are more likely during winter months. However, there is also
a clear peak in the frequency of occurrence of open MCC in
the SEP region west of about 90�W during boreal summer
(JJA). Cellular but disorganized MCCs show a considerably
lower seasonal cycle as they are most frequently found over
tropical oceans and trade wind regions, which exhibit lower
interannual variability.
Figure 6 shows the seasonal cycle of different MCC types

for each region shown in Fig. 2. Similar to low-cloud fraction
and LTS, there is a pronounced seasonal cycle in low-cloud
morphologies. In general, organized closed-cellular MCC
and cellular but disorganized MCC are the dominant low-
cloud morphology for almost all regions and seasons. For
the subtropical regions, the amount of low cloudiness is well
correlated with the occurrence frequency of closed-cellular
MCCs, which peaks in the same season as low-cloud frac-
tion. Also, there is an anticorrelation between closed MCCs
and disorganized MCCs, which suggests that as LTS de-
clines the low clouds are more likely to transition from or-
ganized closed-cellular MCC types to cellular but disorga-
nized MCCs. The contributions of open MCC are consider-
ably lower with frequency of occurrences ranging from about
10 to 30%. Interestingly, the most prevalent MCC types in
the NEA are disorganized and open MCC with little contri-
butions from closed MCC. Thus, the relatively small value
of low cloudiness in the NEA may be explained by the small
contributions from closed MCC types, which are less com-
mon in this region. The most frequent occurrences of open
MCCs in the subtropics are found in the SEI during boreal
summer and during boreal fall and winter in the NA and NP.
At midlatitudes, the frequency of occurrence of closedMCCs
maximizes during boreal summer in the NP and NA and dur-
ing austral summer in the SO. Open MCC contributions peak
during boreal winter in the NP and NA and during austral
winter in the SO. The seasonality and strong anticorrelation
between closed and open MCC types at midlatitudes sug-
gests that open MCC types are more frequently found during
winter months, when stronger cyclonic activity leads to more
frequent cold-air outbreaks. Table 4 lists the frequency of oc-
currence and cloud fraction for each region and MCC type.
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Figure 7. Composite of MODIS Aqua visual imagery for the 11
October 2008 case study in the SEP. Shown are the A-train track
(dashed red line) and the MCC types identified by the ANN for
each 256⇥ 256 km2 cloud scene (colored circles) along the MODIS
swath. The colored lines mark the sections along the A-train track
classified as closed MCC (cyan), openMCC (magenta), and cellular
but disorganized MCC (yellow) as an example. The MODIS image
resolution is 2 km.

4 Case study

In order to derive reliable statistics of the effects of different
MCC types on the microphysical properties and radiative ef-
fects of low clouds, A-train observation are mapped onto the
MCC type classification based on MODIS cloud scene data
as discussed in Sect. 2. Here, we briefly explain the map-
ping process in the context of a case study. The case study
is shown Fig. 7 and depicts a field of marine Sc clouds in
the SEP sampled by A-train satellites on 11 October 2008.
A wide patch of Sc clouds with closed MCC type stretches
out from close to the Chilean shore to almost 90�W. The Sc
cloud deck with closed MCC transitions to open MCC along
the A-train track just south of about 20� S and north of about
15� S.
For a given cloud scene in the MODIS swath, the map-

ping of CloudSat and CERES observations is based on the
geolocation and time of observation of each MCC scene. A
geometric mapping algorithm is used to associate each CPR
profile with the MODIS cloud scenes on either side of the
A-train track. Overall, the MCC type classification and map-
ping of A-train observations is reasonably accurate but is lim-
ited primarily by a statistical false detection rate of approxi-
mately 10–15% inherent to the neural network algorithm as
discussed in WH06.
By examining the A-train instrument retrievals for this

case study, we find that the closed and open MCC regions ex-
hibit striking differences in terms of their microphysical and
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over the cloudy pixels of the scene as LWP and !LWP,
respectively. Following Barker (1996b) and Oreopou-
los and Davies (1998a) we use "LWP # (LWP/!LWP)2 as
a nondimensional homogeneity parameter. Figure 3

shows a comparison of the LWP PDFs for the four
example scenes. A clear shift from a modal to a non-
modal PDF form is seen with decreasing cloud cover.
Accompanying this shift is a general decrease in "LWP

TABLE 2. Characteristics of the four test images shown in Fig. 2. Parameters listed are cloud fraction CF, characteristic scale of the
cells $1 and of the cloud structures $2, mean liquid water path LWP, the ratio of square of the mean to the variance of LWP for cloudy
pixels only ("LWP), liquid water path skewness SLWP, scene type (no MCC, N; closed MCC, C; open MCC, O), and the boundary layer
depth zi.

Image Date
Location
(lat, lon) CF

$1

(km)
$2

(km)
LWP

(g m%2) " SLWP Type
zi

(m)

(a) 17 Oct 2000 36°N, 125°W 0.99 5.4 N/A* 59 5.02 0.51 N 610
(b) 18 Aug 2000 30°N, 131°W 0.88 10.9 10.3 64 3.13 1.45 C 760
(c) 18 Aug 2000 26°N, 135°W 0.86 38.5 48.2 85 1.35 1.38 C 1100
(d) 13 Oct 2000 11°S, 97°W 0.32 35.7 10.1 92 1.24 1.72 O 1020

* Characteristic scale undetermined.

FIG. 2. Example scenes of MODIS LWP in boundary layer cloud showing wide variability
in cloud structure. Each scene size is 256 km & 256 km at 1-km resolution. Image times and
locations are given in Table 2.
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FIG. 5. Selection of MODIS scenes categorized by the neural network scene classification

type.

FIG. 6. Links between nondimensional cloud heterogeneity and CF for a simple PDF model
of cloud thickness variability. The horizontal axis represents the difference in height h be-
tween the inversion base height zi and the LCL, so that the shaded areas represent cloudy
regions and the unshaded regions are regions without cloud.
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as the cloudy fraction of the scene becomes more in-
homogeneous, together with an increase in the skew-
ness of the distribution (Table 2). These links are ex-
plored more systematically in section 3.

For each scene we derive the two-dimensional power
spectrum as a function of total wavenumber k, where
k2 ! k2

x " k2
y and kx and ky are the wavenumbers along

the axes of the square scene. The image is first de-
trended by removing the best-fit plane and then win-
dowed using a Welch window. Spectra for the four test
scenes are shown in Fig. 4. We find in general that
spectra for both open and closed MCC usually exhibit a
peak at some length scale (this length scale we call #1).
Power-law scaling is generally found at large k. The
scale at which the spectrum diverges from the power
law we label as #2. Closed MCC spectra diverge from
the power law at a scale close to the peak scale (i.e., #1

$ #2, as in Figs. 4b,c), but for open MCC the divergence
from power-law behavior occurs at a scale somewhat
smaller than the cell scale (i.e., #1 % #2, as in Figs. 4b,c).
Visual inspection of many scenes leads to the conclu-
sion that #1 and #2 can be interpreted as the approxi-
mate cell diameter and typical cloud size, respectively.
For closed cells these are approximately the same be-
cause the gaps between clouds are quite small. Open
MCC tends to consist of small clouds that form around
the perimeter of a larger cellular structure and so #2 is
often considerably smaller than #1.

Automatic methods are used to determine the length
scales #1 and #2 from the power spectral data. Tests
using synthetic fractal scenes with spatial variability
characteristics representative of low clouds reveal rms
errors in the estimated values of #1 of 10%–20%, with
a tendency for systematic underestimation that in-
creases from approximately 3 km for #1 ! 20 km to 6
km for #1 ! 50 km. In some cases the power-law be-
havior is either not present or limited to scales similar

to the Nyquist frequency (0.5 km&1). In these cases #2

is undefined. Similarly, some of the scenes do not con-
tain a peak in the power spectrum other than that in-
troduced artificially by data windowing. In such cases #1

is undefined. Table 2 shows values of #1 and #2 for the
example scenes. Note that it is possible that scenes
without clearly defined mesoscale cellular convection,
such as scene a in Fig. 2, can have #1 defined. In these
cases, roll-like structures give rise to the power spectral
peak. Power spectra and their relationship with LWP
variance are further explored in section 4.

e. Neural network scene type classification

The LWP PDF and the power spectrum are used
together to classify scenes into four categories that en-
compass the range of mesoscale (1–100 km) structures
in low clouds: (i) clouds with no clear identifiable cel-
lularity, (ii) closed MCC, (iii) open MCC, and (iv)
clouds containing cells but with no clear organization.
We use a three-layer back propagation neural network
(Castleman 1996; Atkinson and Tatnall 1997; Clark and
Boyce 1999; Schroder et al. 2002), with a feature vector
combining 32 elements describing the LWP power
spectrum and 40 elements characterizing the LWP
PDF. Approximately 1000 scenes were classified by eye
as belonging to one of the categories (i)–(iv) above, and
this ensemble was randomly split into two to provide
training and verification datasets. Training is carried
out until the misclassification in the verification dataset
ceases to decrease. We obtained an 85%–90% classifi-
cation accuracy for the trained network. Visual inspec-
tion shows the misclassified scenes tend to have fea-
tures common to two categories, that is, those more
difficult to classify for the human observer. The neural
network weights derived from the training process are
then applied to all MODIS data from the NE and SE
Pacific to provide a scene-by-scene classification. Fig-
ure 5 shows a selection of 16 MODIS scenes, arranged
by scene type, that have been successfully classified us-
ing the neural network algorithm.

f. Reanalysis data

Reanalysis data from the National Centers for Envi-
ronmental Prediction–National Center for Atmo-
spheric Research (NCEP–NCAR) reanalysis (Kistler et
al. 2001) are used to investigate links between large-
scale meteorology and mesoscale spatial variability.
Our methodology is to obtain a set of pertinent reanaly-
sis variables for each of the MODIS scenes analyzed.
Reanalysis data are available 4 times daily on a 2.5° '
2.5° grid, and include sea surface temperature data

FIG. 3. Examples of LWP PDFs for the four test scenes shown
in Fig. 2.
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(Reynolds and Smith 1994). Trilinear interpolation is
used to determine the values of the reanalysis variables
at the MODIS scene-center locations and times. We
consider three large-scale variables derived from re-
analysis in this study: lower-tropospheric stability (LTS
! "700 # "0, where "700 and "0 are the potential tem-
peratures at 700 hPa and the surface, respectively);
large-scale vertical motion at 850 hPa (w850); and sea
surface temperature advection U · !SST, where U is
the surface wind and SST is the sea surface temperature.
Because it is known that there exists a sizeable diurnal
cycle in surface divergence and subsidence rates above
the MBL (Dai and Deser 1999), we use the mean w850

for the 24-h period centered on the time of the MODIS
overpass. This is unnecessary for the other reanalysis
parameters as their diurnal cycles are much weaker.

3. CF and LWP variability

The early work of Barker (1996b) presented the first
observational evidence that cloud internal variability
and CF might be linked, with homogeneous clouds also
being those with the most extensive cloud cover. How-
ever, the limited sample of high-resolution satellite im-
ages in the Barker study was insufficient to fully ex-
plore the relationship between cloud homogeneity and
CF. Similar findings were reported by Pincus et al.
(1999) using simultaneous observations from ships and
satellite, but no explicit classification by CF was carried
out. The general issue here is to what degree can asso-
ciations between cloud cover and the internal variabil-
ity of the cloud be represented using simple ideas. From
a conceptual viewpoint, it is relatively straightforward

FIG. 4. Power spectra calculated using a 2D FFT for the four example scenes shown in Fig.
2. The unsmoothed spectra are shown using the solid line. Spectra are normalized so that $%

0

PLWPdk ! &2
LWP, all where &LWP, all is the standard deviation of LWP (including cloud-free

regions where LWP ! 0). Averaged spectra are shown using filled circles and approximate
95% confidence limits are given by the light dotted line. The filled triangle on the wavenum-
ber axis shows the mean wavenumber used to determine the power-law fit to the large k end
of the observed spectra (thick dotted line). The two characteristic length scales are defined as
'1, the wavelength of the highest wavenumber peak in the averaged power spectrum; '2, the
minimum wavenumber at which the 95% confidence limit of the spectrum exceeds the fitted
power law. These scales correspond approximately to cellular diameters and cloud sizes,
respectively.
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respectively.

1 MAY 2006 W O O D A N D H A R T M A N N 1753

P L
W

P 
(g

2  
m

-4
 k

m
)

1.001.00 0
102

102

106

106

0

Wood and Hartmann, 2006
Muhlbauer et al. 2014
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Figure 16. Same as Fig. 12 but for shortwave transmissivity (T).

7. PDFs of cloud optical depths, shortwave reflectance and
transmissivity reveal pronounced differences regarding
the radiative effect of marine low-cloud fields. The ra-
diative impact of low clouds strongly depends on the
cloud morphology and exhibits considerable regional
variability. Generally, low clouds with closed MCC ex-
hibit higher values of shortwave reflectance compared
to the other MCC types, which is primarily due to the
larger cloud fractions. The differences in shortwave re-
flectance demonstrate the importance of low-cloud mor-
phologies and their associated cloudiness on the re-
flected solar radiation and thus on the climatic impact
of marine low clouds.
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Figure 15. Same as Fig. 12 but for shortwave reflectance (R).

4. The cloud fraction of marine low-cloud fields is highly
variable and a function of the MCC type. On a global
scale, the cloud fraction is largest for closed MCC, with
a mean cloud fraction of about 90%, whereas the cloud
fractions are lower for open MCCs and cellular but dis-
organized MCCs, with mean cloud fractions of about
51 and 40%, respectively. PDFs of cloud fractions are
heavily skewed, with modest regional variability in par-
ticular for organized open and cellular but disorganized
MCC types.

5. PDFs of column maximum CPR reflectivities and cloud
base drizzle rates indicate fundamental differences in
the cloud and precipitation characteristics of marine low
clouds, which are strongly dependent on the MCC type.
About 70% of CPR cloud profiles within closed MCCs
have light drizzle, whereas 40% of the cloud profiles
have moderate or heavy drizzle. Within open MCCs,

40% of the cloud profiles show light drizzling, whereas
30% show moderate or heavy drizzling. Within cellu-
lar but disorganized MCCs the frequency of occurrence
of light and moderate or heavy drizzle is about 30 and
20%, respectively. Given that the mean cloud fraction in
marine low-cloud fields with open MCC is substantially
lower than for closed MCC implies that drizzle rates
in open MCCs are stronger and more localized than in
closed MCCs.

6. Mean cloud top heights vary according to MCC type
by about 100–200m. Low clouds with high cloud top
heights exhibit substantially larger column maximum
radar reflectivities and stronger cloud base drizzle rates
than clouds with low cloud top heights. In other words,
thicker Sc clouds rain more heavily due to the presence
of larger drops.
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4. The cloud fraction of marine low-cloud fields is highly
variable and a function of the MCC type. On a global
scale, the cloud fraction is largest for closed MCC, with
a mean cloud fraction of about 90%, whereas the cloud
fractions are lower for open MCCs and cellular but dis-
organized MCCs, with mean cloud fractions of about
51 and 40%, respectively. PDFs of cloud fractions are
heavily skewed, with modest regional variability in par-
ticular for organized open and cellular but disorganized
MCC types.

5. PDFs of column maximum CPR reflectivities and cloud
base drizzle rates indicate fundamental differences in
the cloud and precipitation characteristics of marine low
clouds, which are strongly dependent on the MCC type.
About 70% of CPR cloud profiles within closed MCCs
have light drizzle, whereas 40% of the cloud profiles
have moderate or heavy drizzle. Within open MCCs,

40% of the cloud profiles show light drizzling, whereas
30% show moderate or heavy drizzling. Within cellu-
lar but disorganized MCCs the frequency of occurrence
of light and moderate or heavy drizzle is about 30 and
20%, respectively. Given that the mean cloud fraction in
marine low-cloud fields with open MCC is substantially
lower than for closed MCC implies that drizzle rates
in open MCCs are stronger and more localized than in
closed MCCs.

6. Mean cloud top heights vary according to MCC type
by about 100–200m. Low clouds with high cloud top
heights exhibit substantially larger column maximum
radar reflectivities and stronger cloud base drizzle rates
than clouds with low cloud top heights. In other words,
thicker Sc clouds rain more heavily due to the presence
of larger drops.
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Figure 15. Same as Fig. 12 but for shortwave reflectance (R).

4. The cloud fraction of marine low-cloud fields is highly
variable and a function of the MCC type. On a global
scale, the cloud fraction is largest for closed MCC, with
a mean cloud fraction of about 90%, whereas the cloud
fractions are lower for open MCCs and cellular but dis-
organized MCCs, with mean cloud fractions of about
51 and 40%, respectively. PDFs of cloud fractions are
heavily skewed, with modest regional variability in par-
ticular for organized open and cellular but disorganized
MCC types.

5. PDFs of column maximum CPR reflectivities and cloud
base drizzle rates indicate fundamental differences in
the cloud and precipitation characteristics of marine low
clouds, which are strongly dependent on the MCC type.
About 70% of CPR cloud profiles within closed MCCs
have light drizzle, whereas 40% of the cloud profiles
have moderate or heavy drizzle. Within open MCCs,

40% of the cloud profiles show light drizzling, whereas
30% show moderate or heavy drizzling. Within cellu-
lar but disorganized MCCs the frequency of occurrence
of light and moderate or heavy drizzle is about 30 and
20%, respectively. Given that the mean cloud fraction in
marine low-cloud fields with open MCC is substantially
lower than for closed MCC implies that drizzle rates
in open MCCs are stronger and more localized than in
closed MCCs.

6. Mean cloud top heights vary according to MCC type
by about 100–200m. Low clouds with high cloud top
heights exhibit substantially larger column maximum
radar reflectivities and stronger cloud base drizzle rates
than clouds with low cloud top heights. In other words,
thicker Sc clouds rain more heavily due to the presence
of larger drops.
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Figure 14. Same as Fig. 12 but for cloud optical depth (⌧ ).

Considerable contributions to low cloudiness are also
found at midlatitude storm tracks of both hemispheres
and in the Greenland See (i.e., the Arctic Ocean east
of Greenland). In the subtropics, cloud fraction exhibits
a pronounced seasonal cycle but the seasonal cycle is
damped at midlatitudes and almost absent in the South-
ern Ocean.

2. On a global scale, the frequency of occurrence of closed
MCC types is largest at the subtropics and in the mid-
latitude storm track regions of both hemispheres, with
an increased frequency of occurrence toward higher lat-
itudes. Open MCC types have the lowest frequency of
occurrence of all lowMCC types with pronounced max-
imum in the Southeast Pacific, the Southern Ocean and
the North Pacific. Within subtropical regions, closed
MCC types occur predominantly in near-coastal waters
whereas open MCCs are more frequently found further
offshore. Cellular but disorganized MCC types are the

dominant MCC type in regions with warm SSTs such
as the tropics and the trade wind zones.

3. All MCC types exhibit a pronounced seasonal cycle. In
the subtropics, the seasonal cycle of the frequency of oc-
currence of closed MCC is very well correlated with the
seasonal cycle of cloud fraction and the stability within
the lower troposphere. Also, there is an anticorrelation
in the seasonal cycle of closed MCC and cellular but
disorganizedMCC, which suggests that as the lower tro-
pospheric stability declines marine low clouds are more
likely to transition from closed to disorganized MCCs.
At midlatitudes, the seasonality in the occurrence fre-
quency of open MCCs may be linked to cold-air out-
breaks and the associated advection of cold continental
air masses over warmer ocean surfaces in the wake of
cyclones, which happens more often during the winter
months.
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Considerable contributions to low cloudiness are also
found at midlatitude storm tracks of both hemispheres
and in the Greenland See (i.e., the Arctic Ocean east
of Greenland). In the subtropics, cloud fraction exhibits
a pronounced seasonal cycle but the seasonal cycle is
damped at midlatitudes and almost absent in the South-
ern Ocean.

2. On a global scale, the frequency of occurrence of closed
MCC types is largest at the subtropics and in the mid-
latitude storm track regions of both hemispheres, with
an increased frequency of occurrence toward higher lat-
itudes. Open MCC types have the lowest frequency of
occurrence of all lowMCC types with pronounced max-
imum in the Southeast Pacific, the Southern Ocean and
the North Pacific. Within subtropical regions, closed
MCC types occur predominantly in near-coastal waters
whereas open MCCs are more frequently found further
offshore. Cellular but disorganized MCC types are the

dominant MCC type in regions with warm SSTs such
as the tropics and the trade wind zones.

3. All MCC types exhibit a pronounced seasonal cycle. In
the subtropics, the seasonal cycle of the frequency of oc-
currence of closed MCC is very well correlated with the
seasonal cycle of cloud fraction and the stability within
the lower troposphere. Also, there is an anticorrelation
in the seasonal cycle of closed MCC and cellular but
disorganizedMCC, which suggests that as the lower tro-
pospheric stability declines marine low clouds are more
likely to transition from closed to disorganized MCCs.
At midlatitudes, the seasonality in the occurrence fre-
quency of open MCCs may be linked to cold-air out-
breaks and the associated advection of cold continental
air masses over warmer ocean surfaces in the wake of
cyclones, which happens more often during the winter
months.
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Figure 14. Same as Fig. 12 but for cloud optical depth (⌧ ).

Considerable contributions to low cloudiness are also
found at midlatitude storm tracks of both hemispheres
and in the Greenland See (i.e., the Arctic Ocean east
of Greenland). In the subtropics, cloud fraction exhibits
a pronounced seasonal cycle but the seasonal cycle is
damped at midlatitudes and almost absent in the South-
ern Ocean.

2. On a global scale, the frequency of occurrence of closed
MCC types is largest at the subtropics and in the mid-
latitude storm track regions of both hemispheres, with
an increased frequency of occurrence toward higher lat-
itudes. Open MCC types have the lowest frequency of
occurrence of all lowMCC types with pronounced max-
imum in the Southeast Pacific, the Southern Ocean and
the North Pacific. Within subtropical regions, closed
MCC types occur predominantly in near-coastal waters
whereas open MCCs are more frequently found further
offshore. Cellular but disorganized MCC types are the

dominant MCC type in regions with warm SSTs such
as the tropics and the trade wind zones.

3. All MCC types exhibit a pronounced seasonal cycle. In
the subtropics, the seasonal cycle of the frequency of oc-
currence of closed MCC is very well correlated with the
seasonal cycle of cloud fraction and the stability within
the lower troposphere. Also, there is an anticorrelation
in the seasonal cycle of closed MCC and cellular but
disorganizedMCC, which suggests that as the lower tro-
pospheric stability declines marine low clouds are more
likely to transition from closed to disorganized MCCs.
At midlatitudes, the seasonality in the occurrence fre-
quency of open MCCs may be linked to cold-air out-
breaks and the associated advection of cold continental
air masses over warmer ocean surfaces in the wake of
cyclones, which happens more often during the winter
months.
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PREDICTION USING MCAO  —  ADDITIONAL MOTIVATION

7

Mid-latitude cyclone identified using Open and 
Closed MCC occurrences (Agee, 1984) 

Reflected shortwave bias observed on the 
cold air side of a composite southern ocean 
cyclone in boreal winter (Williams et al. 2012). 
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FIG. 2. Mean bias in RSW for the composite cyclone over the SouthernOcean region duringDJF. Contours
showmodel meanMSLP at 8-hPa intervals. (left) RSWbias in AMIP simulations versus ISCCP-FD. (middle)
RSW bias in AMIP simulations versus ERBE. (right) Day 2 RSW bias in January/February T-AMIP2 hind-
casts versus CERES-Flashflux. Also shown is a schematic illustrating the typical position of synoptic features in
a Southern Hemisphere cyclone. (These diagnostics were unavailable for the CCSM4 AMIP simulation.)
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FIG. 2. Mean bias in RSW for the composite cyclone over the SouthernOcean region duringDJF. Contours
showmodel meanMSLP at 8-hPa intervals. (left) RSWbias in AMIP simulations versus ISCCP-FD. (middle)
RSW bias in AMIP simulations versus ERBE. (right) Day 2 RSW bias in January/February T-AMIP2 hind-
casts versus CERES-Flashflux. Also shown is a schematic illustrating the typical position of synoptic features in
a Southern Hemisphere cyclone. (These diagnostics were unavailable for the CCSM4 AMIP simulation.)
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PREDICTION USING MCAO  —  SPATIAL AND TEMPORAL PATTERNS

8
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•  Significant differences in the radiative properties of Open and Closed Mesoscale 
Cellular Convection (MCC) motivate developing a predictive scheme for these clouds.

•  Temporal and spatial patterns of Open cellular clouds and Marine Cold Air Outbreak 
(MCAO) events are seen to be similar. In the Northern and Southern 30-60° bands, 
MCAO is a good predictor of the Open MCC seasonal cycle. 

•  Yearly composites of MCAO and Total Surface Heat Flux by Open and Closed are 
contrasted and found to be significantly different, both in key stratocumulus regions 
and throughout the 30-60°N and S bands.
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