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Abstract The instantaneous linkages between cloud vertical structure and various large-scale
meteorological parameters are investigated using 5 years of data from the CloudSat/CALIPSO instruments.
The linkages are systemically explored and quantified at all vertical levels and throughout the global
ocean in both the long-term mean and on month-to-month timescales. A number of novel large-scale
meteorological parameters are used in the analysis, including tropopause temperatures, upper tropospheric
stability, and storm track activity. The results provide a baseline for evaluating physical parameterizations
of clouds in GCMs and a reference for interpreting the signatures of large-scale atmospheric phenomena
in cloud vertical structure. In the long-term mean, upper tropospheric cloud incidence throughout the
globe increases with (1) decreasing tropopause temperature (at a rate of ∼2–4% K−1), (2) decreasing upper
tropospheric stability (∼5–10% per K km−1), and (3) increasing large-scale vertical motion (∼1–4% per
10 hPa d−1). In contrast, lower tropospheric cloud incidence increases with (1) increasing lower tropospheric
stability (10% per K km−1) and descending motion (1% per 10 hPa d−1) in regions of subtropical regime
but (2) decreasing lower tropospheric stability (4% per K km−1) and ascending motion (2% per 10 hPa
d−1) over the Arctic region. Variations in static stability and vertical motion account for ∼20–35% of the
month-to-month variance in upper tropospheric cloudiness but less than 10% of the variance in lower
tropospheric clouds. Upper tropospheric cloud incidence in the storm track regions is strongly linked to the
variance of large-scale vertical motion and thus the amplitude of baroclinic waves.

1. Introduction

Clouds have a profound impact on the Earth’s radiation budget [e.g., Ramanathan et al., 1989; Rossow and
Lacis, 1990; Wielicki et al., 1995; Stephens, 2005; Bony et al., 2006]. They cool the Earth by reflecting incoming
shortwave radiation back to space but warm the Earth by trapping outgoing longwave radiation. Changes
in cloud amount modify the radiative and latent heating of the atmosphere and thus also influence the
large-scale atmospheric circulation [Slingo and Slingo, 1988; Randall et al., 1989; Stephens, 2005]. But despite
their importance for climate, the representation of clouds in current climate models remains challenging
[e.g., Bony et al., 2004; Zhang et al., 2005; Nam et al., 2012; Jiang et al., 2012; Li et al., 2012a; Klein et al., 2013;
Su et al., 2013], and cloud radiative feedback remains a major source of uncertainty in predicting future cli-
mate change [e.g., Stephens, 2005; Bony et al., 2006; Soden and Held, 2006; Randall et al., 2007; Dufresne and
Bony, 2008].

The interpretation of (and thus our ability to improve) the representation of clouds in models is limited by
our poor knowledge of the near-global vertical structure of clouds in observations. Observational uncer-
tainty in cloud vertical structure underlies many compensating errors suffered in climate models, including
compensating errors between clouds at different heights to simulate the total cloud amount and between
cloud fraction and cloud optical properties to simulate the cloud radiative fluxes [Webb et al., 2001; Zhang
et al., 2005; Nam et al., 2012; Klein et al., 2013]. In addition, clouds at different altitudes and with varying
optical depths affect the Earth’s radiation budget in different ways, and detailed information of the global
three-dimensional structure of clouds is key for determining the vertical distribution of radiative heating
rates [Wielicki and Parker, 1992; Chen et al., 2000; Weare, 2000].

Existing global cloud data sets, such as the International Satellite Cloud Climatology Project [Rossow and
Schiffer, 1991, 1999], provide valuable information on the horizontal distribution of clouds but relatively
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little information on cloud vertical structure due to the limitations of the passive-sensing instruments on
which they are based. Passive instruments also have difficulties detecting thin upper level clouds and clouds
forming over snow or ice. The active remote sensors on board the CloudSat and Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) satellites provide the first global-scale data set of cloud
vertical structure [Stephens et al., 2002].

Our ability to understand and simulate clouds and cloud feedback hinges on observations of not only the
vertical structure of clouds but also the two-way linkages between cloud frequency and the meteorol-
ogy as a function of vertical level. Considerable effort has been placed on understanding the relationships
between the meteorology and low-level clouds. For example, periods and regions of relatively low sea sur-
face temperature (SST) and high lower tropospheric stability are marked by increased abundances of marine
stratocumulus, and vice versa. The linkages between marine stratocumulus, SST, and lower tropospheric sta-
bility have been investigated on seasonal timescales [Klein and Hartmann, 1993; Wood and Bretherton, 2006;
Richter and Mechoso, 2004, 2006; Jensen et al., 2008; Lin et al., 2009; Kubar et al., 2011], synoptic timescales
[Klein, 1997; Norris and Klein, 2000; George and Wood, 2010], and interannual timescales [Hanson, 1991;
Oreopoulos and Davies, 1993; Norris and Leovy, 1994; Klein et al., 1995; Clement, 2009; Eastman et al., 2011;
Eitzen et al., 2011; Kubar et al., 2012]. Numerous studies have examined the key role of various dynamic and
thermodynamic processes on the formation of marine stratocumulus [Hanson, 1991; Klein, 1997; Bony et al.,
1997; Norris and Klein, 2000; Wood and Bretherton, 2006; Wood, 2012]. And several other studies have noted
that the out-of-phase linkages between SSTs and marine stratiform cumulus have implications for climate
feedback [Hanson, 1991; Klein and Hartmann, 1993; Bony and Dufresne, 2005; Zhu et al., 2007].

Considerable effort has also been placed on understanding the relationships between the meteorology and
clouds at upper levels, particularly deep convective and cirrus clouds in the tropics. The linkages between
the meteorology and the spatially varying distribution of deep convection have been examined extensively
on seasonal timescales [Zhang, 1993a], intraseasonal timescales in association with Madden-Julian oscil-
lation [Eguchi and Shiotani, 2004; Masunaga et al., 2008; Chen and Genio, 2009; Tromeur and Rossow, 2010;
Jiang et al., 2011; Riley et al., 2011; Yuan and Houze, 2013], and interannual timescales in association with
El Niño–Southern Oscillation [Fu et al., 1990; Ramanathan and Collins, 1991; Zhang et al., 1996; Cess et al.,
2001a, 2001b; Allan et al., 2002; Park and Leovy, 2004; Guilyardi et al., 2009; Su and Jiang, 2013; Lacagnina and
Selten, 2013]. The large-scale distribution of deep convective clouds is closely tied to the distribution of SSTs
[Ramanathan and Collins, 1991; Waliser et al., 1993; Zhang, 1993b; Bony et al., 1997; Lau et al., 1997; Behrangi
et al., 2012] and vertical motion in the free troposphere [Bony et al., 1997, 2004; Wyant et al., 2006; Zhang et
al., 2007]. It is also linked to the structure of tropopause temperature [Zhang, 1993a; Gettelman et al., 2002],
near-surface moisture convergence [Lindzen and Nigam, 1987], upper tropospheric humidity [Soden and
Fu, 1995; Sassi et al., 2001; Su et al., 2006a], and radiatively driven divergence [Kubar et al., 2007; Zelinka and
Hartmann, 2011; Li et al., 2012b]

The linkages between the meteorology and the spatially varying distribution of optically thin cirrus in the
tropical tropopause transition layer (TTL) have also received increasing attention in recent years, in large
part due to the advent of the CALIPSO data. The temporal and spatial structure of cirrus in the TTL has been
linked to tropical stratospheric waves in field experiment data [Boehm and Verlinde, 2000] and large-scale
equatorial waves on seasonal, intraseasonal, and interannual timescales in 3 years of CALIPSO measure-
ments [Virts and Wallace, 2010]. CloudSat and CALIPSO data have also been used to demonstrate a robust
link between the stratospheric Brewer-Dobson circulation and cloud amount in both the TTL and Arctic
troposphere [Li and Thompson, 2013].

The objective of this study is to exploit vertically resolved cloud incidence from the CloudSat/CALIPSO
instruments to document and interpret the observed linkages between the meteorology and cloud inci-
dence as a function of vertical level throughout the global ocean. We will focus primarily on instantaneous
relationships between clouds and the meteorology since both fields can vary on submonthly timescales.
Instantaneous relationships are also likely to provide more insight about the underlying physical processes
than monthly-mean relationships. Previous studies have used the CloudSat data to examine the linkages
between the meteorology and various cloud properties, but most have focused on relationships based on
monthly or long-term mean (rather than instantaneous) versions of the data [e.g., Zhang et al., 2007; Su et
al., 2011, 2013]. Su et al. [2008] examined the instantaneous linkages between the large-scale meteorology
and clouds using the CloudSat data but focused primarily on the tropical oceans. Here we will systematically
investigate the instantaneous linkages between cloud incidence and the meteorology over all regions of the
global ocean.
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We will provide quantitative estimates of the linkages between cloud incidence and a range of controlling
factors not widely considered in previous work, including tropopause temperatures, upper tropospheric
stability, and storm track activity. Our use of tropopause temperature is novel and is motivated by recent evi-
dence that variability in the large-scale stratospheric Brewer-Dobson circulation influences cloud incidence
in both the tropical transition layer and Arctic troposphere via its signature in upwelling and downwelling
at the tropopause level [Li and Thompson, 2013]. Tropopause temperature and upper tropospheric stabil-
ity provide overlapping but complementary information about the conditions that give rise to variations in
cloud incidence in the uppermost troposphere. In a sense, much as sea surface temperature can be viewed
as setting the lower boundary condition for tropospheric cloud incidence, tropopause temperature can be
viewed as setting the upper boundary condition.

Section 2 describes the satellite and reanalyses data sets used in the study. In section 3, we examine the
long-term mean of the instantaneous (i.e., profile by profile) relationships between cloud incidence and
large-scale meteorological parameters. The results are focused on clouds over the ocean and include
analyses of the tropics, middle latitudes, and polar regions. In section 4, we use the insights gained from
section 3 to interpret the linkages between cloud incidence and large-scale meteorological parameters on
month-to-month timescales. Section 5 provides a summary and discussion of the results.

2. Data and Methods

The primary data used in the study are estimates of cloud fraction from the CloudSat and CALIPSO satel-
lites. Launched in April 2006, CloudSat and CALIPSO are components of the NASA Afternoon Train (A-Train)
constellation of satellites [Stephens et al., 2002]. The Cloud Profiling Radar (CPR) aboard CloudSat is a 94 GHz
nadir-pointing radar that is able to measure optically thick hydrometeor layers. The lidar system carried by
CALIPSO is capable of detecting optically thin cloud layers that could be missed by the CPR, such as those
formed in the vicinity of the tropical tropopause [Winker et al., 2007]. However, the lidar becomes attenuated
quickly in the presence of optically thick clouds and thus cannot detect some of the clouds identified by
the radar [Mace et al., 2009]. Conversely, the CloudSat CPR is unable to detect most clouds below 1 km (due
to contamination from the surface) [Marchand et al., 2008] and optically thick clouds with relatively small
water droplets in the boundary layer (due to the limitation of the long wavelength of CPR) [Im et al., 2005],
whereas the lidar is able to sense many clouds in the lowermost and uppermost parts of the atmosphere.
Hence, the CPR and the CALIPSO lidars are complementary to each other and allow observations of cloud
incidence from below 1 km to the stratosphere.

Cloud fraction data are obtained from the Level 2B Geometrical Profiling-LIDAR product (2B-GEOPROF-
LIDAR; version P2R04), which combines information from the CloudSat radar (i.e., the CPR) and the CALIPSO
lidar [Mace et al., 2009]. As reported in Hagihara et al. [2010], CALIPSO version 2 data significantly over-
estimate the incidence of low-level clouds. The version P2R04 of the 2B-GEOPROF-LIDAR product used
here incorporates CALIPSO version 3 data (http://www.cloudsat.cira.colostate.edu/dpcNewsItem.php?
newsid=53) and is considered greatly improved in this regard [Vaughan et al., 2010]. The analyses here are
based on roughly 5 years of the combined CloudSat and CALIPSO measurements from June 2006 through
April 2011.

Cloud fraction data from the combined 2B-GEOPROF-LIDAR product are presented in terms of “cloud inci-
dence.” The CloudSat footprint is 1400 m cross track and 2500 m along track, and the vertical sampling is at
roughly 240 m. Cloud incidence is estimated by first assigning a “1” or “0” to all sample volumes depending
on the sample cloud fraction: If the cloud fraction within the volume is greater than one half, then the vol-
ume is assigned a 1; if the cloud fraction within the volume is less than one half, then the volume is assigned
a 0. The resulting values of cloud incidence are then averaged over larger number of samples, depending on
the analysis design. For example, the mean cloud incidence between 14 and 15 km in regions where SST is
between 302 and 303 K is found by averaging cloud incidence over all volumes that lie within that sample
space. A resulting mean cloud incidence of, say, 25% indicates that at least half of the volume is cloudy, 25%
of the time. See Verlinden et al. [2011] for a more detailed description of the calculation of cloud incidence
and the reason for using cloud incidence rather than ice/liquid water content.

We use two products to assess the linkages between the meteorology and cloud incidence. The primary
data source is the CloudSat/European Centre for Medium-Range Weather Forecasts auxiliary product
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(ECMWF-AUX). The ECMWF-AUX product provides ECMWF state variable data interpolated onto the same
spatial and temporal resolution as the CloudSat track. The ECMWF-AUX product is used to derive relation-
ships between cloud incidence and potential temperature (𝜃), static stability ( 𝜕𝜃

𝜕z
), tropopause temperature,

and tropopause height (Tropopause height is identified using the World Meteorological Organization lapse
rate definition.). It should be emphasized that the use of the high-frequency meteorological fields derived
from ECMWF-AUX product (as opposed to the use of daily or monthly mean fields) is the key, as it allows us
assess with high accuracy the instantaneous linkages between cloud incidence and the methodology.

In select cases, we also use monthly mean output from the European Centre for Medium Range Weather
Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) [Simmons et al., 2007; Dee et al., 2011]. The reanalysis
is available on a 1.5◦ × 1.5◦ horizontal mesh, at 37 pressure levels and every 6 h, from 1979 to present. In
cases where we use the ERA-Interim reanalysis, cloud incidence is resampled to 1.5◦ × 1.5◦ grid boxes and
averaged to form monthly means. The ERA-Interim reanalysis is used to derive relationships between cloud
incidence and vertical velocity and the amplitude of the midlatitude storm track. Vertical velocity is used at
500 hPa and is expressed as −1 × 𝜔500 such that positive value denote rising motion, and vice versa.

The amplitude of the midlatitude storm track is defined as the root-mean-square (RMS) of the daily 500 hPa
vertical pressure velocity [(𝜔′2)1∕2], where the prime represents the daily deviation from the monthly
mean, and the overbar denotes the monthly mean. Similar indices for the storm track activity have been
used in Weaver and Ramanathan [1997], Norris [2000], and Norris and Weaver [2001]. Lower tropospheric
stability is estimated as the difference in potential temperature between 3 km above the ocean surface
(∼700 hPa) and the surface [e.g., Klein and Hartmann, 1993] and is expressed at K km−1. Upper tropospheric
stability is defined in an analogous and generalized way as the difference in potential temperature between
tropopause and 3 km below the tropopause. Note that our definition of upper tropospheric stability
accounts for spatial and temporal variability in the height of the tropopause.

Results are shown for full and anomaly versions of the data. In the latter case, anomalies are formed by
subtracting the long-term mean annual cycle from the data.

3. Observed Linkages Between the Vertical Structures of Cloud Incidence
and the Meteorology: Long-Term Mean

In this section, we examine the vertical structure of cloud incidence as a function of a range of meteoro-
logical parameters throughout the globe. The results in this section are based on the long-term averages
of the instantaneously observed relationships between the meteorology and clouds derived from the
high-frequency individual profile measurements (i.e., the cloud data are binned as a function of the mete-
orology based on individual instantaneous profile measurements, and then the relationships are averaged
over all ∼5 years of data).

Figure 1 shows long-term mean maps of the primary meteorological parameters used in this section. From
top to bottom, the figure shows long-term mean values of tropopause temperature (Figure 1a), upper tro-
pospheric stability (Figure 1b), vertical velocity at 500 hPa (𝜔500; 𝜔 has been multiplied by −1 so that positive
values correspond to upward motion) (Figure 1c), lower tropospheric stability (Figure 1d), and SST over the
global ocean based on ERA-Interim reanalysis (Figure 1e). The results in Figure 1 will be referenced through-
out the study, but several key covarying features among different parameters warrant brief mention before
we examine the linkages between these fields and cloud structure.

In part by construction, much of the structure in tropopause temperatures is mirrored in upper tropospheric
stability, i.e., regions of cold tropopause temperatures in the tropics (Figure 1a) are generally associated with
weak upper tropospheric stability (Figure 1b). Likewise, much of the structure in the SST field is reflected
in lower tropospheric stability, i.e., regions of relatively high SST are generally collocated with weak lower
tropospheric stability (Figure 1d), and vice versa. Features in both upper and lower tropospheric stability
are reflected in the midtropospheric vertical motion: regions of ascent are frequently collocated with rela-
tively low static stability in both the upper and lower tropospheres, and vice versa. Regions of warm SSTs
and ascending motion at 500 hPa in the deep tropics and middle/high latitudes are generally collocated
with low static stability in the upper and lower tropospheres. Note that the high degree of correspondence
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Figure 1
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Figure 2. Vertical distribution of cloud incidence as a function of SST
over the global ocean. SST bin with 1 K interval is used. The solid blue
line corresponds to the height of tropopause as a function of SST
over the global ocean. The dashed blue lines are the SST boundaries
used to define the three distinct SST regimes for constructing plots in
Figures 3–5.

between the long-term means of the
fields shown in Figure 1 does not guar-
antee that the fields also covary in time.
For example, as shown later in the paper,
variations in tropopause temperature are
strongly but not perfectly linked to vari-
ations in upper tropospheric stability. As
indicated later in the study, the various
fields highlighted in Figure 1 all provide
a measure of independent information
about cloud structure.

3.1. Cloud “Regimes” as a Function of
Sea Surface Temperature
We begin our analysis by examining
the vertical distribution of cloud inci-
dence throughout the global ocean
as a function of ECMWF-AUX-derived
skin temperature, i.e., sea surface tem-
perature. The results are computed by
averaging ∼400 million individual pro-
files of cloud incidence as a function of

height and SST, where the SST is binned in increments of 1 K. Regions where skin temperature is below 270
K are considered covered by sea ice and are excluded from the analyses.

The resulting global distribution of cloud incidence as a function of height and SST is shown in Figure 2. The
results are strongly influenced by the meridional structure of cloud incidence since SST decreases monoton-
ically with latitude. However, the SST field also exhibits large zonal asymmetries (Figure 1e). Thus, the results
are not identical to, say, cloud incidence shown as a function of latitude. A similar result based on CloudSat
data was presented in Su et al. [2008, 2011] but only for the tropical ocean and 1 year of data.

The linkages between SST and cloud incidence can be viewed in the context of three distinct height
regimes. At lower levels (below ∼3 km), clouds decrease with increasing SSTs, consistent with the rela-
tionship between low clouds and lower tropospheric stability [e.g., Klein and Hartmann, 1993; Wood and
Bretherton, 2006]. The rate of decrease is most rapid between 295 and 300 K, which approximately corre-
sponds to the subtropical/tropical transition region (Figure 1e). Cloud incidence remains relatively constant
with increasing SST for SSTs lower than 295 K, except for the shallow maximum in cloud incidence between
∼272 and 278 K.

At midtropospheric levels (between ∼3 and 10 km), cloud incidence decreases along a diagonal toward
increasing SSTs and increasing height. The sloping upper bound on cloud incidence reflects the merid-
ional structure of the tropopause (see solid blue line in Figure 2): the left side of the plot corresponds to
high latitudes; the right side corresponds to the tropics. The minimum in cloud incidence around 295–300 K
between 3 and 9 km marks the transition between tropics and extratropics and lies within the descending
branch of the subtropical Hadley Cell (Figure 1c). The maximum in cloud incidence between 6 and 9 km for
SSTs below 285 K reflects the midlatitude storm track regions (Figure 1e).

At upper tropospheric levels (above ∼10 km), cloud incidence increases rapidly with SST up to 303 K
but decreases with SST beyond that value. The increases in upper tropospheric cloud incidence for SSTs
between 300 and 303 K are consistent with the relationships between SST and tropical deep convection

Figure 1. Geographic distribution of (a) tropopause temperature, (b) upper tropospheric stability (units: K km−1), (c)
vertical motion at 500 hPa (−𝜔500; with positive values indicating upward motion), (d) lower tropospheric stability (units:
K km−1), and (e) SST during June 2006 through April 2010 based on ERA-Interim reanalysis. Lower tropospheric stability
is estimated as the difference in potential temperature between 3 km and the surface, and upper tropospheric stability
is estimated as the difference in potential temperature between tropopause and 3 km below the tropopause. See text
for details. The black contour lines correspond to SST isotherm of 300, 286, and 272 K. These are the boundaries for the
three distinct SST regimes (see text in section 3.1 for details).
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Figure 3. Vertical distribution of cloud incidence as a function of (a) tropopause temperature, (b) upper tropospheric
stability, and (c) −𝜔500 in the deep convective regime.

[e.g., Lindzen and Nigam, 1987; Ramanathan and Collins, 1991; Waliser et al., 1993; Lau et al., 1997; Bony et al.,
1997; Su et al., 2006a, 2006b; Behrangi et al., 2012]. The decreases in cloud incidence for SSTs warmer than
∼303 K are consistent with the decreased frequency of occurrence of large-scale rising motions over the
highest SSTs [e.g., Waliser et al., 1993; Bony et al., 1997; Su et al., 2006b].

The linkages between SST and cloud incidence can also be viewed in the context of three distinct SST
regimes. These are delineated as vertical dashed lines in Figure 2 and are the following:

1. SSTs greater than 300 K. This regime includes most of clouds in the plot that lie above ∼12 km (Figure 2).
The regime primarily includes the tropical convergence zone (Figure 1e) and will be denoted hereafter as
the “deep convective regime.”

2. SSTs between 286 and 300 K. This regime in the SST/cloud incidence sample space is marked by
widespread low-level clouds but a minimum in clouds (and thus relatively clear skies) at upper levels
(Figure 2). The regime includes regions with strong subsidence and high lower tropospheric stability over
the eastern side of the subtropical ocean basins and along the eastern Pacific equatorial cold tongue
(Figures 1c and 1d). It will be denoted hereafter as the “subtropical regime.”

3. SSTs between 272 and 286 K. This regime is marked by widespread clouds at lower and upper levels
(Figure 2). It includes primarily the extratropics and midlatitude storm track region (Figure 1e) and will be
denoted hereafter as the “middle-/high-latitude regime."

In the rest of this section, we will examine the linkages between cloud incidence and large-scale meteoro-
logical parameters in each of the three cloud/SST regimes outlined above. We will also examine separately
results for (a) the midlatitude storm track regions over the North/South Pacific Ocean and North/South
Atlantic Ocean and (b) the Arctic region poleward of 70◦N (including sea ice regions). The data used in this
section are not filtered to remove the seasonal cycle, and thus, the results include relationships due to the
long-term mean and the annual march. Relationships due to month-to-month variability are examined in
section 4. All meteorological fields are derived from the ECMWF-AUX product except for vertical motion,
which is derived from ERA-Interim. Results based on the ECMWF-AUX product are derived from ∼1 × 108

profile measurements; results based on ERA-Interim are based on ∼2 × 105 monthly mean profiles.

3.2. Deep Convective Regime
The distribution of vertical motion and thus clouds in deep convective regions is determined by a vari-
ety of interrelated conditions, including temperatures at both the surface and the tropopause. As noted in
Figure 2, the incidence of upper tropospheric clouds increases by 10% K−1 for SSTs between ∼300 and 303 K
and then decreases by ∼10% K−1 for SSTs between ∼303 and 306 K. Note that the rates quoted in the text
are based on the height level where the regression coefficient between the cloud incidence and the corre-
sponding meteorological parameter is largest. Figure 3 quantifies the linkages between the cloud incidence
in the deep convective regime (SSTs greater than 300 K) and three additional meteorological parameters:

LI ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3776
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Figure 4. Vertical distribution of cloud incidence as a function of (a) −𝜔500 and (b) lower tropospheric stability in the
subtropical regime.

(a) tropopause temperature, (b) upper tropospheric stability, and (c) vertical motion at 500 hPa (shown as
−1 × 𝜔500). The results are not sensitive to the specific level chosen for the analyses.

Upper tropospheric cloud incidence is strongly linked to thermodynamic and dynamic conditions in the
upper troposphere. Cloud incidence increases by 4% K−1 as tropopause temperatures decrease from ∼198
to 189 K (Figure 3a). The linkages between upper tropospheric cloud incidence and tropopause temper-
atures (Figure 3a) are in part due to the coherence between tropopause temperatures and SSTs: regions
of relatively high SSTs force large-scale equatorial waves, and such waves influence TTL temperatures and
cirrus through adiabatic motions [e.g., Boehm and Lee, 2003; Norton, 2006; Dima and Wallace, 2007; Virts and
Wallace, 2010; Grise and Thompson, 2012]. In the companion paper [Li and Thompson, 2013], we demon-
strated that cloud incidence between 15 and 18 km is a much stronger function of tropopause temperature
than SST, whereas cloud incidence between 10 and 15 km is an independent function of both SST and
tropopause temperature.

The relationships between upper tropospheric cloud incidence and tropopause temperature are consistent
with those derived for cloud incidence and upper tropospheric stability (Figure 3b). Cold tropopause tem-
peratures are associated with low upper tropospheric stability (and presumably relatively strong upward
motion). Thus, upper tropospheric cloud incidence increases by 10% per K km−1 as upper tropospheric
stability decreases from ∼6 to 4 K km−1, and vice versa. Similarly, cloud incidence at upper levels increases
by 4% for every 10 hPa d−1 increase in vertical motion at 500 hPa (Figure 3c).

3.3. Subtropical Regime
The meteorological factors that govern the incidence of low-level subtropical marine clouds have also
received considerable attention in the literature (e.g., see section 1). As noted in Figure 2, the incidence of
low-level marine clouds decreases by ∼3% K−1 for SSTs between 290 and 300 K. Figure 4 quantifies the link-
ages between cloud incidence in the subtropical regime (SSTs between 286 and 300 K) and two additional
meteorological parameters: (a) vertical velocity at 500 hPa and (b) lower tropospheric stability. Bound-
ary layer cloud incidence increases with increasing subsidence and lower tropospheric stability at rates
of 1% per 10 hPa d−1 and 10% per K km−1, respectively. Note that the near-surface cloud layer becomes
increasingly shallow as lower tropospheric stability increases (Figure 4b).

The instantaneous linkages between low-level clouds, SST, midtropospheric vertical motion, and lower tro-
pospheric stability are consistent with those documented extensively in the studies noted earlier using
monthly mean data. Cold SSTs (Figure 2) and descending motion in the midtroposphere (Figure 4a) both
lead to increased lower static stability and thus increased cloud incidence in the marine boundary layer
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(Figure 4b). Descending motion and high static stability limit the vertical extension of the clouds above the
boundary layer.

It should be noted that the linkages between cloud incidence and lower tropospheric stability is rather weak
in regions where lower tropospheric stability is relatively small (Figure 4b). The weak lower tropospheric
stability in the subtropical regime approximately corresponds to the SST fronts near the eastern coast of
the continents (Figure 1d), where surface wind convergence/divergence may play a more important role
in cloud formation. Regions with surface convergence are mostly associated with upward motion and thus
increased midlevel and high-level cloud incidence (Figure 4a) but not necessarily with weak lower tropo-
spheric stability. The linkages between cloud incidence and lower tropospheric stability in regions of weak
static stability may also reflect the influence of shallow convective mixing on planetary boundary layer rel-
ative humidity. That is, in regions of weak lower tropospheric stability, shallow convective mixing can act
to import dry air from the lower free troposphere into the planetary boundary layer and thus reduce the
relative humidity there [Stevens, 2007].

The results in Figure 4 reveal several additional interesting features also worth noting. Low-level clouds are
overlapped by high clouds even in regions with strong subsidence and lower tropospheric stability [see
Christensen et al., 2013; Yuan and Oreopoulos, 2013]. As noted in Yuan and Oreopoulos [2013], the overlap rate
is 5% in such subsidence regions. Nam et al. [2012] pointed out that the overestimation of the low clouds
by middle and high clouds in GCMs introduced one source of the compensating errors in the simulations of
radiative fluxes at the top of the atmosphere. Low-level clouds extend above the boundary layer and appear
to merge with clouds in the free troposphere when the lower tropospheric stability falls below 5 K km−1

(Figure 4b). The merging of boundary layer and midtropospheric clouds in regions of low static stability is
consistent with the signatures of cumulus congestus clouds. It might also indicate trade cumulus clouds,
as cloudy air in the region of subtropical stratus decks is advected equatorward and westward by the trade
winds toward warmer waters [e.g., Wyant et al., 1997]. The peak in cloud incidence between 9 and 12 km in
regions of relatively weak lower tropospheric stability and ascent might reflect the intrusion of midlatitude
synoptic system into the subtropics.

3.4. Middle-/High-Latitude Regime
Cloud incidence and cloud radiative forcing in the northern midlatitudes are linked to the large-scale ver-
tical motion at 500 hPa [Weaver and Ramanathan, 1997; Norris and Weaver, 2001; Tselioudis and Jakob,
2002], surface pressure [Tselioudis et al., 2000], temperature advection [Lau and Crane, 1995], static sta-
bility [Klein and Hartmann, 1993; Weaver and Ramanathan, 1997], and SSTs [Norris and Leovy, 1994]. As
noted in association with Figure 2, cloud incidence in the middle-/high-latitude regime (SSTs between
∼272 and 286 K) exhibits a distinct vertical structure, with maxima near the surface and the tropopause,
and a minimum in the middle troposphere. Figure 5 quantifies the linkages between cloud incidence in
the middle-/high-latitude regime and four additional meteorological parameters (a) tropopause tempera-
ture, (b) upper tropospheric stability, (c) vertical velocity at 500 hPa, and (d) lower tropospheric stability. The
region covered by this SST regime only extends to ∼70◦. We will examine the polar regions separately in
section 3.6.

As is the case in the deep convective regime, upper tropospheric cloud incidence is strongly linked to
tropopause temperature (Figure 5a) and upper tropospheric stability (Figure 5b) throughout the middle/
high latitudes. This feature indicates that the intrinsic relationships between tropopause temperature, upper
tropospheric stability, and vertical motion as noted in the deep convective regime are also applicable to the
middle-/high-latitude regime. Between 6 and 12 km, middle-/high-latitude cloud incidence increases by
1.5–2% K−1 as tropopause temperatures decrease from 220 to 205 K, and by ∼8% per K km−1 as upper tro-
pospheric stability decreases from 5 to 1 K km−1. In general, colder tropopause temperatures correspond to
a lifting of the tropopause and thus increase in tropospheric cloud incidence, and vice versa. The results sug-
gest that any physical process that acts to lift or depress the tropopause—including stratospheric processes
[e.g, Li and Thompson, 2013]—can project onto tropospheric cloud incidence.

The vertical structure of cloud incidence as a function of vertical velocity (Figure 5c) exhibits two distinct
maxima: (1) between 6 and 10 km in regions of maximum ascent and (2) below 3 km in regions of moderate
descent. Between 6 and 10 km, cloud incidence increases as a function of vertical motion at a rate of 1% per
10 hPa d−1. Below 3 km, cloud incidence peaks in regions of descent of ∼20 hPa d−1, and cloud top is capped
within the boundary layer. The relationships between cloud incidence and large-scale vertical motion at
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Figure 5. Vertical distribution of cloud incidence as a function of (a) tropopause temperature, (b) upper tropospheric stability, (c) −𝜔500, and (d) lower
tropospheric stability in the middle-/high-latitude regime.

500 hPa are consistent with previous studies [Lau and Crane, 1995, 1997; Tselioudis et al., 2000; Lin, 2004]:
High-top clouds tend to occur in regions of low pressure and large-scale upward motion; low-top clouds
tend to occur in regions of high pressure and sinking motion. The results suggest that the bimodal vertical
distribution of clouds in both the Northern Hemisphere middle/high latitudes (as shown here) and over the
Southern Ocean [Verlinden et al., 2011] is due to the superposition of alternating cyclonic and anticyclonic
weather systems. It can be also due to the passage of the cold frontal system with upper level clouds in
regions of rising motion ahead of the cold front and low-level clouds in regions of sinking motion behind
the cold front.

Low-level cloud incidence is also linked to lower tropospheric stability (Figure 5d). Cloud incidence in the
boundary layer exhibits two distinct peaks: one in regions of high near-surface static stability and one in
regions of very low near-surface static stability. The rate of increase in cloud incidence as a function of
static stability in regions of high static stability is roughly 4 times weaker than it is in the subtropical regime
(Figure 4b). The dual maxima in low-level cloud incidence evident in Figure 5d is consistent with the pres-
ence of very different cloud types throughout the middle/high latitudes. The maximum at low values of
static stability is consistent with stratus associated with extratropical synoptic storms [Norris, 1998]; the max-
imum at high values of static stability is consistent with stratocumulus clouds over the North Pacific and
North Atlantic [Klein and Hartmann, 1993].

3.5. Midlatitude Storm Track Region
Cloud type, optical depth, and cloud-top height over the midlatitude ocean are also strongly influenced
by synoptic-scale dynamic and thermodynamic conditions in the vicinity of the storm track [e.g., Lau and
Crane, 1995; Norris and Iacobellis, 2005]. The structure of clouds and other environmental properties asso-
ciated with midlatitude cyclones have been investigated in a series of studies using satellite data [Lau and
Crane, 1995, 1997; Klein and Jakob, 1999; Naud et al., 2006; Field and Wood, 2007; Posselt et al., 2008; Naud
et al., 2010]. In this section, we examine the relationships between cloud incidence and two environmental
parameters in the storm track region: the variance of vertical motion and the meridional gradient of the SST.

Figure 6 shows the long-term mean amplitude of storm track activity, defined here as the RMS of daily 500
hPa vertical velocity [(𝜔′2)1∕2; see section 2]. The RMS of vertical motion is organized into distinctive bands
centered over the North Pacific, North Atlantic, South Pacific, and South Atlantic. All four regions are con-
sistent with the climatological mean position of the midlatitude storm tracks [e.g., Blackmon et al., 1984;
Wallace et al., 1988; Trenberth, 1991].

Figure 7a quantifies the linkages between cloud incidence and the RMS of vertical motion in the four mid-
latitude storm track regions defined by the boxes in Figure 6. The results are based on combined data
from all four storm track regions; analyses based on individual storm track regions (not shown) yield very
similar results. As is the case for the midlatitudes as a whole (Figure 5), cloud incidence in the storm track
regions exhibits two distinct peaks: one near the surface and one near the jet stream level at 250 hPa level
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Figure 6. Same as in Figure 1 but for the root-mean-square (RMS) of daily deviations of 𝜔500. The rectangular out-
lines depict the North Pacific (30◦–60◦N, 140◦E–140◦W), North Atlantic (30◦–60◦N, 75◦W–0◦), South Pacific (55◦–25◦S,
150◦E–90◦W), and South Atlantic (60◦–30◦S, 65◦W–10◦E) storm track regions. These are the four regions for constructing
the plots in Figure 7.

(∼9–10 km). Cloud incidence at upper levels increases by 4% per 0.1 hPa d−1 as the RMS of vertical motion
increases from 0.1 to 0.2 hPa d−1 (Figure 7a). In contrast, cloud incidence at lower levels decreases with
increasing storm track amplitude. The positive correlation between storm track activity and upper tro-
pospheric cloud incidence is consistent with increased nimbostratus and deep convective clouds during
periods of enhanced synoptic activity [e.g., Lau and Crane, 1995; Weaver and Ramanathan, 1996, 1997;
Gordon et al., 2005]. The negative correlation between storm track activity and near-surface cloud inci-
dence is consistent with anticyclonic conditions and thus anomalously high low-level static stability during
quiescent periods in the extratropical storm tracks.

Figure 7. (a) Vertical distribution of cloud incidence as a function of (𝜔′2)1∕2 and (b) cloud incidence averaged between
8 and 11 km as a function of meridional SST gradient (K/100 km) and (𝜔′2)1∕2 over the four midlatitude storm track
regions as denoted in Figure 6.
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Figure 8. Same as Figure 5 but for the Arctic region northward of 70◦N.

The amplitude of the extratropical storm track is related to the growth rate of baroclinic waves and thus sur-
face baroclinicity [e.g., Lindzen and Farrell, 1980]. It is hence also proportional to the meridional gradient of
the SST [e.g., Kushnir et al., 2002, and references therein; Brayshaw et al., 2008]. Figure 7b examines upper
tropospheric (8–11 km) cloud incidence as a function of both the meridional gradient in SST (abscissa) and
storm track activity (ordinate). The results provide insight into the components of the linkages between
storm track activity and cloud incidence that are linearly independent of the SST field, and vice versa. Cloud
incidence at a fixed value in the meridional gradient in SST increases monotonically with increasing storm
track activity. This is particularly true for SST gradients between 0.6 and 1.2 K/100 km. Conversely, incidence
at a fixed amplitude of storm track activity peaks for SST gradients centered around 1 K/100 km. Cloud
incidence is thus a strong function of the surface baroclinicity even when the amplitude of the overlying
synoptic activity is held fixed.

3.6. Arctic Region
The structure of clouds over the Arctic depends on many atmospheric dynamic and thermodynamic condi-
tions, such as air temperature, sea level pressure, low-level moisture advection, large-scale vertical motion,
and lower tropospheric stability [e.g., Curry et al., 1996; Morrison and Pinto, 2005; Kay and Gettelman, 2009;
Eastman and Warren, 2010; Barton et al., 2012]. It is also a function of sea ice concentration [e.g., Kay and
Gettelman, 2009; Palm et al., 2010; Eastman and Warren, 2010; Kay et al., 2011; Wu and Lee, 2012; Sato et
al., 2012]. Figure 8 quantifies the linkages between cloud incidence over the Arctic and four atmospheric
parameters. The Arctic is defined as the region poleward of 70◦N (including sea ice regions). As for the other
regimes, we focus on large-scale vertical motion at 500 hPa, but the results are not sensitive to the specific
level chosen for the analyses (e.g., similar results are derived for 600 hPa, not shown).

The linkages between upper tropospheric cloud incidence, tropopause temperature, and upper tropo-
spheric stability (Figures 8a and 8b) are very similar to those found in the middle-/high-latitude regime
(Figures 5a and 5b). Higher tropopause temperatures correspond to depression of the tropopause,
increased static stability, and thus inhibited upward motion. As such, upper tropospheric cloud incidence
decreases with both increasing tropopause temperature and increasing upper tropospheric stability. The
rate of decreasing cloud incidence with increasing tropopause temperature and upper tropospheric stabil-
ity is 2% K−1 and 5% per K km−1, respectively. It should be noted that a weak discontinuity is apparent near
∼8 km. The discontinuity is restricted to latitudes north of 75◦N and is likely due to the change in the resolu-
tion of CALIPSO data and a drop in the sensitivity of the lidar at 8.2 km [Winker et al., 2009, 2010]. Indeed, a
similar discontinuity in cloudiness near 8 km has also been found in the Southern Hemisphere south of 75◦S
based on the CloudSat and CALIPSO observations [cf. Verlinden et al., 2011, Figure 4; Bromwich et al., 2012,
Figure 9].

Middle and upper tropospheric polar cloud incidence is also strongly linked to large-scale vertical motion at
500 hPa (Figure 8c). In the free troposphere between ∼4 and 9 km, cloud incidence increases with increasing
rising motion at a rate of ∼2% per 10 hPa d−1. In contrast to the subtropical and middle latitude regimes
(Figures 4a and 5c), clouds at Arctic surface increase with increasing vertical motion in the free troposphere
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Figure 9. (middle) Regressions of monthly mean zonal mean cloud incidence onto standardized monthly mean zonal mean anomalous static stability as a func-
tion of latitude and height. (a) Regressions of monthly mean cloud incidence averaged between 12 and 18 onto standardized monthly mean anomalous (top)
static stability and (bottom) vertical motion at 125 hPa. (b and c) Regressions of monthly mean cloud incidence averaged between 6 and 12 onto standardized
monthly mean anomalous (top) static stability and (bottom) vertical motion at 300 hPa. Static stability (𝜕𝜃∕𝜕z) in the middle panel is based on ECMWF-AUX
product. Static stability (𝜕𝜃∕𝜕z) and vertical motion (−𝜔) in the external panels are based on the ERA-Interim reanalysis.

(Figure 8c). The influence of large-scale vertical motion on Arctic cloud formation inferred from previous
studies is inconclusive. Some studies have argued that large-scale vertical velocity is relatively unimportant
for the formation and maintenance of Arctic stratus clouds [Pinto, 1998]; others have argued that vertical
motion is key for the formation of low- and middle-level Arctic clouds [Curry et al., 1996; Morrison and Pinto,
2005; Zuidema et al., 2004; Zhao and Wang, 2010]. Using the CloudSat and CALIPSO observation, our results
reveal that large-scale vertical motion exerts a strong influence on the incidence of clouds in the Arctic at
both low and middle levels.
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Boundary layer cloud incidence increases markedly in regions with weak lower tropo-
spheric static stability (Figure 8d) at a rate of 4% per K km−1. Again, this is in contrast
to the subtropical and middle latitude regimes, where boundary layer cloud incidence
increases in regions with high lower tropospheric stability (Figures 4b and 5d). The
out-of-phase relationship between low-level clouds and lower tropospheric stability in the
Arctic is consistent with the seasonal cycle of cloudiness there. Klein and Hartmann [1993] note that
low-level cloud incidence peaks over the Arctic during summer when lower tropospheric static stability
is weakest. The linkages between lower tropospheric static stability and cloud incidence over the Arctic
are thought to arise from increases in the upward turbulent fluxes of moisture and heat as the bound-
ary layer becomes increasingly unstable [see Kay and Gettelman, 2009, and references therein]. Note that
the thickness of the Arctic boundary cloud layer is increasingly shallow as lower tropospheric stability
increases. Note that cloud incidence also increases above the boundary layer in regions with weak lower
tropospheric stability.

4. Observed Linkages Between the Vertical Structures of Cloud Incidence
and the Meteorology: Month-to-Month Variability

In the previous section, we examined the linkages between cloud incidence and various large-scale mete-
orological parameters in the long-term mean. In this section, we will build on the results shown in the
previous section to interpret the relationships between cloud incidence and the large-scale meteorology on
month-to-month timescales. All results in this section are based on anomalous data (i.e., the annual cycle
has been removed from the data). We will first examine to what extent the instantaneous linkages between
static stability and cloud incidence found in the long-term mean extend to month-to-month timescales.

Figure 9 (middle) explores the linkages between zonal mean static stability and cloud incidence on
month-to-month timescales. The shading in Figure 9 (middle) shows monthly mean, zonal mean cloud inci-
dence anomalies regressed onto standardized values of the anomalous monthly mean, zonal mean static
stability as a function of latitude, and height. For example, the regression coefficient at 5◦N and 16 km cor-
responds to the regression of zonal mean cloud incidence anomalies at 5◦N and 16 km onto standardized
values of the static stability anomalies at 5◦N and 16 km. The solid black line indicates the long-term mean
tropopause height. In this plot (and other plots to follow), stippling indicates results that are 95% significant
based on a two-tailed test of the t statistic with an effective sampling size given by Bretherton et al. [1999,
equation (31)].

The most pronounced feature in Figure 9 (middle) is the negative relationship between static stability and
cloud incidence anomalies in the upper troposphere and lower stratosphere. Periods of enhanced local static
stability are associated with reduced cloud incidence anomalies, with anomalies peaking between ∼12
and 18 km in tropical latitudes and ∼6–12 km in the middle and high latitudes of both hemispheres. The
regression coefficients are positive in the lowermost troposphere, but the zonal mean results are relatively
weak there. As shown below, the linkages between cloud incidence and static stability in the lowermost
troposphere are much more clear in latitude/longitude sections.

4.1. Upper Troposphere and Lower Stratosphere
4.1.1. Horizontal Structure
The external panels in Figure 9 examine the horizontally varying relationships between month-to-month
variability in the meteorology and cloud incidence in three regions where the linkages between zonal mean
cloud incidence and static stability (Figure 9, middle) are most robust: (1) in the tropics between 12 and
18 km (Figure 9a), (2) in the Southern Hemisphere (SH) between 6 and 12 km (Figure 9b), and (3) in the
Northern Hemisphere (NH) between 6 and 12 km (Figure 9c).

The results in Figure 9a show the regression of monthly mean cloud incidence anomalies vertically averaged
between 12 and 18 km in the tropics onto standardized values of monthly mean static stability (Figure 9a,
top) and vertical motion (Figure 9a, bottom) at 125 hPa. The regression coefficients are calculated for each
1.5◦ (longitude) × 1.5◦ (latitude) grid box, and then light horizontal smoothing is applied to the results for
the purpose of display only. The 125 hPa level (∼15 km above the ocean surface in the tropics) is chosen as
it corresponds roughly to the middle of the cloud layer between 12 and 18 km in the tropics. The results in
Figures 9b and 9c show analogous regression coefficients but for the upper troposphere/lower stratosphere
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in the SH (left) and NH (right) middle/high latitudes. In these cases, cloud incidence is averaged between 6
and 12 km (roughly 450–200 hPa), and the static stability and vertical motion are sampled at 300 hPa.

The results in Figures 9a–9c indicate the following primary relationships between month-to-month
variability in upper tropospheric/lower stratospheric cloud incidence and the background meteorology.

1. Throughout much of the globe, periods of anomalously low static stability and upward vertical motion
are associated with anomalously high cloud incidence. The linkages are most pronounced in the western
tropical Pacific, where a 1 standard deviation decrease in static stability/increase in vertical motion is asso-
ciated with 5% increase in cloud incidence. The region of negative correlation between vertical motion
and upper tropospheric cloud incidence north of the equatorial central Pacific (Figure 9a, bottom) clearly
warrants further investigation but is beyond the scope of this study.

2. The tropical linkages exhibit notable zonal asymmetry consistent with the signatures of the equatorial
planetary waves [e.g., Dima and Wallace, 2007] and zonal shifts of convection during ENSO events [e.g.,
Gettelman et al., 2001; Virts and Wallace, 2010]. The correlations near the dateline peak near r ≈ 0.6 (not
shown). Thus, variations in grid-box scale static stability and vertical motion (i.e., averaged over a 1.5◦×1.5◦

grid box as opposed to within individual convective plumes) account for ∼35% of the month-to-month
variability in cloud incidence between 12 and 18 km.

3. The extratropical linkages are zonally symmetric and have slightly lower amplitude than their tropical
counterparts. Throughout much of the extratropical NH and SH, variations in grid-box scale static stability
and vertical motion account for ∼20–30% of the month-to-month variability in cloud incidence between
6 and 12 km. The results in Figures 9b and 9c are consistent with those reported in Li and Thompson
[2013], who note that the changes in static stability associated with the stratospheric Brewer-Dobson cir-
culation account for more than 30% of the month-to-month variability in cloudiness in both the tropical
tropopause transition layer and Arctic middle-upper troposphere.

4.1.2. Vertical Structure
Figure 10 explores the vertical structure of the linkages between anomalous cloud incidence, static stabil-
ity, and vertical motion over the tropical and extratropical oceans. The results in Figure 10 are constructed
in a similar manner to Figures 2–5, except that the seasonal cycle has been removed from the cloud inci-
dence and meteorological data before computing the scatterplots. We are unaware of any other study that
examines the anomalous CloudSat data as a function of a range of anomalous meteorological parameters.
Figures 10a and 10b show the vertical distribution of the cloud incidence anomalies as a function of anoma-
lous 125 hPa static stability (Figure 10a) and vertical motion (Figure 10b) over the tropical ocean (i.e., the
relationships are averaged over all grid boxes 30◦S–30◦N). Figures 10c and 10d show analogous results
for the anomalous 300 hPa static stability (Figure 10c) and vertical motion (Figure 10d) over the extratrop-
ical oceans (i.e., the relationships are averaged over all grid boxes 30–90◦S and 30–90◦N). The results in
Figure 10 are derived from more than 4 × 105 profiles over the tropical ocean and ∼7 × 105 profiles over
the extratropical ocean.

In the tropics (Figures 10a and 10b), regions of anomalously low static stability and anomalous upward
motion at 125 hPa are associated with anomalously large cloud incidence between ∼13 and 18 km, and vice
versa. Cloud incidence at ∼16 km decreases with increasing 125 hPa static stability at a rate of ∼2–3% per
K km−1 and increases with the increasing 125 hPa upward motion at a rate of ∼7% per 10 hPa d−1. Interest-
ingly, the anomalies in cloud incidence are noticeably larger in regions of anomalous upward motion than
they are in regions of anomalous downward motion (Figure 10b).

Similar linkages are found in the extratropics (Figures 10c and 10d). Regions of anomalously low static stabil-
ity and upward motion at 300 hPa are associated with anomalously high cloud incidence between ∼6 and
12 km, and vice versa. Cloud incidence at ∼9 km decreases with increasing 300 hPa static stability at a rate
of 2% per K km−1 and increases with the increasing 300 hPa vertical motion at a rate of ∼3% per 10 hPa d−1.
The differences in cloud incidence anomalies for regions of anomalous upward and downward motion are
less pronounced than they are in the tropics.

The cloud incidence anomalies based on anomalous upper tropospheric static stability exhibit marked
vertical dipoles (Figures 10a and 10c). The dipoles in cloud incidence are consistent with the attendant pat-
tern in anomalous vertical motion, i.e., a similar vertical dipole is found when vertical motion anomalies are
binned as a function of anomalous upper tropospheric static stability (not shown).
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Figure 10. Vertical distribution of monthly mean cloud incidence anomalies as a function of monthly mean anomalous
of (a) upper tropospheric stability at 125 hPa and (b) vertical motion at 125 hPa over the tropical ocean (30◦S–30◦N).
Vertical distribution of monthly mean cloud incidence anomalies as a function of monthly mean anomalous of (c) upper
tropospheric stability at 300 hPa and (d) vertical motion at 300 hPa over the extratropical ocean (poleward of 30◦).

4.2. Lowermost Troposphere
Figure 11 shows cloud incidence averaged between 0 and 3 km regressed onto lower tropospheric static sta-
bility (Figure 11a; see definition in section 2) and vertical velocity at 700 hPa (Figure 11b). Over much of the
ocean equatorward of ∼50◦ latitude, periods of enhanced lower troposphere static stability and downward
motion at 700 hPa are marked by anomalously large cloud incidence, with distinct maxima found over the
eastern subtropical Pacific ocean and in the vicinity of the Pacific equatorial cold tongue (Figure 11a). The
largest positive cloud incidence anomalies are found in regions dominated by subtropical marine boundary
layer clouds [e.g., Klein and Hartmann, 1993; Norris and Leovy, 1994]. The large regression coefficients over
the northeastern side of the NH ocean basins are consistent with results shown in Kubar et al. [2012], who
note that cloud fraction derived from Moderate Resolution Imaging Spectroradiometer Aqua is positively
correlated with static stability over the northeastern Pacific and northeastern Atlantic but weakly negatively
correlated with static stability over the northwestern side of both basins.

The relationships between static stability and lower tropospheric cloud incidence are the opposite sign over
subpolar and polar latitudes. Consistent with the relationships observed in the long-term mean (section 3),
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Figure 11. Regressions of monthly mean cloud incidence averaged between 0 and 3 onto standardized monthly mean
anomalous (top) lower tropospheric stability (see definition in section 2) and (bottom) vertical motion at 700 hPa.

periods of enhanced lower tropospheric stability and downward motion are marked by reduced cloud
incidence anomalies over the Arctic and the subpolar Southern Ocean.

5. Summary and Discussion

This is the second in a series of studies that explores the linkages between large-scale atmospheric dynamics
and the vertical structure of cloud incidence using the CloudSat data. Li and Thompson [2013] exam-
ine the signature of the stratospheric Brewer-Dobson circulation in tropospheric cloudiness. The current
study explores and quantifies the instantaneous linkages between the vertical structure of cloud inci-
dence and various meteorological parameters throughout the global ocean in the long-term mean and on
month-to-month timescales. A third study [Li et al., 2013] applies the linkages documented here to interpret
the signature of large-scale patterns of dynamic variability in cloud incidence and cloud radiative forcing.

The results in the current study confirm and support previous work on the linkages between the meteorol-
ogy and cloud incidence (as reviewed in section 1). But the current study is also novel in several important
ways: (1) it provides a systematic survey of the linkages between cloud incidence and the meteorology at all
levels of the troposphere throughout all areas of the global ocean; (2) it provides quantitative estimates of
many relationships averaged over upward of ∼1 × 108 individual profile measurements (i.e., the relation-
ships are not calculated from monthly mean versions of the data—as done in some previous studies—but
rather from individual profile measurements); (3) it explores the relationships not only in the long-term
mean but also on month-to-month and interannual timescales; and (4) it explores the signatures in cloud
incidence of meteorological parameters not widely considered in previous work, including tropopause
temperatures, upper tropospheric stability, and storm track activity.
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Figure 12. Cloud incidence as a function of tropopause temperature and upper tropospheric stability. Results are
shown for cloud incidences averaged between (a) 10–18 km in the deep convective regime and (b) 6–12 km in the
middle-/high-latitude regime.

The vertical structure of cloud incidence is investigated here in three regimes defined by the underlying dis-
tribution of sea surface temperatures (Figure 2): (1) the “deep convective regime” (SSTs greater than 300 K),
(2) the “subtropical regime” (SSTs between 286 and 300 K), and (3) the “middle-/high-latitude regime”
(SSTs between 272 and 286 K). We also investigated the vertical structure of cloudiness over the Arctic. The
primary findings are as follows:

1. Influence of thermodynamic and dynamic conditions in the upper troposphere. Tropopause temperature
and upper tropospheric stability reflect the thermodynamic and dynamic upper boundary conditions
on tropospheric clouds. Tropopause temperatures provide a measure of conditions at the interface with
the stratosphere, much as SSTs provide a measure of conditions at the interface with the ocean. They are
strongly linked to the incidence of clouds in the upper troposphere throughout the global ocean via their
influence on vertical motion. That is, decreases in tropopause temperature are associated with decreases
in upper tropospheric stability and thus enhanced vertical motion. Our results not only establish the
robustness of the linkages between tropopause temperatures, upper tropospheric static stability, and
cloud incidence but also demonstrate that they extend to most regions of the global ocean.
In the long-term mean, cloud incidence increases with decreasing tropopause temperature and upper
tropospheric stability at rates of ∼2–4% K−1 and ∼5–10% per K km−1, respectively. Variations in static
stability and vertical motion account for ∼35% and ∼20% of the month-to-month variability in upper
tropospheric cloudiness at tropical and extratropical latitudes, respectively.
Tropopause temperature and upper tropospheric stability are by construction linked to each other. Nev-
ertheless, a component of the variability in tropopause temperatures is linearly independent of variability
in upper tropospheric stability. For example, Figure 12 shows the incidence of clouds averaged over
10–18 km in the tropical deep convective regime (left) and averaged over 6–12 km in the middle-/high-
latitude regime (right) as a function of tropopause temperature (abscissa) and upper tropospheric stability
(ordinate). The results in Figure 12 clearly indicate that cloud incidence varies as a function of tropopause
temperature, even when the upper tropospheric static stability is held fixed, and vice versa.

2. Influence of thermodynamic and dynamic conditions near the surface. Sea surface temperature and lower
tropospheric stability provide the thermodynamic and dynamic lower boundary conditions on tro-
pospheric clouds. Both play a central role in determining the large-scale vertical structure of clouds
throughout the global ocean on both long-term mean and month-to-month timescales.
In the subtropical regime, the long-term mean incidence of boundary layer clouds increases with decreas-
ing SST and increasing lower tropospheric stability at rates of 3% K−1 and 10% per K km−1, respectively.
Similar linkages are observed on month-to-month timescales. For example, lower tropospheric stability
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is positively correlated with cloud incidence between 0 and 3 km over the easternside of the subtropical
ocean basins and along the eastern Pacific equatorial cold tongue (Figure 11a). Our results indicate that
the opposite relationship holds between lower tropospheric stability and low-level clouds in the Arctic
region, where the incidence of low-level clouds increases with decreasing lower tropospheric stability in
both the long-term mean (Figure 8d) and on month-to-month timescales (Figure 11a).

3. The signature of midtropospheric vertical motion in cloud incidence. Large-scale vertical motion at 500 hPa
has a key signature in cloud incidence throughout the global ocean. Upper tropospheric cloud incidence
increases with increasing ascent at a rate of 4% per 10 hPa d−1 in the deep tropics, 2% per 10 hPa d−1 over
the Arctic, and 1% per 10 hPa d−1 at middle/high latitudes. Lower tropospheric cloud incidence increases
with increasing descent at a rate of 1% per 10 hPa d−1 in the subtropical regime and at middle/high
latitudes but increases with increasing ascent at a rate of 2% per 10 hPa d−1 over the Arctic. Upper tropo-
spheric cloud incidence in the midlatitude storm track region is clearly linked to variance of large-scale
vertical motion, which is indicative of the amplitude of baroclinic waves.

The results in this study provide a baseline for evaluating physical parameterizations of clouds in GCMs.
They also serve as a reference for interpreting the signature of large-scale atmospheric phenomena in cloud
vertical structure. In a companion study [Li et al., 2013], we examine the signature of the most prominent
pattern of Northern Hemisphere climate variability in cloud vertical structure and radiative forcing.
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