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ABSTRACT

The use of cloud regimes in identifying tropical convection and the associated large-scale atmospheric
properties is investigated. The regimes are derived by applying cluster analysis to satellite retrievals of
daytime-averaged frequency distributions of cloud-top pressure and optical thickness within grids of 280 km
by 280 km resolution from the International Satellite Cloud Climatology Project between 1983 and 2008.
An investigation of atmospheric state variables as a function of cloud regime reveals that the regimes are
useful indicators of the archetypal states of the tropical atmosphere ranging from a strongly convecting regime
with large stratiform cloudiness to strongly suppressed conditions showing a large coverage with stratocu-
mulus clouds. The convectively active regimes are shown to be moist and unstable with large-scale ascending
motion, while convectively suppressed regimes are dry and stable with large-scale descending winds. Im-
portantly, the cloud regimes also represent several transitional states. In particular, the cloud regime approach
allows for the identification of the “‘building blocks” of tropical convection, namely, the regimes dominated by
stratiform, deep, and congestus convection. The availability of the daily distribution of these building blocks
for more than 20 years opens new avenues for the diagnosis of convective behavior as well as the evaluation of
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the representation of convection in global and regional models.

1. Introduction

Convection in the tropics is a key driver of the global
atmospheric circulation and plays a major role in Earth’s
weather and climate. Being the primary mechanism for
the transport of heat, momentum, and moisture, not only
from the local surface to the troposphere but also lat-
erally through planetary circulations such as the Hadley
cells, its effect manifests on many scales. Among the im-
portant meteorological phenomena that it governs are
the formation of clouds, the regional distribution of
precipitation, and intraseasonal variations such as the
Madden-Julian oscillation.

Despite its importance, the representation of con-
vection in general circulation models (GCMs) remains
a challenge. The significant biases in tropical clouds and
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precipitation (Soden and Held 2006; Bauer et al. 2011),
as well as the poor simulation of tropical variability on
diurnal, intraseasonal, and interannual time scales (e.g.,
Yang and Slingo 2001; Neale and Slingo 2003; Lin et al.
2006), have all been linked to convective processes in
models. Because of the coarse resolution of global models,
convection must be represented through parameteri-
zation schemes. One of the key assumptions in most
existing schemes is that convection in a grid box can be
expressed diagnostically (i.e., without explicitly consid-
ering the spatial and temporal organization beyond a
single grid box and the current time step). Instead, such
organization is assumed to be achieved through the re-
solved model equations. This study aims to present a
new framework for the description of the large-scale
organization of convection (defined here as beyond a sin-
gle GCM grid box) using satellite observations, thereby
providing an avenue for testing models.

Different states of convection are associated with dif-
ferent cloud types as is evident from the many schematic
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depictions of convective systems [e.g., Mapes et al.
(2006), and references therein]. Consequently, cloud ob-
servations provide a natural window for observing at-
mospheric convection. The International Satellite Cloud
Climatology Project (ISCCP; Schiffer and Rossow 1983)
provides a continuous global cloud climatology dating
back to 1983, supplying a potentially useful long-term
dataset of cloud patterns that can be exploited in study-
ing tropical convection. Several methods of classifying
ISCCP cloud fields have been developed, but they es-
sentially fall into two categories. The first set of methods
employs dynamic and/or thermodynamic parameters that
are chosen to composite with cloud fields. Numerous
studies have used a variety of parameters including sea
level pressure (Tselioudis et al. 2000), vertical velocity
(Norris and Weaver 2001; Tselioudis and Jakob 2002;
Bony et al. 2004), a combination of vertical velocity and
sea surface temperature (Williams et al. 2003; Ringer
and Allan 2004), and tropospheric stability (Williams
et al. 2006). However, this requires a subjective selec-
tion of atmospheric variables. A second approach to
classifying cloud data from ISCCP, first introduced by
Jakob and Tselioudis (2003), relies on the application
of statistical algorithms directly to the cloud data to de-
tect repeating patterns or regimes. Applying a clustering
algorithm to joint histograms of cloud-top pressure
(CTP) and optical thickness 7 for 280 km X 280 km grid
boxes, they showed that the ISCCP cloud fields divide
into several clusters or cloud regimes (also referred to as
“weather states”), identifying recurring cloud patterns
in the atmosphere. This technique has since been suc-
cessfully applied to several geographical regions (e.g.,
Rossow et al. 2005; Protat et al. 2011) and has been
used to investigate the association of cloud regimes
with distinct meteorological conditions in the tropical
western Pacific Ocean (TWP; Jakob et al. 2005; Jakob
and Schumacher 2008), to evaluate the performance
of climate models (Gordon et al. 2005; Williams and
Tselioudis 2007; Williams and Webb 2009), and to pro-
vide further insights into atmospheric phenomena such
as radiative—convective feedback (Lebsock et al. 2010),
the Madden-Julian oscillation (Chen and Del Genio
2008; Tromeur and Rossow 2010), cloud radiative feed-
back (Oreopoulos and Rossow 2011), African easterly
waves (Mekonnen and Rossow 2011), and precipitation
characteristics (Lee et al. 2013; Rossow et al. 2013). Our
study will use these cloud regimes.

Many of the above studies implicitly assumed an as-
sociation of the tropical cloud regimes with the state of
tropical convection without formally establishing this
relationship. Jakob and Schumacher (2008) showed that
a subset of the cloud regimes could be associated with
different latent heating structures of convection, but
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their study was limited to the TWP. The main goal of this
study is to more formally investigate the potential use-
fulness of the ISCCP cloud regimes for the study of
tropical convection and its relationship to the large-
scale state of the tropical atmosphere. Particular ques-
tions we wish to address are (i) whether the ISCCP cloud
regimes can provide an observational framework for
convection that gives information in addition to the
more commonly used outgoing longwave radiation (OLR;
e.g., Waliser et al. 1993) and (ii) how the convective states
identified through their cloud signatures relate to the
dynamic and thermodynamic state of the tropical atmo-
sphere. As the ISCCP cloud regimes represent cloud
distributions in areas similar to a coarse-resolution GCM,
the latter question is of particular relevance to their po-
tential application in the evaluation of the represen-
tation of convection in models as well as the study of
the organization of convective systems on scales larger
than a model grid box.

We describe the data and analysis methods used in
this study in the following section. Section 3 is devoted
to identifying how the ISCCP cloud regimes relate to
more conventional measures of convective activity,
namely, OLR and daily precipitation, with the goal of
demonstrating their utility in describing tropical con-
vection. In section 4, we examine the large-scale atmo-
spheric conditions in which the different convective
states occur. In particular, we investigate if there are
distinct features in the large-scale conditions that can
be associated with each convective state—a key assump-
tion in the parameterization of convection. The impli-
cations of our results are discussed in section 5 before
concluding in section 6.

2. Data sources and analysis methods
a. ISCCP cloud regimes

The ISCCP D1 dataset provides joint histograms
of the frequency of occurrence of clouds with a certain
combination of CTP and optical thickness (i.e., 7) for
280km X 280km equal area grids globally (Rossow
and Schiffer 1999). These joint histograms are statis-
tical descriptions constructed from satellite pixels with
an approximate horizontal resolution of 5Skm at nadir.
In Jakob and Tselioudis (2003), the k-means clustering
algorithm (Anderberg 1973) is applied to the joint his-
tograms to identify repeating patterns. In Rossow et al.
(2005), this method is further improved upon by a set
of criteria to determine the number of clusters. Using
these methods on daytime averages of the joint histo-
grams between 35°N and 35°S gives eight centroids or
cloud regimes (Fig. 1). These eight regimes are virtually
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F1G. 1. ISCCP joint histograms of CTP—r of the regime centroids. Colors indicate the cloud coverage (%) within
each CTP-7 bin. Regime acronyms are expanded in Table 1. The TCC is obtained by summing over all bins. The
relative FOC of the regime (limited to the ocean areas of our domain) is also given. The green lines approximately
demarcate different cloud morphologies, with the top-right box indicating deep convective or very thick stratiform

clouds (Rossow and Schiffer 1999; Hahn et al. 2001).
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TABLE 1. Names and acronyms of the eight regimes based on convective strength and dominant cloud type. The acronym follows this
simple rule: the first letter denotes the convective strength and the second letter indicates the prevalent cloud type.

Convective Intermediate Suppressed
Cloud type Acronym Cloud type Acronym Cloud type Acronym
Deep stratiform CD Mixture M Trade cumulus ST
Cirrus CC Thin cirrus 1C Stratocumulus SS1-SS3

identical to those found in Mekonnen and Rossow (2011)
and Oreopoulos and Rossow (2011) (wherein they are
called weather states), and many of them match those
identified in earlier studies that applied a similar anal-
ysis to different areas and time periods (e.g., Jakob et al.
2005; Rossow et al. 2005; Jakob and Schumacher 2008).
This agreement strongly suggests that the regimes are
robust features in the cloud fields as described by the
ISCCP CTP-r histograms. To simplify our analysis, we
interpolate the regime field to 2.5° X 2.5° grids using
the nearest-neighbor technique, resulting in an equal
latitude—longitude grid of daily fields of cloud regimes
for the entire study region.

The eight regimes describe recurring cloud patterns
in the tropics and subtropics. One goal of this study is
to investigate if they potentially enable the distinction
between various convectively active and convectively
suppressed states of the atmosphere. Based on the CTP—r
histograms of the regimes in Fig. 1, we make a first at-
tempt at such a classification. Specifically, the presence
of optically thick high-top clouds can be taken as a good
indicator of deep convective or thick stratiform clouds.
Such information allows us to label the cloud regimes
according to their perceived convective character (con-
vective, intermediate, or suppressed) and dominant
cloud type (see Table 1). We will further investigate
this assumption about the convective character of the
regimes below.

The regime with the highest incidence of optically
thick, high-top clouds is a convectively active regime
dominated by deep stratiform cloud, labeled CD. With
the highest total cloud cover (TCC) of all regimes, its
joint histogram reveals signals consistent with a preva-
lence of towering cumulus and thick stratiform clouds
that are most commonly associated with vigorous and
widespread convection. However, it has a compara-
tively low frequency of occurrence (FOC), inhabiting
primarily regions of the intertropical convergence zone
and the TWP (Fig. 2). In Jakob and Schumacher (2008),
this regime was found to be distinct from other regimes
because of the major contribution from stratiform rain
and an upward shift in the peak of the latent heating
profile. The second convectively active regime shows
a much lower coverage with thick clouds and a pre-
dominance of thinner, high-top cirrus clouds and is

labeled CC. The presence of cirrus rather than deep
stratiform clouds indicates that, while this is a convec-
tively active regime, the convection is more isolated and
likely lacks the organization that gives rise to the wide-
spread thick clouds found in the CD regime. However,
both regimes possess thick cirrus anvil, suggesting an
existence of a transitional connection between them.
For example, daily snapshots of the regime field (not
shown) support the notion that points in the vicinity of
large clusters of the CD regime tend to have a higher
occurrence of the CC regime.

Two other regimes demonstrate convective behav-
ior as well. However, in both of them the incidence of
optically thick high-top clouds is relatively low relative
to the CD and CC regimes. We classify these as in-
termediate regimes, indicating a likely transitional char-
acter between the deep convective regimes above and
more suppressed states of the tropical atmosphere. The
first intermediate regime displays a mixture of cloud
types with no particular part of the histogram standing
out. It is labeled as the IM regime. The second inter-
mediate regime shows a high occurrence of very thin
and high-top clouds and is labeled IC. On the one hand,
this persistence of very thin cirrus may be an artifact of
the “visible adjustment” in the ISCCP data processing
[see section 3.3 of Marchand et al. (2010) and section 3¢
of Pincus et al. (2012)]. On the other hand, a compari-
son with ground-based active remote sensing measure-
ments has shown that the IC regime has an elevated
frequency of occurrence of thin cirrus cloud over other
regimes [Jakob et al. (2005), where it is called STC].
Therefore, the nature of the IC regime should be treated
with caution. Both of the intermediate regimes have
a higher FOC but lower TCC than the convectively
active regimes.

The remaining four regimes show no thick high-top
clouds in their CTP-r histograms and are therefore
classified as convectively suppressed. It is evident that
one of those regimes possesses a small TCC, while the
other three have relatively larger TCC. The low TCC re-
gime is likely dominated by trade cumulus clouds and is
labeled ST. It is the most frequent regime both in the
tropics and subtropics, and its geographic distribution
corresponds to the trade wind regions (Fig. 2). The three
remaining regimes are suppressed regimes dominated
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FIG. 2. Geographical distribution of the regimes over the entire period.

by stratocumulus clouds in various stages of their de-
velopment and are labeled SS1, SS2, and SS3. These SS
regimes generally occur over cold sea surface tempera-
tures in upwelling regions to the west of the main con-
tinents (Fig. 2), which have been identified as the main
stratocumulus regions on Earth in previous studies (e.g.,
Klein and Hartmann 1993). Although they are impor-
tant features of the tropical atmosphere, our focus here
is on convection, so the suppressed regimes, especially
the differences among them, will not be elaborated in
detail.

The satellite-based cloud regimes are derived over all
surfaces. However, over land the ISCCP data suffers
from orographic artifacts caused by the use of pressure
as the vertical coordinate. For instance, the IM regime
occurs frequently over high orography such as the is-
lands of the Maritime Continent and the Andes ranges.
Here, the clouds identified at “‘midlevel’ are very close
to the surface and are likely to be morphologically dif-
ferent from those in the same regime over the tropical
ocean. Furthermore, the ISCCP joint histograms can
only be derived during the sunlit hours of the day, so the
“daily mean” joint histograms used in this study com-
prise daytime samples only. Over land, this daytime
averaging will bias the results because of strong diurnal

variations in cloudiness. To avoid misinterpretations of
this kind, we restrict the analysis in this study to ocean
grid boxes only (defined in ISCCP as no more than 35%
of pixels over land), where diurnal differences in cloudi-
ness are more subdued. Work on the application of these
regimes of convection over tropical land is in progress.

b. Large-scale dynamic and thermodynamic
quantities

One of the main goals of our study is to investigate key
relationships of the cloud regimes to the large-scale state
of the tropical atmosphere. The main source for such
information in this study is the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim
Re-Analysis (ERA-Interim; Dee et al. 2011). We use
daily averages of the quantities and interpolate all vari-
ables from their original 1.5° spatial resolution to a regu-
lar 2.5° grid matching the ISCCP grid above. Additional
tests (not included here) show that our results are in-
sensitive to the inclusion of nighttime values in the
averaging. We focus on three key aspects of the large-scale
state that are associated with tropical convection: mois-
ture, stability, and grid-mean vertical motion.

The humidity variable used is saturation fraction r in-
troduced by Bretherton et al. (2004). It is defined as the
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ratio of the vertical integral of specific humidity g to
that of saturated specific humidity g;:

[qdp

Jqs dp

=

Q)

Bretherton et al. (2004) showed that unlike other mea-
sures of humidity such as specific humidity at a certain
height or total column water vapor, r is relatively in-
dependent of sea surface temperature, while exhibiting
a strong relationship with precipitation that is invariant
over different ocean basins. It is worth noting that the
main source of variability in r is midtropospheric hu-
midity, making r a potentially useful indicator of con-
vective regime.

To describe the dynamical environment of the cloud
regimes we use vertical velocity o (Pas™!') at 600 hPa.
A highly negative w reveals an environment with large-
scale ascending motion, a condition we expect to be
associated with deep convection in the atmosphere;
positive w, on the other hand, is indicative of large-
scale subsidence.

We use two different measures of tropospheric sta-
bility in our investigation of convective regime. First,
we apply the well-known lower tropospheric stability
index (LTS) defined as the difference in dry potential
temperature 6 between 700 and 1000 hPa:

LTS = 6550 = 0,000 - )

Klein and Hartmann (1993) demonstrated the efficacy
of this index as an indicator of low clouds, so we ex-
pect this measure to potentially relate well to the sup-
pressed cloud regimes. However, as LTS is not a function
of convective strength, it is improbable that this mea-
sure can adequately distinguish different convective re-
gimes. As an alternative, we introduce a simple measure
of deep convective instability, the modified K index
(Charba 1977), defined as

T, + T r, +T,.
_ 21000 850 5/
K= 100780 g S

700 + Td

700

®)

where T, and T,, are the temperature and dewpoint at
p (hPa), respectively. The variable K is frequently used
in the weather forecast community as an index for the
likely presence of convective showers and thunder-
storms. We choose K over more common measures of
stability such as convective available potential energy
(CAPE) mainly for its simplicity, in part driven by our

TAN ET AL.

6623

desire to apply the techniques developed in this study
to global models in the future, which tend to store in-
formation only for a few levels in the atmosphere.

We use a small set of other variables to relate the
ISCCP-based cloud regimes to more conventional mea-
sures of convection. Specifically, we utilize observations
of the OLR at the top of atmosphere and daily pre-
cipitation P. The former is obtained from the ISCCP
flux data (Zhang et al. 2004), while the latter uses the
daily data from the Global Precipitation Climatology
Project One-Degree Daily dataset (Huffman et al. 2001).
All variables are interpolated onto the 2.5° X 2.5° ISCCP
grid, thus they represent values averaged over the do-
main of the grid.

All of our analyses use the years 1989-2007 except for
P where the data are only available from 1997 onward.
As we intend to composite variables into the eight cloud
regimes, each grid box for each day represents an in-
dividual sample. Consequently, the sample size for even
the least frequent regimes is 10° or more, ensuring that
the results for all regimes are statistically robust. This
is confirmed by randomly subsampling within each re-
gime, for which we find no differences to the main con-
clusions presented below.

3. Cloud regimes as convective proxies

A key goal of this study is to investigate if the cloud
regimes identified from the ISCCP dataset can be used
as proxies for the state of tropical convection. We begin
by using two frequently used measures of convective
activity in the tropics: OLR at the top of atmosphere
and P. A low OLR and high P are usually taken as in-
dicators of an atmosphere with strong convection, while
high OLR and low P indicate suppressed conditions.
Figure 3 shows box-whisker diagrams for the composites
of grid-averaged values of OLR and P as a function of
the eight regimes. It is immediately evident that the con-
vective and intermediate regimes can be distinguished
from the suppressed regimes with both lower OLR and
higher P values. A distinct ordering of the convective
and intermediate regimes is discernible. The highest P
and lowest OLR are associated with the CD regime,
followed by the CC regime. The average P decreases
and the average OLR increases from the convective
through the intermediate regimes, first IM then IC, to
the suppressed regimes. The suppressed regimes show
a comparable behavior among each other, indicating
that domain-averaged OLR and P are ill suited in dis-
tinguishing different types of suppressed conditions.
Our results are similar to Lee et al. (2013), who use
different techniques and datasets in investigating the
precipitation of the cloud regimes.
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While there are significant differences between the
convective and intermediate regimes in both their OLR
and P distributions, there is also some degrees of over-
lap. To further elucidate how well the regimes distinguish
in these measures of convective strength, we investigate
their locations in OLR-P space. Figure 4 shows 2D his-
tograms for the frequency of occurrences of the convec-
tive and intermediate regimes in the OLR-P parameter
space (suppressed regimes are neglected because they
generally have no precipitation). The most striking fea-
ture of Fig. 4 is the substantially distinct pattern the
CD regime has over all other regimes. Its most common
rainfall bins are above 10mmday'. The other three re-
gimes have much lower rainfall, with the most frequent
bin in the lowest P row, and show a progression to higher
OLR as expected in Fig. 3a. Figure 4 enables us to dis-
tinguish the convective qualities between the regimes.
For example, while the CD and CC regimes have over-
lapping OLR values, they clearly deviate from each other
in P. In contrast, the IM and IC regimes have similar P
profiles, but their OLR distributions have a stronger
contrast. This highlights the feasibility of the ISCCP-
based cloud regimes as alternative convective proxies,
as they are physically based objective tools to delineate
between different convective environments that may have
similar grid-averaged value of OLR or P.

Figures 3b and 4 have already illustrated the very
different precipitation behaviors of the cloud regimes.
Further insight into this behavior is provided by Fig. 5,
which shows the fraction of days in each regime for
which rainfall exceeds the thresholds of 0.1, 1, and
10mm day~!. These values represent spatial averages
for grid boxes of 2.5° X 2.5°% as such they were chosen to
indicate any, light, and heavy precipitation, respectively.
The figure also shows the overall contribution of each

regime to the total tropical rainfall. As we would expect,
the CD regime shows the most frequent occurrences of
precipitation, with nearly all of them associated with at
least light rainfall and, remarkably, close to 80% with
heavy rainfall. As mentioned previously, CD is the only
regime in which stratiform precipitation composes more
than 50% of the total rainfall in the TWP (Jakob and
Schumacher 2008). Notably, the CD regime contributes
45% to tropical precipitation even though it occurs only
5.7% of the time. The CC regime shows a higher than
90% frequency of occurrence of rainfall, justifying its
identification as a convective regime. However, the rain-
fall is heavy only 25% of the time. The intermediate
regimes show rainfall frequencies between 55% and
75% , but most of these events are light. The suppressed
regimes ST and SS, which from their cloud signature
are primarily associated with trade cumulus and stra-
tocumulus, respectively, have occasionally light rainfall
and rarely heavy precipitation.

We have combined a regime classification of tropi-
cal cloudiness with traditional measures of the char-
acter of tropical convection. The results confirm our
assertion that cloud regimes identified from ISCCP do
exhibit a spectrum of convective strengths and can be
used to describe the states of tropical convection. More-
over, we have shown that using the cloud regimes pro-
vides additional information over the use of OLR
alone, and enables the distinction between different
suppressed states. In particular, we conjecture that three
of the cloud regimes signify the three “‘stretched build-
ing blocks” of tropical convection summarized by Mapes
et al. (2006), a notion which will be elaborated on fur-
ther in section 5. These attributes of the regimes allow
them to be used in investigations of the large-scale be-
havior of tropical convection, as an alternative to more
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FIG. 4. 2D plots of the FOC of the CD, CC, IM, and IC regimes in the OLR-P parameter space. All the bins within
each 2D histogram sum to one. Note that the lowest P bin contains P = (. Suppressed regimes are omitted because

they are generally nonprecipitating.

traditionally used measures such as outgoing longwave
radiation at the top of atmosphere or precipitation.

4. The large-scale environment of convection

Having established that the states of tropical convec-
tion can be described by ISCCP-based cloud regimes,
we now investigate their relationship to key large-scale
atmospheric variables. Figure 6 shows box-whisker rep-
resentations of the distributions of saturation fraction
(i.e., r), vertical velocity at 600 hPa (i.e., w), modified
K index (i.e., K), and LTS within each regime. These
composites are derived from all months, but the re-
lationships remain robust over different seasons. As
a statistical measure of the distinction between the
distributions, we apply the Kolmogorov—Smirnov two-
sample (KS2) test to composites from different pairs
of regimes. The KS2 test is a nonparametric and
distribution-free statistical approach for comparing
if two samples are drawn from the same population. To
avoid spatial and temporal autocorrelation in the data,
all our KS2 tests randomly sample 2000 composite

values (out of approximately 90 000) from each month
to a total of 456 000 values.

Figure 6a exhibits a strong distinction between the
convective/intermediate and the suppressed regimes in
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FIG. 5. Fraction of days with rain above certain thresholds.
Values at the top denote the fractional contribution of the regime
to overall precipitation.
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FIG. 6. Box-whisker plots with median (line), mean (point), interquartile range (box), and farthest data point within
1.5 times of the interquartile range (whiskers) of the composites with (a) r, (b) , (c) LTS, and (d) K.

their r distributions. Once again, the CD stands out as
a very wet regime, with a median above r = 0.8 and
comparatively small variability around this value. The
CC and the intermediate regimes IM and IC show dis-
tributions of r that are fairly similar to each other with
a slight decrease in median from CC to IC. Likewise
most of the suppressed regimes share similar r distri-
butions with the exception of the SS3 regime, which is
the driest of the eight regimes. Despite some apparent
similarity in Fig. 6a, the KS2 tests reject the null hy-
pothesis that any of the two r distributions are drawn
from the same distribution (p value < 0.01).

The w distributions (Fig. 6b) also show a good dis-
tinction between the convection and the suppressed re-
gimes, with the median values of both the convective and
intermediate regimes showing ascending values (neg-
ative o), while the median values for the suppressed
regimes indicate subsiding conditions. Furthermore, more
than 75% of the distribution in each suppressed regime
resides in environments with descending motion. The
opposite is not true for the intermediate regimes. The
distribution for the IC regime shows a nearly equal

division between upward and downward motion and
the IM regime shows a slight preference for existing
under upward-moving large-scale conditions. The CC
regime’s w distribution is very similar to that of the
IM regime. It is the CD regime that shows a very clear
preference for upward motion not only with the most
negative median, but also the largest “‘extreme” values.
This is entirely consistent with the high precipitation in
this regime as highlighted in section 3. As with r, KS2
tests conclude that the distributions are all distinct
(p value < 0.01). It is worth noting that of the large-
scale variables investigated, all of which are derived
from the ERA-Interim, w carries by far the largest un-
certainty as the analysis of the associated divergent wind
field in numerical weather prediction systems remains
challenging.

The composites of the stability indices (Figs. 6¢ and 6d)
show a good distinction of the convective/intermediate
regimes from the suppressed regimes. Within each of
the two groups, the distinction by stability is stronger
for the suppressed regimes. In particular, using LTS it is
possible to distinguish the ST regime as the suppressed
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regime with the weakest LTS as well as the SS3 regime
as clearly exhibiting the largest values. The CD, CC, and
IC regimes, on the other hand, are seemingly identical
in LTS, an observation that may reflect their lack of low
clouds (Fig. 1). However, the IM regime has a compa-
rable occurrence of low clouds, yet it resides in an en-
vironment that has visibly higher LTS. This implies the
failure of LTS to distinguish between different states
of convection, much like how r or w is for suppressed
regimes. There is a slight improvement in using K over
LTS for convective/intermediate regimes, but this comes at
the expense of a lower distinction between suppressed
regimes. This implies that convection—or at least its
cloud structures—is more closely related to vertical mo-
tion (or convergence) and humidity than stability. This is
particularly true for the very strong convection repre-
sented by the CD regime. Again, no two distributions
are from the same underlying population according to
KS2 tests with a p value less than 0.01, even for the
apparently similar CD, CC, and IC regimes in LTS.

It is evident from Fig. 6 that all composites exhibit
a considerable spread. Even for the CD regime, which
shows the largest distinction of the convective regimes,
there is a nonnegligible number of values that fall into
the low r and positive w range. While some of this var-
iability might be explained by the fact that the atmo-
spheric variables are drawn from an imperfect numerical
analysis system, it is plausible that the variability is an
inherent feature of tropical convection at this scale. The,
at least partially, stochastic nature of the relationship
of tropical convection to large-scale conditions has been
the subject of much discussion in the recent literature
(e.g., Lin and Neelin 2000; Neelin et al. 2008; Plant and
Craig 2008; Stechmann and Neelin 2011; Jakob et al.
2011; Frenkel et al. 2012). Our results are consistent
with the notion that while there is clearly distinguish-
able influence of the large-scale state on convection, the
relationship is far from deterministic and includes con-
siderable element of stochastic behavior.

In section 3, the advantage of assessing multivariate
relationships was evident by the use of Fig. 4. Here, we
explore this possibility by combining three of the four
large-scale variables into a single diagram, as exempli-
fied by Fig. 7. Here, the K and w values of each data
point are indicated by its location in the diagram and its
r value by the color of the dot. The interquartile range is
indicated by the crosses in the diagram for K and o and
on the color bar for r. Figure 7 uses all data points in-
dependent of regime, exhibiting well-defined relation-
ships between the variables. For example, data points
with strong ascending motion tend to be wet, while highly
stable points tend to be very dry, a reflection of the dif-
ferences in the character of the ascending and descending
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by the crosses and on the color bar.

branches of the atmospheric circulation in the tropics and
subtropics.

Figure 8 shows the scatter diagrams for each regime.
As expected from the earlier results, the CD regime
populates the least stable, most strongly ascending, and
most humid part of the parameter space spanned by
K, w, and r. The CC regime begins to include points of
more positive vertical velocities and weaker instability
as well as drier atmospheric states, a trend that con-
tinues for the IM regime. The suppressed regimes, and
to some extent the IC regime as well, show a distinctly
different shape in the distribution of points, which shifts
to an increasingly horizontal alignment when transition-
ing through the ST regime to the SS regimes. As one may
expect, most of the points in the suppressed regimes
populate the descending and stable part of the diagram
along with much lower values of r. The transition from
amostly vertical alignment of points in the CD regime to
a mostly horizontal alignment for the suppressed re-
gimes indicates that the three large-scale variables dis-
played taken together show some skill in distinguishing
between the convective states of the tropical atmo-
sphere as represented by the cloud regimes. It is worth
remembering that no large-scale information was uti-
lized in the definition of the regimes, which are based
on cloud information alone.

When comparing Fig. 8 with Fig. 6, we can also
identify features of the regimes that are not easily visible
when the composites are calculated for each variable
separately. For example, all regimes have a significant
number of points in the w = ~0Pa s~ ! environment, but
those in the CD regime are generally moist while sup-
pressed regimes show a range of r associated with the
same condition. Also, points with negative w tend to
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FIG. 8. As in Fig. 7, but for each regime.

occur with high K and r in the convective regimes, but
with lower K and r in the suppressed regimes.

Combining the results of the previous two sections
demonstrates that using the objectively identified
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ISCCP-based cloud regimes as convective proxies leads
to areasonable distinction of large-scale states for each
of the regimes. This highlights the presence of a de-
terministic element in the large-scale to convection
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regime. The gray line indicates the relative number of data points in each bin of r. (b) The fractional contribution of

each regime to each bin of r.

relationship. At the same time our results show that
there is a substantial amount of scatter in those rela-
tionships, a possible sign of the considerable influence
of stochastic processes on the convective state of the
tropical atmosphere given a specific configuration of the
large-scale state.

5. Discussion

In sections 3 and 4, we examined the convective
strengths and large-scale atmospheric conditions of eight
ISCCP-based cloud regimes through composite analysis.
The regimes, obtained by applying an a priori cluster-
ing algorithm to joint histograms of cloud-top pressure
and optical thickness, describe recurring cloud patterns
in the tropics and subtropics. We have shown that the
regimes can be interpreted as empirical archetypes of
the convective state of the tropical atmosphere, each
with distinct large-scale environmental conditions.

Our results quantify the CD regime as a wet, thermo-
dynamically unstable and heavily precipitating regime
with large-scale ascending motions. This is consistent with
the signature of extensive thick stratiform clouds in its
joint histogram (Fig. 1). With a high frequency of occur-
rence in the intertropical convergence zone and tropical
western Pacific and a 45% contribution to tropical pre-
cipitation, this regime is likely associated with more or-
ganized forms of convection including a large stratiform
component (Jakob and Schumacher 2008). The CC is a
regime of less organized deep convection, as it displays
weaker precipitation, a drier environment, and a preva-
lence of cirrus rather than thick stratiform clouds. The
IM regime shows a mixture of coexisting cloud types
including some coverage with midlevel-top congestus
and altocumulus or altostratus clouds.

From these results, we conjecture that the CD, CC,
and IM regimes are observationally based represen-
tations of the three stretched building blocks of pre-
cipitating tropical convection postulated by Mapes et al.
(2006). Here, the CD regime represents strong convec-
tion with large stratiform clouds and heavy rainfall,
the “‘stratiform’ mode of a tropical cloud mixture. The
CC regime on the other hand is more typical of deep
convection without significant stratiform components—
the ““‘convective” mode. The IM regime is a transitional
regime from suppressed to active conditions with a fre-
quent occurrence of cloud tops at midlevels—the “‘con-
gestus” mode of tropical convection.

To provide an example for the potential new insight
that can be gleaned from using the cloud regimes as
convective proxies, we use them to investigate the strong
nonlinear relationship between saturation fraction and
precipitation over the tropical oceans. Bretherton et al.
(2004) and Holloway and Neelin (2009) have shown that
there is little rainfall in the tropics when r is low. A
distinct increase in precipitation occurs at values of r
from around 0.5 to 0.6 and a sharp increase of rainfall at
values above 0.7. As much of the rainfall in the tropics
is associated with convective systems, this behavior is
usually interpreted as a strong relationship of convec-
tion with the relative humidity of atmosphere, and in
particular the midtroposphere (Holloway and Neelin
2009).

An interesting feature of the distinction of the large-
scale atmospheric states by cloud regime carried out
above was the strong distinction of the convective re-
gimes, in particular the CD regime, in both rainfall
(Figs. 3b and 4) and r (Figs. 6a and 8). Figure 9a shows
how each of the cloud regimes contributes to the well-
established relationship between rainfall and r. The
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sharp increase of rainfall at r ~ 0.7 is evident. Figure 9b
shows the relative contribution of each regime to this
behavior. At low r, the main contributors to the (very
low) values of rainfall are the CC, IM, and ST regimes.
This behavior remains roughly constant with increasing
r until the rapid rise in precipitation at r ~ 0.7. It is
evident that this increase is caused by a corresponding
increase in the contribution to rainfall by the CD regime,
which is 20% or less at r < 0.7 and increases sharply to
about 80% at r = 0.9. In short, it is strong, organized
convection with large areas of stratiform clouds that al-
most entirely drives the strong increase of rainfall in
moist tropical atmospheres, an important insight gained
by the use the cloud regimes as convective proxies.

The reasonably strong relationship of the regimes to
the large-scale state of the atmosphere gives rise to
other potential applications such as GCM evaluation
as well as the use of these relationships to statistically
model the large-scale distribution of the key states of
tropical convection. The latter would enable the testing
of some of the key assumptions in the treatment of con-
vection in weather and climate models. Among them is
the premise of the entirely diagnostic relationships be-
tween convective and large-scale states (i.e., the convec-
tive state in each grid box is usually independent of
convection in the previous time step or neighboring
grid boxes). A statistical model based on the cloud
regimes and their relationships to the larger scales
would allow us to assess the validity of these assump-
tions as observed spatial and temporal coherence can
be introduced or omitted from the model to investigate
their importance. One could even envisage introducing
such a model into GCMs to complement the existing
treatment of cumulus convection, similar to what was
done on small scales in the study of Bengtsson et al.
(2011) but on scales above a model grid box.

6. Summary and conclusions

The main aim of this study was to investigate if re-
gimes of tropical cloudiness objectively derived from
ISCCP data on scales of 280 km X 280 km can be ap-
plied as proxies for tropical convection. Most impor-
tantly, it was our goal to establish if doing so provides
additional information on convection and its relation-
ship to the large-scale state of the atmosphere than
when using more commonly applied measures of con-
vective strength, such as outgoing longwave radiation
and precipitation.

Regime composite analyses of grid-averaged values
of OLR and P, as well as the large-scale parameters of
vertical motion at 600 hPa, saturation fraction, and two
stability indices substantiates the grouping of the cloud

JOURNAL OF CLIMATE

VOLUME 26

regimes into three main classes: two convective regimes,
four suppressed regimes, and two intermediate regimes
of transitional character. As compared to conventional
measures such as OLR, these regimes give additional
information in their cloud structure, and are able to seg-
regate the suppressed environments. We further showed
that the two convective regimes possess very distinct
characteristics from each other in terms of P as well as
moisture and convective instability of the environment,
despite having overlapping OLR values usually associ-
ated with tropical deep convection. Together with the
transitional IM regime which is characterized by a wide-
ranging mixture of clouds with a substantial midlevel-top
cloudiness, we suggest in section 5 that these three re-
gimes provide the observational proxies of the “stretched
building blocks™ of tropical convection identified by
Mapes et al. (2006), namely, a regime dominated by
congestus convection (IM), a regime dominated of deep
convection (CC), and a regime dominated by a large
stratiform cloud component (CD).

The composite analysis of the large-scale state with
cloud regime reveals a distinct deterministic compo-
nent in the large- to small-scale relationship, in particular
when a multidimensional analysis of this relationship is
performed. We find that the convective regimes pop-
ulate a distinctly different part of a parameter space
spanned by three large-scale variables related to sta-
bility (modified K index), relative humidity (saturation
fraction), and vertical motion or convergence, than sup-
pressed regimes. On the distinction of regimes within the
same class, saturation fraction and vertical motion are
better able to distinguish the regimes within the con-
vective and intermediate class, while the stability indices
perform better in this respect for suppressed regimes.
Despite the existence of a deterministic component,
there is scatter and overlap between regimes in the
large-scale parameter space, suggesting a substantial
stochastic component in the large- to small-scale rela-
tionships. Care must be taken in interpreting this ob-
servation, as the degree of stochastic behavior can be a
strong function of the large-scale variables chosen in
identifying the relationship (Jakob et al. 2011). We aimed
to minimize this influence by choosing several large-
scale variables and performing multivariate analyses.

Finally, using the relationship between precipitation
and saturation fraction we showed that the information
on convective characteristics contained in the cloud re-
gimes can be used to provide additional insight into the
role of different convective regimes in this relationship.
We demonstrated that the strong increase in rainfall at
high saturation fraction is brought about by an increase in
the occurrence of the more organized and stratiform CD
regime.
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We discussed several other potential applications of
the cloud regimes as proxies for convection, which in-
clude evaluating GCMs in their connections between
gridbox convection and the large-scale atmosphere as
well as the design of simple statistical models of trop-
ical convection. The latter could be used to investigate
the behavior of convection on very large scales as well
as to inform the design of parameterization of convec-
tion in weather and climate models. Such a statistical
model, making use of the properties of tropical con-
vection highlighted in this study, is the subject of fu-
ture work.
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