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Increases in tropical rainfall driven by changes in
frequency of organized deep convection

Jackson Tan't, Christian Jakob!, William B. Rossow? & George Tselioudis®

Increasing global precipitation has been associated with a warming
climate resulting from a strengthening of the hydrological cycle'.
This increase, however, is not spatially uniform. Observations and
models have found that changes in rainfall show patterns charac-
terized as ‘wet-gets-wetter’’” and ‘warmer-gets-wetter’>>°. These
changes in precipitation are largely located in the tropics and hence
are probably associated with convection. However, the underlying
physical processes for the observed changes are not entirely clear.
Here we show from observations that most of the regional increase
in tropical precipitation is associated with changes in the frequency
of organized deep convection. By assessing the contributions of var-
ious convective regimes to precipitation, we find that the spatial pat-
terns of change in the frequency of organized deep convection are
strongly correlated with observed change in rainfall, both positive and
negative (correlation of 0.69), and can explain most of the patterns
of increase in rainfall. In contrast, changes in less organized forms
of deep convection or changes in precipitation within organized deep
convection contribute less to changes in precipitation. Our results
identify organized deep convection as the link between changes in
rainfall and in the dynamics of the tropical atmosphere, thus pro-
viding a framework for obtaining a better understanding of changes
in rainfall. Given the lack of a distinction between the different de-
grees of organization of convection in climate models'’, our results
highlight an area of priority for future climate model development
in order to achieve accurate rainfall projections in a warming climate.

Changes in the hydrological cycle are of paramount importance to
society. To improve the accuracy of projections of future precipitation,
we need to understand the physical processes that underpin the observed
and simulated changes in precipitation. In the tropics, these changes
have been shown to follow a ‘wet-gets-wetter’™” or a ‘warmer-gets-
wetter>®’ pattern. Using global climate models, these patterns have been
respectively attributed to thermodynamic"*” and dynamic changes>**
in the climate system. In observations, these changes explain the in-
crease in rainfall over some tropical regions of convergence such as the
Intertropical Convergence Zone (ITCZ)’.

In addition to observed changes in rainfall, there is evidence from an
analysis of satellite-derived cloud regimes that mesoscale organized deep
convection has also increased in frequency tropics-wide over the past
27.5 years''. The cloud regime involved has a signature of deep con-
vection combined with an extensive stratiform cloud and precipitation
area, as is typical for convection with a high degree of organization'>.
Despite occurring only about 5% of the time, this organized deep con-
vective regime is responsible for half the tropical rainfall*~**, which isa
testament to its extraordinary precipitation rate over a large area. What
is unclear is whether the recent changes in precipitation are in any way
related to changes in organized deep convection. Here we investigate
this connection.

We make use of cloud regimes associated with precipitating con-
vection derived through a cluster analysis of joint-histograms describ-
ing the distributions of cloud top pressures and optical thickness in
280 km X 280 km grid boxes at daily resolution from the International

Satellite Cloud Climatology Project'®"” (see Methods). These cloud re-
gimes (also called weather states) constitute an objective categoriza-
tion of the cloud field, and a subset of the regimes has been associated
with precipitating convection'>"'>'*"*'. Mesoscale organized deep con-
vection is represented by the cloud regime CR1 as diagnosed from its
cloud signature of widespread stratiform anvils (Fig. 1)'?, similarity in
geographical distribution to mesoscale convective systems®” (Extended
Data Fig. 1), highly convective environments'>'>'**!, and intense pre-
cipitation rates'>™"* (Fig. 2). It is this cloud regime that has been found
to increase in frequency'' (Extended Data Fig. 2). There are two more
regimes associated with precipitating convection, namely CR2 and CR3,
but both have less cloud cover (Fig. 1), lower precipitation rates (Fig. 2)
and less organized cloud structures than CR1 (refs 12-15). These two
regimes contribute 35% of the total rainfall between 1998 and 2009, in
contrast with 47% by CR1 (Fig. 2). When these three regimes are taken
together, their tropics-wide frequency has decreased slightly (Extended
Data Fig. 2). This indicates that there has been a change in the distri-
bution of the types of deep convection in the tropics, with less organized
states decreasing in frequency and compensating for the increase in the
occurrence of organized deep convection.

To make the connection between cloud regime and changes in rain-
fall, we decompose the change in total precipitation AP at every loca-
tion into

AP=3" Afpi+fiApi 1

where f; is the monthly-mean frequency of regime CRi and p; is the
monthly-mean within-regime precipitation rate of CRj; that is, the pre-
cipitation when the regime is present averaged over the month. The
overbar denotes the mean over the entire period. In this framework,
Afipi represents the contribution to the change in precipitation due toa
change in monthly-mean frequency of the regime, and f;Ap; quantifies
the contribution due to a change in the monthly-mean precipitation
within the regime. We calculate the changes in regime frequency and
within-regime precipitation rate as differences between the first and sec-
ond halves of the data record. Because the derivation of within-regime
precipitation rate requires the availability of daily rainfall information,
we begin our investigation with the Tropical Rainfall Measuring Mission
(TRMM) 3B42 precipitation data set® from 1998 to 2009, before ex-
tending our findings to the full cloud regime data set (July 1983 to De-
cember 2009) by using the Global Precipitation Climatology Project
(GPCP) version 2.2 monthly rainfall product®. All data sets are inter-
polated to the ISCCP equal-area grid (see Methods).

Computing each term in equation (1) for each grid box enables us to
examine the spatial distribution of the changes in precipitation and their
association with cloud regime changes from 1998 to 2009. Monthly-
mean precipitation shows changes of opposite sign in different regions,
with increases in areas such as the Pacific ITCZ and the Tropical West
Pacific, and decreases in the eastern Indian Ocean and south of the
Pacific ITCZ (Fig. 3a). The spatial distribution of the contribution to
changes in precipitation by changes in the frequency of organized deep
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Figure 1 | Joint-histograms of the centroids of the convective cloud regimes.
Cluster means (or centroids) of the convective cloud regimes in joint-
histograms expressing the distribution of clouds in their cloud top pressure
(CTP) and optical thickness (7) of CR1 (a), CR2 (b) and CR3 (c). Bins in the top
right area of the joint-histogram indicate clouds that are optically thick and
have high tops, properties possessed by deep convective clouds. The cloud
covers (sum over all bins) of the regimes are 95% (CR1), 90% (CR2) and
78% (CR3). The frequencies of the regimes over the entire period are 0.055
(CR1), 0.083 (CR2) and 0.142 (CR3).

convection (Afipr) closely resembles the changes in mean rainfall
(Fig. 3b), with a correlation of 0.69 and a root mean squared error of
0.34 (Extended Data Fig. 3a; see Methods). In contrast, the contribution
from changes in the within-regime precipitation of CR1 (f; Ap; ) is mostly
negative and bears little resemblance to observed changes in precip-
itation (Fig. 3¢). The spatial correlation is only 0.19 and the root mean
squared error is 0.49. This indicates that, when present, organized deep
convection has produced less precipitation in the latter part of the ana-
lysis period than in the former. The contribution from the remaining
two convective regimes captures the observed patterns of change in pre-
cipitation but is of much smaller magnitude, particularly in regions of
increases in precipitation (Fig. 3d). In contrast, in regions of decreases
in precipitation, the two unorganized convective regimes contribute
about the same magnitude to the change as the organized regime does.
When taken together, the three convective regimes largely reproduce
observed changes in precipitation (Fig. 3e), confirming that deep con-
vection is the major contributor to changes in tropical rainfall. These
conclusions also hold when the GPCP daily precipitation data set™ is
used (Extended Data Fig. 4).
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Figure 2 | Precipitation distributions of the convective CRs. Composites of
daily precipitation from TRMM 3B42 with individual convective regimes (CR1,
CR2 and CR3) as well as all convective regimes as one (CR1-3) between

1998 and 2009 in a ‘violin’ diagram, showing the mean (dot), median
(horizontal line), interquartile range (box), 5th and 95th centiles (whiskers),
and the probability distribution (grey ‘violin’). The numbers at the top show the
percentage contribution to the total precipitation over the entire period.
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The analysis of the cloud regimes above indicates that it is organized
rather than unorganized precipitating convection that is involved in the
observed increase in rainfall in the past decade. To confirm this result
we turn to a data set independent of ISCCP. A characteristic of orga-
nized deep convection is that the stratiform component of rainfall is
greater than the convective component'. An increase in organized deep
convection would therefore be identifiable through an increase in the
area of stratiform precipitation as well as an increase in the relative con-
tribution to the total precipitation by stratiform processes. The TRMM
3A25 data set®® enables the calculation of both the stratiform rain area
fraction f;, and the stratiform rain rate fraction f;; (see Methods). The
spatial changes in both quantities show patterns similar to the change
in total precipitation (Fig. 3f, g), especially over the oceans of the deep
tropics (between about 15° N and 15° S). This confirms the conclusion
reached in the analysis of the cloud regime, namely that an increase in
tropical precipitation is a result of an increased frequency of organized
deep convection.

Although instructive, the above analysis suffers from the lack oflong-
term daily precipitation observations over the oceans, which prevents
a direct extension of the technique to the full period for which cloud
regime data are available (July 1983 to December 2009) as a result of
the inability to calculate p;,, We make an attempt at decomposing the
changes in precipitation over the longer period by assuming that the
values of p; are equal to those of the shorter period (1998-2009). This
enables us to calculate the contribution from changes in frequency of
occurrence, Af;p;, of the three convective states for the full period to
the longer-term changes in precipitation, for which we have monthly
observations in the GPCP version 2.2 data set. This provides a first-
order estimate of the relationship between change in precipitation and
changes in the frequencies of various deep convective states.

The spatial distribution of the change in precipitation between July
1983 and December 2009 shares some similarity with the 1998-2009
period but has a smaller magnitude (Fig. 4a). An analysis of changes in
rainfall for the shorter period using same data product shows that this
disparity stems primarily from the difference in time period rather than
the difference in data set. The contribution to the change in precip-
itation from the changes in frequency in organized deep convection
alone, Af;py, still shows similarities with the overall change in the wet
regions (Fig. 4b), albeit with a lower correlation of 0.43 and a root
mean squared error of 0.33 in contrast with the shorter period (Extended
Data Fig. 3b). Using all three convective regimes once again adds detail
in regions of decrease in rainfall (Fig. 4c), but it fails to represent the
changes in precipitation in some regions, in particular over the Indian
Ocean, where there was no geostationary satellite before 1998 (ref. 11),
which may affect measurements of CR2 and CR3. It is worth noting
that assuming the value of p; derived from the shorter period is a strong
assumption that is not necessarily justified. In addition, for the shorter
period the changes in within-regime precipitation were negative, thereby
compensating for some of the increases in precipitation from changes
in frequency. Having to neglect those terms for the longer time period
probably contributes to the overestimation of the magnitude of changes
in precipitation. Nevertheless, qualitatively the results for the longer
period confirm our assertion that the observed increase in the frequency
of organized deep convection in the tropics is the main contributor to
the increase in precipitation.

The finding that it is mainly the frequency of organized deep con-
vection that contributed to the increase in precipitation in the tropics
provides insights from an unconventional perspective to the question
of whether changes in precipitation are dynamic>*® or thermodynamic**~”
in origin. The frequency of organized deep convection is typically asso-
ciated with the dynamics of the climate system such as the large-scale
circulation*"'>'*. Indeed, there is a good spatial correspondence between
changes in the dynamics of the tropical atmosphere, as reflected by
large-scale mid-tropospheric vertical velocity, and that of organized
deep convection (Extended Data Fig. 5). One can therefore argue that
the changes in organized deep convection reflect a dynamic change in
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Figure 3 | The spatial distribution of the changes in precipitation
from 1998 to 2009. a, Change in monthly-mean precipitation, AP.
b, Contribution from the change in CR1 frequency, Afip;. ¢, Contribution
from the change in within-CR1 rainfall, f Ap; . d, Sum of the contributions
from CR2 and CR3, Afyp; +f,Apa + Afsps + fAp3. €, Sum of the contributions
from all three convective regimes, > ;_, Afip; +fiAp;. f, g, Change in

the climate system. This argument is strengthened by our finding that
changes in within-regime precipitation of CR1, which are probably more
characteristic of a thermodynamic response, have contributed mainly
to a decline in precipitation.

If changes in precipitation are mediated through organized deep con-
vection, this calls into question the ability of global climate models
(GCMs) to predict changes in rainfall accurately, especially in extreme
precipitation'®. GCMs are currently unable to simulate any organized
forms of deep convection, because convection is represented through
an ensemble of unorganized buoyant plumes. This lack of organized
deep convection is a well-known issue in GCMs'® and might well be a
contributing factor to longstanding precipitation errors in models such

120° W

stratiform area fraction, Af;, (f), and stratiform rain fraction, Afy (g).
Grid boxes with changes significant at P < 0.1 using the Monte Carlo
permutation test are stippled, with the dots in yellow for visibility against
dark backgrounds. See Extended Data Fig. 3a for correlations and root
mean squared errors.

as the bias towards light rain. Model projections of precipitation are
therefore made in the absence of a phenomenon prominent in the hy-
drological cycle. From our findings here, it is likely that this limitation
in GCMs contributes to the disagreements* between projected and ob-
served changes in precipitation.

As aresult of the inability of GCMs to represent organized deep con-
vection, its effects are usually neglected in the analysis of precipitation
projections. Given the societal importance of accurate precipitation
projections in a warming climate, the role of organized deep convec-
tion in changes in precipitation identified in this study calls for a re-
newed effort to include a representation of convective organization in
GCMs.
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Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Cloud regimes. The cloud regimes (or weather states) are derived from the Inter-
national Satellite Cloud Climatology Project (ISCCP) D1 data set*” using a k-means
clustering algorithm applied to the daytime-averaged joint-histograms of cloud top
pressure and optical thickness over grid boxes of 280 km X 280 km from July 1983
to December 2009 (refs 16, 17). The number of regimes is determined through an
objective set of criteria'”. When applied to grid boxes between *+35° latitudes, we
obtain eight cloud regimes, three of which possess precipitating convective clouds
in their centroids (CR1, CR2 and CR3). These eight regimes are highly similar to
those in cloud regime studies using 3-hourly (but daytime-only) ISCCP joint-
histograms®. CR1 represents mesoscale organized deep convection according to
its fingerprint of a large population of deep convective and thick stratiform anvil
clouds, its extensive cloud cover, its geographical distribution and its precipitation
characteristics. CR2 represents deep convection that is less organized in its nature,
with some stratiform anvil as well as cirrus clouds. CR3 represents isolated deep
convection with a larger abundance of shallower clouds that are suggestive of cu-
mulus congesti, thus probably indicating a nascent phase of organized deep con-
vection. The frequencies between *35° latitudes of the regimes over the entire period
are 0.055 (CR1),0.083 (CR2) and 0.142 (CR3). These three convective regimes are
very similar to those obtained in the deep tropics between *15° latitudes'’”. All
subsequent analyses are constrained to *30° latitudes for consistency with other
similar tropical precipitation studies>***.

Precipitation. For precipitation rates from 1998 to 2009, we use the 3-hourly Trop-
ical Rainfall Measuring Mission (TRMM) version 7 Multisatellite Precipitation
Analysis 3B42 product™. For precipitation rates from July 1983 to December 2009,
we use the Global Precipitation Climatology Project (GPCP) version 2.2 monthly
rainfall product™. For quantities on stratiform precipitation, we use the monthly
TRMM version 7 3A25 product at 0.5° resolution®®. Stratiform rain area fraction is
defined as the counts of non-zero estimated surface rain conditioned on stratiform
rain divided by the counts of non-zero estimated surface rain. The stratiform rain
rate fraction is defined as the mean of non-zero estimated surface stratiform rain
rate divided by the mean of non-zero estimated total surface rain rate. Because pre-
cipitation rates are dependent on resolution, we coarsened the values to 2.5° reso-
lution. Values in 3B42 are also first averaged over daytime to a daily resolution. All
quantities are then linearly interpolated to the ISCCP equal-area grid (see http://
isccp.giss.nasa.gov/docs/mapgridinfo.html). The GPCP One-Degree Daily (1DD)
version 1.2 data set”® (1997-2009) is also employed to verify the results from
TRMM 3B42 (Extended Data Fig. 4).

Vertical velocity. Grid-mean vertical motion at 500 hPa for Extended Data Fig. 5 is
obtained from the European Centre for Medium-Range Weather Forecasts Interim
Re-Analysis data®. The values are averaged from the 6 h intervals to a daily reso-
lution and, as with precipitation, interpolated to the ISCCP grids.

Regime and changes in precipitation. Satellite artefacts in ISCCP have been known
to affect the quantities of cirrus clouds detected*, but cloud regimes are more robust
against such artificial signals''. This is confirmed by an absence of circular patterns
indicative of satellite artefacts in the spatial distributions of the regression of fre-
quency changes in each grid box to the overall frequency change. Furthermore, we
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did not find any correspondence between sudden major changes in the frequency
of CR1 and key satellite events or ancillary changes listed in the ISCCP metadata
archives.

In calculating the change A, we take the difference between the means of the
second half and the first half of the period. This option was chosen over least-
squares linear regression because it conserves the relationship from P= Y, f; p; to
equation (1). Separate analyses using linear regression found no substantial differ-
ences from our results.

Spatial correlation and root mean squared error. Spatial correlation is the Pear-
son correlation of the two arrays representing the changes over the grid boxes. Be-
cause of the large number of grid boxes (n = 3,298), all correlations calculated are
statistically significant at P < 0.01. However, the observed noise in the changes in
precipitation can decrease a perfect correlation to between 0.72 and 0.79, derived
from the average correlation (1 = 10,000) between Afand Af + N(0, op/itp X piap),
where f is the frequency of the variables, 1 and ¢ are respectively the mean and
standard deviation, and N is a Gaussian random noise. Root mean squared error is
calculated by taking the square root of the mean of the square of the difference be-
tween two arrays. It captures the degree to which the two arrays are different in
magnitude in each grid box, and is useful as a relative measure.
Statistical significance. The Monte Carlo permutation test was used to evaluate
the statistical significance of the spatial distributions (Figs 3 and 4 and Extended
Data Fig. 4), on the null hypothesis that the means of the two halves of the time
period were the same. Each grid box was randomly permuted 10,000 times. Being
non-parametric, this test is applicable for rainfall, which does not have a normal
distribution.
Data. The ISCCP D1 data set, from which the cloud regimes are derived, can be ob-
tained following the instructions at http://isccp.giss.nasa.gov/products/obtaining.
html. Both TRMM 3B42 and 3A25 can be downloaded from NASA PMM at http://
pmm.nasa.gov/data-access/downloads/trmm. GPCP 2.2 is available from NOAA
PSD at http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html, and GPCP 1DD
can be downloaded from NOAA National Climatic Data Center at http://www1.
ncdc.noaa.gov/pub/data/gpcp/1dd-v1.2/. ERA-Interim vertical velocity data can
be downloaded from the European Centre for Medium-Range Weather Forecasts
at http://apps.ecmwf.int/datasets/.
Code availability. All the codes used in the analysis in this paper and in the pro-
duction of figures are available at https://github.com/JacksonTanBS/2015_Tan-et-al.
Nature.
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Extended Data Figure 1 | Geographical distribution of the convective cloud
regimes. The frequency averaged over the entire period (July 1983 to
December 2009) in each grid box for CR1 (a), CR2 (b), and CR3 (c).
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Extended Data Figure 2 | Time series of the frequencies of the convective
regimes. Monthly-mean frequencies of CR1 (a), CR2 (b) and CR3 (c), as
well as the sum of all convective regimes CR1-CR3 (d) in the entire domain
between *30° latitudes (solid lines). The linear least-squares regression slopes
are also shown (dashed lines). The differences in means between the two
halves at two standard deviations (95%) are 0.0043 =+ 0.0008 (a),

—0.014 = 0.002 (b), 0.003 = 0.003 (c) and —0.006 = 0.004 (d).
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Fig. 3 (b) () [C)] (e) () [C)
correlation to (a) 0.69 0.19 0.51 0.85 0.37 0.31
RMSE to (a) 0.34 0.49 0.39 0.26
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Extended Data Figure 3 | Correlations and root mean squared errors of the spatial changes to change in total precipitation. Correlations and root mean
squared errors with the first panel of the other panels in Fig. 3 (a), Fig. 4 (b) and Extended Data Fig. 4 (c).
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Extended Data Figure 4 | The spatial distribution of the changes in of the contributions from the terms of CR2 and CR3. e, Sum of the
precipitation from 1997 to 2009 using GPCP 1DD. a, Change in monthly-  contributions from the terms of all three convective regimes. See the legend
mean precipitation from GPCP 1DD. b, Contribution from the change in to Fig. 3 on stippling, and Extended Data Fig. 3¢ for correlations and root mean
CR1 frequency. ¢, Contribution from the change in within-CR1 rainfall. d, Sum  squared errors.
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Extended Data Figure 5 | Comparison between changes in organized deep convection and changes in dynamics from 1998 to 2009. a, Changes in grid-mean
vertical motion at 500 hPa from ERA-Interim (negative is ascending motion). b, Changes in frequency of CRI.
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