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Mesoscale convective clustering enhances tropical
precipitation
Pedro Angulo-Umana and Daehyun Kim*

In the tropics, extreme precipitation events are often caused by mesoscale systems of organized, spatially clus-
tered deep cumulonimbi, posing a substantial risk to life and property. While the clustering of convective clouds
has been thought to strengthen precipitation rate, no quantitative estimates of this hypothesized enhancement
exist. In this study, after isolating the effects of mesoscale convective clustering on precipitation, we find that
strongly clustered oceanic convection precipitates more intensely than weakly clustered convection. We further
show that this enhancement is primarily attributable to an increase in convective precipitation rate when the
environment is less than 70% saturated, with increases in the size of the rainy stratiform region being of equal or
greater importance when the environment is closer to saturation. Our results suggest that a correct represen-
tation of mesoscale organized convective systems in numerical weather and climate models is needed for ac-
curate predictions of extreme precipitation events.
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INTRODUCTION
Tropical convection organizes into coherent structures exhibiting a
wide range of spatial and temporal scales. Examples of organized
tropical convective systems include mesoscale convective systems
(1), tropical cyclones, and the Madden-Julian Oscillation (2).
Among these organized systems, mesoscale systems of clustered
convection are of first-order importance to the tropical hydrological
cycle; they produce more than 60% of the total precipitation in the
tropics (3, 4) and are the main drivers of extreme precipitation
events (5–7). Moreover, changes in the frequency of mesoscale or-
ganized convective systems have been ascribed as the cause of
changes in tropical rainfall patterns observed in recent decades
(8) and have been suggested as a potential cause of the future
changes to global precipitation patterns predicted in simulations
of greenhouse gas–induced global warming (9, 10). Unfortunately,
these organized convective systems remain poorly represented in
most numerical models for weather and climate prediction (11,
12), making it difficult to accurately simulate tropical precipitation
or predict how tropical precipitation will change with global
warming. One bottleneck for efforts seeking to improve the repre-
sentation of mesoscale systems of clustered convection in models is
the lack of observational constraints on the nature of those systems.

One such constraint that is presently absent from the literature is
a quantitative measure of the effect that mesoscale convective orga-
nization, as well as its associated clustering of precipitating cumulus
clouds, has on precipitation rate. While previous studies have
argued—on the basis of observational data, model output, and heu-
ristic reasoning—that clustered convection should precipitate more
intensely than nonclustered convection, no estimate of the enhance-
ment of precipitation rate that can be attributed to a stronger degree
of convective clustering presently exists. This study seeks to quantify
and diagnose the changes in precipitation rate over mesoscale
domains associated with a stronger degree of clustering of convec-
tive clouds.

RESULTS
Convective clustering enhances precipitation
Tropical precipitation has been observed to depend very strongly on
two quantities in particular: convective area fraction (CAF) (13–16),
defined as the areal fraction of the domain in question that is under-
going convection, and saturation fraction (SF) (17–21), also termed
column relative humidity, defined as the vertically integrated vapor
content of the domain normalized by the saturation capacity of the
domain. Therefore, to estimate the response of tropical precipita-
tion to an enhanced degree of convective clustering, we need to
stratify our data to compare cases that differ primarily in their
degree of mesoscale clustering but are similar in terms of CAF
and SF.

The SF values of scenes are obtained from the fifth-generation
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis product (ERA5) (22). The averaged surface
rain rate, CAF, and degree of spatial clustering of the convection
are obtained from the NASA Tropical Rainfall Measuring Mission
(TRMM) Precipitation Radar (PR) dataset (see Materials and
Methods). These data provide snapshots of gridded estimated
surface rain rate, as well as rain type classification, allowing for
the identification of which rainy pixels are undergoing convective
precipitation (see Materials and Methods). Because our focus is
on mesoscale convective clustering, we segment these snapshots
into smaller domains, which we call scenes. We consider 1° × 1°,
2° × 2°, and 3° × 3° scenes to test the sensitivity of our results to
the size of domain being analyzed. Figure 1 shows examples of
rain rate and rain type data for 2° × 2° scenes. As in many recent
studies (13, 23–26), we quantify the degree of convective clustering
present in a scene by the organization index (Iorg), which is larger
for more strongly clustered scenes (24). TRMM rain type data are
used to compute Iorg for each scene (see Materials and Methods).
Some previous studies examining the relationship between convec-
tive clustering and precipitation have used precipitation thresholds
to identify deep convection [e.g., (13)]. To test the robustness of our
results, Iorg is computed both with and without rain rate thresholds
(see Materials and Methods). We additionally compute Iorg both
with and without the grouping of adjacent convective pixels (seeDepartment of Atmospheric Sciences, University of Washington, Seattle, WA, USA.
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Fig. 1. Examples of scenes. Two scenes are shown above, with similar SF and CAF but differing precipitation intensities and degrees of convective clustering. Scene 1 (A
and B) was observed on 5 November 2001 at 00:31:01 UTC and has latitudinal extent from 13°S to 11°S and longitudinal extent from 180°E to 178°W. Scene 2 (C andD) was
observed on 6 August 2013 at 20:12:22 UTC and has latitudinal extent from 160°E to 162°E. The bottom scene has a lesser degree of convective clustering than the top
scene and has a correspondingly lesser mean precipitation rate. Rain type classification is provided by the TRMM-PR dataset (see Materials and Methods). UTC, universal
time coordinated.
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the Supplementary Materials). For the remainder of this article,
unless specified otherwise, results shown use Iorg computed
without grouping of adjacent convective pixels. We refer to the
set of choices of scene size, rain rate thresholds, and grouping
methods as our “parameter space.”

When partitioned into CAF and SF bins (Fig. 2, A to C), the bin-
mean precipitation rate shows a clearly increasing trend with both
CAF and SF, consistent with previous studies (13–21). To quantify
the effect of mesoscale convective clustering on precipitation rate,
for each CAF-SF bin, we subtract the mean precipitation rate of
scenes with Iorgvalues in the first (bottom) quartile from the
mean precipitation rate of scenes with Iorgvalues in the fourth
(top) quartile (Fig. 2, D to F). Hereafter, the two groups of scenes
are referred to as the weakly clustered and strongly clustered scenes.
The most distinctive feature in Fig. 2 (D to F) is that the statistically
significant differences are positive for almost every CAF-SF bin, in-
dicating that when CAF and SF are prescribed, enhanced convective
clustering results in an increase in precipitation rate over a scene. It
is worthwhile to note that our finding is in contrast to recent studies
that concluded that domain-averaged precipitation rate is indepen-
dent of the degree of convective clustering (13, 23). However, while

these studies examined how average precipitation rate and average
Iorg vary with quantities similar to CAF and SF, they did not con-
strain their data by both their CAF and SF proxies. Thus, we argue
that our study more fairly compares scenes whose primary differ-
ence is in the degree of convective clustering.

The difference in mean Iorg values between strongly and weakly
clustered scenes decreases with CAF (Fig. 2, G to I). This feature is
also present across our parameter space (see the Supplementary
Materials). This indicates that the sensitivity of domain-mean pre-
cipitation to convective clustering is increased when a greater
number of convective entities is present, suggesting that convective
clustering enhances precipitation rate via self-reinforcing interac-
tions between the convective elements. Such self-reinforcing inter-
actions, such as the moistening of environmental air via
detrainment, would have a greater effect on the precipitation rate
when CAF is higher than when CAF is lower. Thus, Fig. 2 (G to
I) suggests that, over high-CAF scenes, the effects of a small
change in the degree of convective clustering are magnified by the
fact that more convective elements are present and, thus, their ca-
pacity for self-reinforcement is increased.

Fig. 2. Precipitation and Iorg variability with CAF and SF. (A to C) Mean precipitation rate of scenes with given CAF and SF. (D to F) The difference in average pre-
cipitation rate of strongly andweakly clustered scenes. (G to I) The difference in average Iorg between strongly andweakly clustered scenes. Results shown in this figure are
with Iorg computed without rain threshold or grouping. Minimum valid CAF is defined as the CAF corresponding to 20 convective pixels (see Materials and Methods).
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As a quantitative estimate of the enhancement of precipitation
attributable to enhanced mesoscale convective clustering, we
define the precipitation enhancement due to mesoscale convective
clustering (PEMC) as the percent difference in the mean precipita-
tion intensities between the strongly clustered and weakly clustered
scenes

PEMC ¼
PSC � PWC

PWC � 100% ð1Þ

where PSC and PWC are the mean precipitation intensities of the
strongly and weakly clustered scenes, respectively. Note that
PEMC is computed for each CAF-SF bin. PEMC values for a
subset of our parameter space (computed without grouping) are
shown in Fig. 3; the results are qualitatively similar across the
whole of our parameter space (Figs. S6 and S7). Values shown are
statistically significant at the 95th confidence level as determined by
a permutation test. The most notable feature of Fig. 3 is that statisti-
cally significant PEMC values are positive for almost all CAF-SF
bins. Across our parameter space, mean PEMC values range from
about 10% to close to 60% (Fig. 4). We observe that both mean
PEMC values and PEMC values for individual CAF-SF bins are sen-
sitive to both the size of scene and the choice of how Iorg is comput-
ed. However, the mean value of PEMC is positive in all cases tested
in our parameter space, indicating the robustness of our finding that
mesoscale convective clustering enhances precipitation.

Convective clustering does not affect convective-stratiform
partitioning
To diagnose the contributions of convective and stratiform process-
es to the enhancement of precipitation associated with a stronger
degree of mesoscale convective clustering, we decompose the pre-
cipitation intensity over a scene as

P ¼ Pcac þ Psas ð2Þ

where Pc and Ps are the conditional convective and stratiform pre-
cipitation intensities and ac and as are the CAF and stratiform area
fraction, respectively (see Materials and Methods). For each CAF-SF
bin, PSC and PWC are related by

PSC ¼ PWC þ δP ð3Þ

where δP is the increase in rain rate between weakly and strongly
clustered scenes. We can combine Eqs. 2 and 3 and use the fact
that PEMC = δP/PWC to write PEMC as the sum of four terms
and ascribe meaning to each

PEMC ¼
aWC

c δPc

PWC
|fflfflfflffl{zfflfflfflffl}

Convective
precipitation
enhancement

þ
aWC

s δPs

PWC

zfflfflfflffl}|fflfflfflffl{

Stratiform
precipitation
enhancement

þ
PWC

s δas

PWC
|fflfflfflffl{zfflfflfflffl}

Stratiform area
enhancement

þ
δPsδas

PWC

zfflfflffl}|fflfflffl{
Covariance

ð4Þ

where δX is the difference in the mean values of X between the strongly and weakly
clustered scenes (where X = Pc, Ps, ac,or as). Equation 4 thus provides a framework
to diagnose the contribution of individual processes to the enhancement of pre-
cipitation. Note that since PEMC is defined for each CAF-SF bin, the contribution

to PEMC associated with changes in convective area is negligible and thus not in-
cluded in Eq. 4.

Figure 5 (A to I) shows the first three terms in Eq. 4; the covari-
ance term is negligibly small for every CAF-SF bin. In the regime SF
≲ 70%, the dominant contribution to PEMC is from the strength-
ening of convective precipitation. When SF ≳ 70%, on the other
hand, the enhancement of precipitation resulting from an enhance-
ment of stratiform area fraction increases to a level comparable to
the enhancement of convective precipitation and eventually
becomes dominant when SF ≳ 80%. This transition can be more
clearly seen in Fig. 5 (J to L), in which the latter three terms of
Eq. 4 are combined into a stratiform component of enhancement,
and a convective component of enhancement is similarly defined as
the remaining term of Eq. 4. The convective and stratiform compo-
nents of enhancement are expressed as a percentage of PEMC to
quantify their contribution to the total precipitation enhancement.
As shown in Fig. 5 (J to L), the stratiform component of enhance-
ment is the dominant component for SF values greater than
about 85%.

The transition of PEMC from being dominated by its convective
component when SF is low to being comprised by its convective and
stratiform components in about equal measure at higher SF (with
the stratiform component eventually being dominant at very high
SF) is reminiscent of the fact that stratiform precipitation occurs
almost exclusively in environments with SF > 70% (20, 21). This
suggests that, for a given SF, the relative importance of PEMC’s con-
vective and stratiform components is set by the relative frequency of
convective and stratiform precipitation at that SF. That is, at a given
SF, the fraction of total precipitation that is convective or stratiform
is largely determined by the SF of the environment; mesoscale con-
vective clustering increases the total amount of precipitation but
does not substantially alter the partition between convective and
stratiform precipitation.

To verify this hypothesized invariance of the convective/strati-
form partition, we compare the convective rain fraction (CRF)
and stratiform rain fraction (SRF) of strongly and weakly clustered
scenes, averaged over each CAF bin with a statistically significant
value of PEMC (computed without grouping; Fig. 6). CRF decreases
with SF for both weakly and strongly clustered scenes, while SRF
increases with SF, in agreement with previous studies (20, 21). We
can further see that CRF and SRF differ only marginally between
strongly and weakly clustered scenes, indicating that mesoscale con-
vective clustering does not significantly alter the partition between
convective and stratiform elements. We can see that in the range of
60% < SF < 80%, there is a slight but notable difference in CRF and
SRF between strongly and weakly clustered scenes; in this SF range,
strongly clustered scenes have a greater CRF (and thus lesser SRF)
than weakly clustered scenes, indicating that strongly clustered
scenes experience more intense convective precipitation than
weakly clustered scenes. Notably, a corresponding increase in SRF
for SF > 85%, where the stratiform component of PEMC becomes
dominant, is not evident in Fig. 6.

As evidenced by Fig. 6, the CRF and SRF of a scene are primarily
functions of SF and are only slightly modified by the presence of
strong convective clustering. Thus, the fact that PEMC’s stratiform
component becomes comparable in magnitude to its convective
component near SF ≈ 70% is a consequence of the invariance of
CRF (and SRF) to the degree of convective clustering: as SF increas-
es, SRF increases, and thus, the stratiform component of PEMC
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increases in proportion. Note that CRF is not completely ambiva-
lent to the degree of convective clustering for scenes with
60% < SF < 80%, as evidenced by the slightly greater CRF in strongly
clustered scenes than in weakly clustered scenes in this range. If we
assume that mesoscale convective clustering enhances convective
strength via a moistening of the environment, as suggested by nu-
merous prior studies (27–30), then we may also put forth an expla-
nation to the fact that strongly and weakly clustered scenes have a
different CRF in the range of 60% < SF < 80%. Below this range, the
environment is too subsaturated to sustain deep convection, regard-
less of the degree of convective clustering; above this range, the

environment is already sufficiently moist that increasing the
degree of clustering has no meaningful impacts on precipitation.
Thus, convective clustering is most effective in increasing CRF
when the environment is moist enough to sustain convection but
not so moist that convective clustering has little effect on convective
strength.

DISCUSSION
This study has estimated the enhancement of precipitation that
occurs as a result of convective clustering per se, controlling for

Fig. 3. PEMC. Values shown are statistically significant at the 95th confidence level as determined by a permutation test. The Iorg values used in identifying strongly and
weakly clustered scenes were computed (A to C) with no threshold, (D to F) with a 2 mm/hour precipitation rate threshold, (G to I) and with 4 mm/hour precipitation rate
threshold (see Materials and Methods).
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the enhancement resultant from an increase in environmental
column moisture and CAF. The enhancement factor (Fig. 3) and
its partitioning into convective and stratiform processes (Fig. 5)
can serve as an observational reference against which the perfor-
mance of various modeling systems may be assessed. As shown in
Fig. 4, the exact value of PEMC is sensitive to the spatial size of the
domain, as well as rain rate thresholds or choice of grouping method
used when quantifying the degree of clustering via Iorg. Model res-
olution and differences in how convective elements are identified
should therefore be considered when making comparisons to the
present study. With the fast advances being made in the numerical
modeling of weather and climate, including global storm-permit-
ting models (31), such an observational benchmark will be of
great utility in evaluating the realism of the models’ representations
of mesoscale systems of clustered convection. These diagnostic ap-
praisals of model realism will aid in the forecasting of extreme pre-
cipitation and help constrain predicted global warming–driven
changes to precipitation patterns.

MATERIALS AND METHODS
Precipitation and CAF
Scene-averaged precipitation and CAF data are obtained from the
NASA TRMM-PR dataset (32). The data used are derived from
two TRMM-PR version 7 products: 2A23 precipitation radar rain
characteristics (33, 34), which classifies observed rainfall as convec-
tive, stratiform, or other, and 2A25 precipitation radar echo data
(35), which provides attenuation-corrected radar reflectivity.
Pixels labeled as other contribute a negligible amount to the total
precipitation observed by TRMM, so that rainy pixels can be
safely thought of as being either convective or stratiform. All
these data have instantaneous time resolution. The TRMM data
are interpolated onto a regular 0.05° × 0.05° grid of pixels.

The data used are composed of a set of snapshots made up of
gridded pixels. Each pixel provides surface rain rate and rain type
data. Each snapshot is portioned into several nonoverlapping
scenes. Since the satellite’s observational swath does not, in
general, completely cover a given scene, only those scenes with
more than 70% of its area covered by the observational swath are
considered in our study. This ensures that each scene is adequately
sampled to estimate its mean properties. Each pixel may be referred

to its rain type label (e.g., a pixel recorded as undergoing convective
precipitation).

Scenes are collected from four 40° × 30° regions, chosen to rep-
resent major tropical oceanic basins: the western Pacific Ocean,
bounded by 150°E to 190°E; the eastern Pacific Ocean, bounded
by 160°W to 120°W; the tropical Atlantic Ocean, bounded by
41°W to 1°W; and the central Indian Ocean, bounded by 55°E to
95°E. All regions are bounded meridionally by 15°S to 15°N (fig.
S1). The data collected are from 1 January 1998 to 31 December
2013. Only CAF-SF bins with more than 50 constituent scenes are
considered in our analysis.

Scene-averaged precipitation rate is computed by dividing the
sum of precipitation rates for all pixels in the observational scene
by the number of pixels in the swath. This method allows for fair
comparisons between scenes with differing swath coverage
extents. Conditional convective precipitation and stratiform precip-
itation intensities (Pc and Ps in Eq. 2) are computed similarly, with
convective (stratiform) precipitation rate being defined as the sum
of precipitation rate data for all convective (stratiform) pixels
divided by the number of convective (stratiform) pixels. CAF (ac
in Eq. 2) and stratiform area fraction (as in Eq. 2) are computed
as the ratio of the total number of the corresponding type of pixel
to the total number of pixels in the swath.

Saturation fraction
SF data are obtained from the ERA5 global reanalysis dataset pro-
duced by the ECMWF (22). These data are provided on a global
0.25° × 0.25° grid with hourly resolution. Vertical profiles of both
specific humidity and temperature are used to compute saturation-
specific humidity profiles via the Clausius-Clapeyron relation. The
vertical integrals of specific humidity and saturation-specific hu-
midity are computed from 1000 to 100 hPa and then averaged
across the scene. SF is obtained by dividing the mean vertical inte-
gral of specific humidity by the mean vertical integral of saturation-
specific humidity.

Organization index
The degree of mesoscale convective clustering is quantified by the
organization index (Iorg) (24). This index is computed by integrat-
ing the cumulative density function of nearest-neighbor distances
between convective elements in a scene with respect to the

Fig. 4. Sensitivity of PEMC. The mean value of statistically significant PEMC values, as computed with and without grouping of connected convective pixels, and with
indicated rain rate thresholds, for (A) 3° × 3° scenes, (B) 2° × 2° scenes, (C) and 1° × 1° scenes. Note that no Iorg values can be computed for 1° × 1° scenes with grouping of
adjacent convective pixels (see Materials and Methods).

Angulo-Umana and Kim, Sci. Adv. 9, eabo5317 (2023) 11 January 2023 6 of 9

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org on February 02, 2023



Fig. 5. Components of PEMC. The enhancements of (A to C) convective precipitation rate, (D to F) stratiform area fraction, (G to I) and stratiform precipitation rate are
computed for each CAF-SF bin, as defined in Eq. 4. (J to L) The combined stratiform component (latter three terms of Eq. 4) and convective component are averaged over
CAF bins. Results shown are with Iorg computed without rain threshold or grouping.
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distribution that would be expected if the same number of convec-
tive elements was randomly distributed about the scene. This inte-
gral yields a number between 0 and 1. An Iorg value less than 0.5
indicates that convection is less clustered than would be expected
from a random distribution; an Iorg value greater than 0.5 indicates
that convective elements are more clustered than random.

Some previous studies [e.g., (13, 25)] have computed Iorg by
grouping adjacent convective pixels, with the location of each
group of contiguous convective pixels described by its geometric
centroid. Since Iorg is most robust when there are more than 20 con-
vective objects being considered, this method can only be used for
2° × 2° and 3° × 3° scenes; no 1° × 1° scene has 20 or more contig-
uous convective groups. In addition, some previous studies have
used precipitation thresholds to identify convection. To test the sen-
sitivity of our results to these choices in how Iorg is computed, we
perform our analysis by computing Iorg both with and without
grouping adjacent connective pixels; we additionally computed
Iorg with and without precipitation thresholds, where the pixels con-
sidered in the computation of Iorg must both be identified as con-
vective by TRMM and also have precipitation greater than some
threshold. Note that these thresholds are not used in the computa-
tion of CAF.

Precipitation enhancement budget
Combining Eqs. 2 and 3, for a given CAF ac and stratiform area frac-
tion as, we can write the difference between the mean precipitation
of strongly clustered scenes PSC and the weakly clustered scenes
PWC as the combination of changes of each of the terms in Eq. 1

PSC ¼ ðPWC
c þ δPcÞðaWC

c þ δacÞ þ ðPWC
s þ δPsÞðaWC

s

þ δasÞ ðM1Þ

where PWC
c is the mean convective precipitation rate of weakly clus-

tered scenes and δPc is the difference between PWC
c and the mean

convective precipitation rate of strongly organized scenes. The
other terms are defined similarly. Note that since PSC and PWC

have been defined as being from the same CAF bin, δac ≈ 0. We
can multiply and group the terms of Eq. M1 to obtain

PSC ¼ ½PWC
c aWC

c þ PWC
s aWC

s � þ ða
WC
c δPc þ aWC

s δPs

þ PWC
s δas þ δPsδasÞ ðM2Þ

We recognize the bracketed quantity as PWC, as defined in Eq. 1.
It follows then that the parenthetical terms sum together to give δP,
as defined in Eq. 3. Using the fact that PEMC = δP/PWC, we can
divide the parenthetical terms of Eq. M2 by PWC to obtain Eq. 4.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S9
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