
1.  Introduction
A deep convective system (DCS) produces frequent lightning and a large quantity of rainfall, thus playing an 
important role in regulating the regional water cycle and energy budget, especially in the tropics (Carey et al., 2005; 
L. M. Carvalho et al., 2002; Rasmussen et al., 2016; Roca et al., 2010). Previous studies showed that mesoscale 
convective systems, which are large cloud clusters of merged convective clouds, can contribute about 56% of 
total rainfall in the tropical area, even beyond 80% over land especially (Feng et al., 2021; Roca et al., 2014). 
Tracking the lifecycle of DCS is important to quantify the DCS effect on precipitation and Earth radiation budget 
(Prein et al., 2017; Taylor et al., 2017). Many DCS tracking methods, such as the area-overlapping, centroid, and 
cross-correlation methods, have been developed using satellites' infrared brightness temperature (BT) or radar 
reflectivity (Goyens et al., 2012; Hennon et al., 2011; Hu, Rosenfeld, Ryzhkov, et al., 2019; Rosenfeld, 1987).

Williams and Houze (1987) first used the area-overlapping method to track satellite-observed convective systems 
based on their sufficient overlapping area at successive moments. This initial area-overlapping tracking method 
is available for the simple DCS without the complicated fragmentation and merging evolutions. Additionally, 
many improved satellite-observed methods based on area overlapping have been developed to consider the frag-
mentation and merging in DCS lifetime, such as Tracking Of Organized Convection segmentatioN (TOOCAN; 
Fiolleau & Roca,  2013; W. Li et  al.,  2021), FLEXible object TRacKeR (FLEXTRKR) and “Grab ‘em, Tag 
‘em, Graph ‘em” algorithms (Whitehall et al., 2015). For example, after identifying the coldest convection core, 
TOOCAN identified all the overlapping multiple convective cores in the timeline of the lifecycle as the same 
convective system. The FLEXTRKR method considers an overlapped small convection as a component of the 
mature convective system when it is short-lived below 6 hr (Feng et al., 2018). Furthermore, Rosenfeld (1987) 
first applied the area-overlapping method to tracking convection based on radar data, and it was further developed 
by Hu, Rosenfeld, Zrnic, et al. (2019).
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Additionally, the cross-correlation and centroid tracking methods are more often applied in tracking thunderstorm 
cells based on radar data (del Moral et al., 2018; Rinehart & Garvey, 1978; G. Wang et al., 2013; Zan et al., 2019). 
The cross-correlation algorithm divides the entire radar reflectivity map into small sub-domains and tracks them 
by finding the maximum correlation between them in consequent time steps (L. Li et  al.,  1995; Rinehart & 
Garvey, 1978; Tuttle & Foote, 1990). Although the cross-correlation algorithm estimates the small-scale convec-
tive cells inside the thunderstorm well, it cannot identify and track entire and independent systems, which contain 
convective core, stratiform anvils, and detrained cirrus. By contrast, the centroid tracking methods can better 
identify individual thunderstorm cells, typically as the Thunderstorm Identification, Tracking, Analysis, and 
Nowcasting (TITAN) method (Dixon & Wiener, 1993). The centroid on the radar signal (i.e., weight averaged 
radar reflectivity) is used to represent the convective cell, and then the optimal path of the centroid at continuous 
moments is identified to achieve deep convective tracking.

In the context of the increase in anthropogenic emissions and global warming, DCSs may become more frequent, 
intense, and variable globally (Koren et al., 2014; Liu & Zipser, 2015; Rosenfeld et al., 2008). Added aerosol 
emission significantly affects the microphysics, precipitation, and radiative forcing of DCS with large uncertainty 
(Koren et al., 2014; Pan et al., 2022, 2021; Rosenfeld et al., 2008). A complete DCS should begin with the initia-
tion of a core and last until the dissipation of its related cirrus. It evolves during its lifecycle with the complicated 
processes of initiation, sometimes splitting and merging and total dissipation. Moreover, the whole DCS radi-
ative forcing and related variations are determined by its whole coverage area and lifetime, especially for anvil 
and cirrus (Christensen et al., 2016; Feng et al., 2011; Hartmann & Berry, 2017). Tracking the cirrus outflow 
of DCS is essential due to its large radiative effects. Thus, the full components of DCS should include the cores 
with intense convection, anvil where convective activity weakens until stopped, and cirrus detrained from anvil. 
Additionally, DCSs can interact with each other by connecting and merging, resulting in ambiguous boundaries 
of DCSs. This represents new challenges for tracking full components (core, anvil, and cirrus) of DCSs from their 
initial to total dissipation, and quantifying the properties and radiative forcing of DCSs accurately.

Previous area-overlapping algorithms usually tracked and identified a DCS by following the largest convective 
core throughout its lifetime (Mathon & Laurent, 2001; Vila et al., 2008). This approach may cause a complete 
DCS to be incorrectly identified as multiple smaller DCSs, causing statistical biases in DCS properties and life-
time. Additionally, under the scene of a multiple-core convective cluster, the identification of the anvil affiliation 
to the connected cores should be clarified further. A whole DCS radiative forcing consists of the forcing from  the 
core, anvil, and cirrus detrained from the DCS system. The cirrus detrained from DCS were possibly ignored in 
many tracking methods and observations, especially those based on radar (Han et al., 2009), resulting in incom-
plete tracking of the radiative properties of DCS. However, DCS-generated cirrus plays an important role  in 
Earth's radiation budget with poorly known effects, although cirrus has an average of 20% coverage globally 
(Matus & L'Ecuyer, 2017; Sassen et al., 2009).

The present study addresses these deficiencies by introducing a novel DCS tracking method named “Full-tracking 
Algorithm for Convective Thunderstorm System” (FACTS). It tracks a DCS from initiation to complete dissi-
pation and encompasses all clouds that split off it based on the high temporal-spatial resolution of METEOSAT 
second-generation (MSG) geostationary satellite and Global Precipitation Measurement (GPM) precipitation 
data. FACTS is the latest and further development on Hu, Rosenfeld, Zrnic, et al. (2019) and Rosenfeld (1987), 
which is unique in combining all the splits and tracking the full DCS. Our method has two major advantages:

1.	 �Integrating complex splits and mergers when tracking DCS, obtaining full sub-components of DCS through-
out its lifetime.

2.	 �Seamless, continuous tracking of cirrus detrained from DCS even after the convective core is dissipated, 
ensuring the integrity of DCS components and lifetime.

All ice-top clouds (referring to core, anvil, and cirrus) split from the same ancestor convective core are inte-
grated into a full DCS, including multiple convective clouds and their cirrus. This method is a foundation for 
further evaluating DCS properties and their radiative effect. The specific methodology and statistical results are 
presented in Sections 2 and 3, respectively.
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2.  Data and Methodology
2.1.  Data and Their Collocation

2.1.1.  METEOSAT Second Generation

MSG images are taken by the Spinning Enhanced Visible and Infrared Imager (SEVIRI) sensor, which provides 
12 spectral bands with 15 min resolution and covers the range from −81° to 81° in latitude and from −79° to 79° 
in longitude. The nadir spatial resolution is 3 km, except for partial coverage of 1 km high resolution in the visible 
band (Schmetz et al., 2002). SEVIRI measurements are the bases of comprehensive products, including cloud 
properties, humidity, ozone, land surface, and sea ice, with high temporal-spatial resolution. The other instrument 
onboard the MSG is the Geostationary Earth Radiation Budget (GERB), which will be used for quantifying the 
aerosol cloud-mediated radiative forcing in subsequent studies.

Here, cloud mask, cloud top height, and brightness temperature at 12 μm (BT12) band from MSG were used 
for DCS tracking. BT12 is almost the same as brightness temperature at 11 μm (BT11) at the convective core 
area, but is more strongly influenced by ice and water particle absorption. This cause the brightness temper-
ature difference between 11 and 12 μm (BTD11–12μm) of cirrus to be mostly positive (Lee et al., 2014; Platt & 
Harshvardhan, 1988; Strabala et al., 1994). Therefore, the BT12 is closer to the true physical temperature for 
semi-transparent ice clouds which constitute most of cirrus clouds (Inoue, 1987).

2.1.2.  GPM and NCEP

The GPM mission is an international project for providing 3D global precipitation observation (Hou et al., 2014). 
It consists of one core observatory with precipitation radar and approximately 10 constellation satellites with 
passive microwave measurements. Before the launch of Core GPM in 2014, GPM Integrated Multi-satellite 
Retrievals for Global precipitation mission (IMERG) data are mainly based on Tropical Rainfall Measuring 
Mission (TRMM) precipitation observation. The mean absolute monthly bias for the estimated rainfall of TRMM 
only approaches 9% compared with rain gauge data sets (Huffman et al., 2007). By combining the retrievals from 
the space-born radar, microwave radiometers, and geostationary infrared observations, IMERG can provide the 
estimation of precipitation at a global coverage (Huffman et al., 2019; Kummerow et al., 2001, 2015). Addition-
ally, the IMERG product is further corrected using monthly rainfall gauge measurements to improve the precip-
itation estimation (Huffman et al., 2019). Here, the IMERG product was selected for allocated precipitation for 
each DCS with a 30 min interval and a 0.1° × 0.1° spatial resolution.

The National Centers for Environment Prediction final operational global reanalysis (NCEP-FNL) data are 
produced by the Global Data Assimilation System, which collects data from multiple sources, including global 
telecommunication system and satellites and ground-based observation. NCEP-FNL provides 1° × 1° grid resolu-
tion data with a time resolution of 6 hr, and it contains 26 pressure layers from 1,000 hPa to 10 hPa in the vertical 
direction. Many previous studies have already proven the agreement among multiple reanalysis wind vector and 
ground-based truth (D. Carvalho et al., 2014; Dong et al., 2017). For example, Sivan et al. (2021) verified the 
accuracy of wind vector from multiple reanalysis data through a Stratosphere-Troposphere wind profiler radar 
located at Cochin of India. The NCEP reanalysis data have a good averaged correlation (R = 0.72) for wind vector 
at stratosphere and troposphere with the ground-based truth, especially for U wind with the 0.85 correlation. 
NCEP-FNL was used in this work for multiple parameter data, including geopotential height and wind speed.

2.1.3.  Data Collocation

The data from multiple observation and analysis platforms were collected for cloud, precipitation, and wind, as 
listed in Table 1. Based on the nearest neighbor interpolation, all data were matched to the 9 × 9 km grid of GERB 
to facilitate the follow-up study for DCS radiation forcing. In statistics, the difference in observations is slight 
before and after resampling, as shown for BT12 (Figure S1 in Supporting Information S1). Rainfall data were 
obtained from GPM IMERG. Thus, MSG data consistent with GPM's time resolution (30 min) were selected for 
a more accurate precipitation allocation. Linear interpolation was used to match NCEP data (6 hr interval) to the 
same time (30 min) resolution. Cloud mask was initially obtained by MSG, and then cloud types were identified 
by combining MSG BT12 data with rainfall obtained from GPM IMERG. The cloud top height data were used 
to calculate the cloud motion vector with the matched cloud top wind vector from the NCEP reanalysis data. 
Observation and reanalysis data from −50°W to 50°E and −25°S to 25°N (shown as Figure S1 in Supporting 
Information S1) were used in 2012, when the GERB data were available, including full-month data for January, 
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May–July, November, and December, and first-half-month data of February and August. GERB data availability 
was described in the previous paper of Pan et al. (2021).

2.2.  Methodology

Our method includes four steps, as illustrated in Figure 1 and summarized as follows: (a) Classification of clouds. 
BT12 and rain rate threshold are used to classify cloud pixels as convective core, anvil, cirrus, supercooled 
water, and warm water cloud, as in previous studies (Ai et al., 2016; Vondou et al., 2010; Zheng et al., 2018). (b) 
Bordering DCS and its components. The boundaries of DCS components are identified one-by-one, especially 
for each DCS of the complicated multiple-core convective cluster. (c) Ice-top cloud tracking with splitting and 
merging evolution. Each ice-top cloud (i.e., convective cloud and its cirrus outflow) is tracked throughout its 
lifetime from initiation to dissipation considering splitting and merging. (d) Combining components and reorgan-
izing them into full DCS life cycles. After tracking, all related ice-top clouds are recognized based on the same 
ancestor core and reorganized to obtain the complete life cycle and components of DCS. The method is described 
in Sections 2.2.1–2.2.4.

2.2.1.  Identifying Deep Convective Cloud

The BT threshold at 12  μm band for identifying the core was set as 235  K because this temperature was 
strongly correlated with tropical convective precipitation (Hanna et al., 2008; Rickenbach, 1998; K. Y. Wang 
& Liao, 2006). However, the core identification only based on BT may be interfered by high-level cirrus with-
out rainfall, resulting in the misclassification of cloud type. Therefore, rainfall rate (>1 mm/hr) was used as an 
additional criterion for identifying the cores. This criterion distinguishes between the detected core and the anvil 
or cirrus, as done by Pan et al. (2021). The IMERG data has a high sensitivity to non-rain ice particles, which 
possibly overestimate the probability of weak rainfall (Cui et al., 2020; Hayden & Liu, 2021; Zhang et al., 2021). 

Source Resolution Parameters

MSG 3 × 3 km, 15 min Brightness temperature at 12 μm (K); cloud mask

9 × 9 km, 15 min Cloud top height (m)

GPM IMERG 0.1° × 0.1°, 30 min Rainfall rate (mm/h)

NCEP-FNL 1° × 1°, 6 hr Wind speed (m/s)

Table 1 
Data Used in the Analysis With Their Sources and Spatial Resolutions

Figure 1.  Step-by-step flow chart of the Full-tracking Algorithm for Convective Thunderstorm System (FACTS) tracking method. Deep convective system (DCS), 
brightness temperature (BT), and rainfall rate (RR).
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The combined criteria of BT and rainfall rate for convective core are beneficial to constrain the effect of observed 
data uncertainty on cloud identifications.

Accurate anvil and cirrus allocation is necessary to determine the radiative characteristics of a DCS throughout 
its lifetime. A higher BT threshold (253 K) was used to identify the anvil and cirrus areas (Inoue et al., 2009). 
The difference between anvil and cirrus is whether it is connected to the detected core. Other clouds colder than 
273.15 K are classified as supercooled water cloud and the residual clouds are classified as water cloud, which 
are not components of DCS. The detected core with an area of fewer than three pixels was removed to avoid the 
interference of very small clouds.

2.2.2.  Bordering Each Convective Cloud and Its Components

The coverage of anvil and cirrus determines a DCS radiative forcing (Christensen et al., 2016; Feng et al., 2011; 
Hartmann & Berry, 2017). Accurate allocation of anvil and cirrus is conducive to a better quantification of the 
convective parameters and radiative forcing of DCSs. The identification of the anvil affiliation to the connected 
cores should be clarified further, especially under the scene of the multiple-core convective cluster. The water-
shed algorithm, which was first used for cell tracking by Rosenfeld (1987), is widely applied in boundary recog-
nition (Hu, Rosenfeld, Zrnic, et al., 2019; Meyer, 1994). “Water” is poured into the pool defined from high to low 
BT (from the boundary to central core), forming a basin at the local minimum BT (core). The ridges, which are 
the local maximum of BT, are formed at the junction of adjacent “water basins.” For the convective system, such 
as a basin, the BT gradually increases from the core to the anvil boundary identified by the watershed method. 
Here, this approach can delineate the boundary between two adjacent anvils.

The BT usually changes irregularly at the top of DCSs (Figure 2a), which causes the watershed algorithm to iden-
tify many false boundaries and retain many fragmented anvil or cirrus as different entities (Figure 2c). Further-
more, with the evolution of convective systems, the multiple DCSs may coexist in the same convective cloud 
clusters with a connected boundary. A cloud boundary recognition algorithm for each DCS within multiple-core 

Figure 2.  Comparison of results between original and improved watershed boundary recognition algorithm: (a) BT of deep 
convective system (DCS), (b) cloud classification before boundary identification, (c) preliminary DCS boundary and cloud 
reclassification, (d) improved DCS boundary and cloud reclassification after removing false boundary based on (c). The black 
lines represent the identified cloud boundaries.
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convective clusters was developed here based on the watershed algorithm, as shown in the second column of 
Figure 1, and summarized as follows:

1.	 �Preliminary boundary is defined. The BT of the core is set as infinite because the core should not be 
divided by the watershed. The watershed algorithm can define the preliminary boundary (Hu, Rosenfeld, 
Zrnic, et  al.,  2019). However, many false boundaries can appear within the same cloud due to watershed 
over-segmentation, as a matter of course, cloud pixels with false boundaries to the convective core are identi-
fied to be cirrus as shown in red boxes in Figure 2c.

2.	 �True boundary pixel is identified. The BT of boundary pixels should be the local maximum value within a 
small domain. Here, a boundary pixel is regarded to be true if its BT is a local maximum value in the longitu-
dinal or latitudinal directions within a 5 × 5 pixels domain centered on it.

3.	 �False boundaries are removed. Boundaries between the convective core and the adjacent anvil are itera-
tively checked. A boundary is defined as true if more than 2/3 of boundary pixels are true based on the last 
step. Otherwise, the false boundaries are removed, and cirrus is reconnected to the convective core and iden-
tified as anvil again, as shown in the red box in Figures 2c and 2d.

4.	 �All boundaries of convective clouds with adjacent anvils are iteratively checked, and false boundaries are 
removed. Then, the same processes in Steps 1–3 are initiated for all cirrus.

2.2.3.  Tracking Ice-Top Cloud With the Evolution of Splitting and Merging

After marking the boundary for each ice-top cloud, its evolution is tracked by using the area-overlapping method 
with the further consideration of splitting and merging evolutions. The area-overlapping method has been widely 
used for convective system tracking and has achieved robust, continuous results. Due to the fact that this method 
may miss small clouds that are moving rapidly (Huang et al., 2018), the wind vector is used to predict the location 
of clouds at the next moment, improving the tracking of small clouds. Here, the evolution states of ice-top clouds 
can be new-birth, continuous, splitting, merging, and dissipation (Figure 3). New-birth and splitting produce new 
clouds, whereas the latter two statuses represent the end of the cloud. The tracking method for ice-top cloud is 
summarized in Figure 1 (light yellow panel) and shown as follows:

1.	 �Each ice-top cloud i at time t (Ii,t) is predicted at the next time step (as pIi,t+1) according to the matched wind 
vector from NCEP (Hall, 2004; Ocasio et al., 2020). The position of a convective core at the next time step is 
predicted by using the average wind vector from 1,000  to 500 hPa, whereas cirrus is predicted based on the 
wind vector at the cloud top height.

2.	 �Convective clouds are tracked first based on the overlapping core area. The predicted position of convective 
cores at the next time step (pIi,t+1) is compared with the actual position (Ii,t+1). To track fast, small convective 
clouds, the overlapping fraction is defined concerning the area of the smaller core. When the overlapping area 
of the core is larger than 10% between pIi,t+1 and Ii,i+1, the inheritance and tracking of the core between the 
current and next time point are established.

Figure 3.  Evolution of all components of two tracked deep convective systems (DCSs; Systems A and B) throughout their 
life cycles. The full components of Systems A and B contain sub-cloud A1–A6 and B1–B3, respectively.
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3.	 �Cirrus detrained from the convective clouds are continuously tracked after core dissipation until the total dissi-
pation of the cirrus. The timeline of the ice-top clouds, including start (end) time, start (end) status, related 
ice-top cloud ID, and rainfall properties, is recorded.

We compared the DCS tracking results with the wind vector at different altitude levels (Figures S2a–S2c in 
Supporting Information  S1), including averaged wind vector from cloud top, 500  hPa to cloud top, and 
1,000–500 hPa. The results showed that tracking DCS with three different wind vectors results in almost the same 
convective trajectories with a similar total number of DCSs (Figures S2d–S2f in Supporting Information S1). 
Actually, the DCS motion is not very sensitive to the wind vector due to the relatively low overlapping area 
threshold (10%) used in the FACTS method.

2.2.4.  Reorganizing Tracked Segments Into Complete DCS Throughout Their Lifetime

After finishing the ice-top cloud tracking, a complete DCS can be derived by sorting all relevant track segments 
of ice-top clouds derived from the same parent core. A complete DCS should begin with the initiation of a core 
and last until the dissipation of its related cirrus. Its record contains all related components, including the core, 
anvil, and detrained cirrus, considering splitting and merging. Incomplete record of the DCS components possi-
bly generates a large uncertainty for DCS radiative effect due to the following causes:

1.	 �Several small convective clouds split from the main DCS are missed when the main DCS is split. Instead, 
these small clouds are misclassified as a new initial DCS.

2.	 �Cirrus detrained from convective clouds are usually ignored, but these cirrus can substantially affect radiative 
warming with a large cloud extent (Matus & L'Ecuyer, 2017).

Quantifying the whole DCS radiative effect depends on obtaining the complete evolution of the DCS throughout 
its lifetime, especially for its anvil and cirrus components. This method benefited from the complete record of 
ice-top cloud evolution information, backtracked to the core, anvil, and cirrus detrained from the same ancestor 
core to form the whole DCS. In Figure 3, cores A2 and A3 are split from A1, and cirrus A4 and A5 are detrained 
from A2. These clouds are from A1 and belong to parent System A. Furthermore, a large DCS (i.e., System B in 
Figure 3) may absorb the surrounding small, simple convective clouds (B2), which have not been split and with a 
short lifetime (no more than 3 hr). To ensure the integrity of this large system, even though the simple convective 
clouds (i.e., B2) do not come from this large DCS, it is still attributed to this system (i.e., B1).

Additionally, for the sub-convection and cirrus (i.e., A3 and A5), they should belong to their parent convective 
system from which they split off. If the residual cirrus and sub-convections of a previous system merge into 
a new system with a new convective core, they are ended. Simultaneously, these residual cirrus clouds and 
sub-convections (i.e., A3 and A5) merge with the new large system (i.e., System B) at this moment. Here, we use 
the observed and identified parent cores to identify the total number of DCSs. Therefore, the splitting and merg-
ing evolutions of cirrus and sub-convections have no effect on the total number of tracked DCSs. Additionally, 
this process for cirrus actually keeps the identity of all the cirrus detrained from convections, which is beneficial 
to accurately quantify the radiative forcing of DCSs in statistics.

3.  Tracking Results of the FACTS Method
3.1.  Case Analysis of a DCS Throughout Its Lifetime

Figure 4 shows the entire evolution of one 14.5 hr DCS case (named System A) above the ocean tracked by our 
FACTS method. It consists of eight identified sub clouds from A1 to A8. The initial core was identified at 04:30 
UTC on 2 November 2012. In the initial phase of DCS, core A1 developed rapidly. Simple convective core A2 
was born at 05:30 UTC and merged into A1 at 06:00 UTC. The merged DCS continued moving westward. Then, 
cirrus appeared for the first time at 11:30 UTC, as identified by the boundary recognition algorithm. The core 
dissipated completely at 13:30 UTC, and the DCS was fully determined to be cirrus. Finally, the cirrus dissipated 
at 19:00 UTC, which meant the end of the whole DCS lifetime.

Figure 5 shows the evolution of the properties of the DCS shown in Figure 4 throughout its lifetime. The BT of 
the core reached the lowest (Figure 5a) with the initiation of the rainfall at the core area (Figure 5d), then gradu-
ally increased from 203 to 220 K with increasing rainfall. This result indicates that the DCS reached the highest 
altitude just with rainfall initiation. The BT of the convective core was lower than that of the anvil. The BT 
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Figure 4.  Tracked deep convective system (DCS; System A) throughout its lifetime (14.5 hr) from UTC 04:30 to 19:00 on 2 
November 2012. Red, yellow, and blue represent the core, anvil, and cirrus, respectively. The boundary of the DCS System A 
is in black. The number of points represents the number of skipped time steps in the figure.

Figure 5.  Evolution of deep convective system (DCS; shown in Figure 4) characteristics throughout its lifetime. (a) BT at 
12 μm; (b) BT difference of 10.8 minus 12 μm; (c) area and (d) rainfall flux of its core, anvil, and cirrus. The rainfall flux 
of DCS is equal to rainfall rate times area. The numbers in the legend represent the mean value during the whole lifetime. 
The vertical dotted lines represent the time of peak, and the corresponding numbers indicate the peak values of DCS 
characteristics during the entire lifetime.
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difference between 10.8 and 12 μm (BTD of 10.8–12 μm) of the anvil was much higher than that of the core due 
to their thinner optical depth. Similarly, cirrus had higher BT and BTD than anvil (Figures 5a and 5b). The  area 
and rainfall flux of the core (Figures 5c and 5d) were used to distinguish the initiation, maturation, and dissipation 
stages of the DCS. Rainfall flux was calculated as area multiplied by rainfall rate in the unit of km 3/h. The total 
rainfall amount of this DCS (0.36 km 3) was obtained by integrating the rainfall flux over the entire life cycle 
(14.5 hr). Additionally, cirrus always prevailed and remained for 5.5 hr after core dissipation with large size (up 
to 25,000 km 2) but very minimal precipitation.

Figure 6a shows the trajectories of all DCSs on 2 November 2012. Different lines represent the tracks of DCSs 
based on their central point in the system throughout their lifetime. Most DCSs have a short lifetime. Consistent 
with wind direction, the DCSs in West Africa moved westward, whereas the DCS in central Africa moved east-
ward. Figure 6b shows the precipitation distribution by DCS on 2 November of 2012, which amounted to 99 km 3 
over the whole domain.

Figure 6.  A tracking case of deep convective systems (DCSs) over a large domain started on 2 November 2012, including (a) 
all tracking trajectory lines with their lifetime shown by the colors and (b) integrated rainfall amount of DCSs. The tracking 
trajectory line of a DCS connects the center points of the DCS at each time step, and the arrow represents the direction of the 
DCS movement at the last time step.
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3.2.  Statistics of Tracked DCS Characteristics

Based on our FACTS method, ∼91,200 DCSs initially produced ∼15,100 km 3 of rainfall, tracked from −50°W to 
50°E and −25°S to 25°N (as the domain at Figure 6) in 2012. To more accurately describe the evolution law of 
the convective system, we only retained the convection of the complete period, defined by the following criteria:

1.	 �The too short-lived DCSs (core duration ≤1 hr) are removed. These DCSs contribute to 75% (∼68,800) of 
total tracked DCS but only 6% (∼900 km 3) of total rainfall amount. A system is considered to have a full 
lifetime tracking when it starts with an increasing trend of rainfall and ends with a decreasing trend. Many of 
these tracked short-lived DCSs cannot achieve a complete evolution possibly due to the 30-min time interval 
of GPM IMERG, which is not sufficiently fine, possibly resulting in bias for larger DCSs.

2.	 �Continuous DCSs cases that are misidentified as independent DCS (∼420 cases and ∼3,400 km 3 rainfall) are 
removed. A case is defined as continuous multiple DCSs when the core of previous DCS is not totally dissi-
pated when the new DCS starts at the same place. As shown in Figure S3 in Supporting Information S1, when 
the trough between two peaks of DCS core rainfall flux was less than 50% of the lower peak, the identified 
case contained actually two continuous DCSs, rather than one long-lived DCS with multiple rainfall peaks 
and a long lifetime.

3.	 �Incomplete DCSs but with core duration >3 hr (∼9,600 cases and ∼2,000 km 3 rainfall) are removed. When a 
convection merged into other bigger mature system, if this convection lifetime is short (core duration ≤3 hr), 
it will be judged to one part of the mature system because it is generally small, as shown as the convection of 
B2 in Figure 3. However, if this convection has a longer lifetime (core duration >3 hr), it is considered as an 
independent but incomplete DCS. This DCS does not dissipate normally, and should not be used to statisti-
cally analyze the DCS evolution during its whole lifetime.

Finally, 12,404 DCSs were obtained with the whole life cycle, producing a total of 8,700 km 3 rainfall. Figure 7a 
shows the average rainfall amount of DCSs at intervals of 6–hr lifetime. 38% and 77% of the DCSs had lifetimes of 
≤6 or ≤12 hr, respectively, with a low rainfall amount per DCS (red line in Figure 7a). With the increase in DCS 
lifetime, the average rainfall amount increases exponentially. However, due to the large number of short-lived 
DCSs, the integrated rainfall amount at each interval of DCS lifetime are comparable with each other (blue line in 
Figure 7a). Previous studies indicated that the IMERG data possibly overestimate the probability of weak rainfall, 
generating false rainfall in anvil regions (Cui et al., 2020; Hayden & Liu, 2021; Zhang et al., 2021). This may 
result in the overestimation of the rainfall amount of the tracked DCSs. Figure 5 shows that the rainfall amount 
is dominated by rainfall in core areas, while the rainfall in broad anvil areas contributes little to the total rainfall 
amount of DCSs. However, the contribution of the overestimated weak rainfall is still uncertain, and need to be 
further quantified and corrected in future.

One of the main advantages of our method is the seamless continuous tracking of cirrus detrained from 
DCS even after the convective core is dissipated. Cirrus and anvil are non-negligible warming factors to the 
Earth-atmosphere system (Matus & L'Ecuyer, 2017). Figure 7b shows core duration and cirrus duration after 
core dissipation. Cirrus duration after core dissipation increases with DCS lifetime and does not exceed 10 hr on 
average regardless of the DCS lifetime (Figure 7b). Similarly, the area of all DCS components increases with the 
DCS lifetime, especially for anvil (Figure 7c). Cirrus enlarges the average DCS area by 16% (blue line), and the 
anvils contribute 58% of the DCS area.

Another advantage of FACTS is the integration of the mergers and splits of a DCS throughout its life cycle. The 
findings reveal that more than half (7,185 out of 12,404) of the tracked DCSs have splitting or merging for their 
core during their lifetime. These evolving DCSs contained 57,749 sub-cores (Figure 8a). These tracked DCSs 
contained eight sub-cores on average, reaching up to 100, which were previously identified as different independ-
ent convective systems (Chen et al., 2019). More than one-third of DCSs (38%) had up to three sub-cores within 
8 hr of their average lifetime (Figure 8a). Long-lived DCSs tend to split into more sub-cores than short-lived 
DCSs (red and grey bars in Figure 8a). Only ∼2% of DCSs had more than 50 sub-cores with an average lifetime 
of 41 hr. It indicates that long-lived systems occur with a low probability but many sub-cores. Figure 8b shows 
the probability distribution function of rainfall amount for the complete convective system and their sub-cores 
(i.e., convective splits), which are possibly misidentified as new convection without the consideration of splitting 
evolutions. Results show the median rainfall amount had more than an order of magnitude difference (0.3 and 
0.01 km 3) between the DCSs with and without consideration of splitting evolution, respectively (Figure 8b). This 
difference is large because a full DCS consists of 8 sub-cores on average.
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Figure 9 shows the changes of DCS characteristics from initial core to dissipation of related cirrus, including 
BT of core, rainfall flux, and core and anvil plus cirrus area. DCSs were divided into different classifications 
at 6 hr intervals of lifetime. Figure 9a shows that DCSs with a longer lifetime are on average characterized by 
lower core BT, indicating a stronger convective intensity. BT of core peak decreases by 1 K on average for every 
six-hour increase of DCS lifetime. Additionally, most short-lived DCSs reach the coldest (highest in altitude) 
point around 1 hr after initiation, consistent with a previous study (Feng et al., 2012). The time may be much 
shorter than 1 hr because the short-lived convective cloud with a core duration ≤1 hr was deleted. No matter how 
strong the DCS is, it will reach the coldest point near 6 hr at the latest. A longer-lived DCS has a slower change 
of BT during dissipation time. Figures 9b and 9c show the evolution of rainfall flux and core area for DCSs of 
different durations. The rainfall flux reaches the maximum shortly before the core area reaches its maximum near 
the half-lifetime point. The summed area of the anvil and cirrus at the peak time is more than twice that of the 
core (Figure 9d).

Figure 7.  Evolution of deep convective system (DCS) characteristics at six-hour intervals of DCS lifetime, including (a) 
average and integral rainfall amounts, (b) core duration and cirrus duration after core dissipation, and (c) time-integrated 
area of different DCS components in their whole lifetime. The I-type vertical bars indicate the standard error of the DCS 
characteristics.
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4.  Summary and Conclusions
DCSs play a crucial role in the water cycle and Earth-atmosphere energy budget, especially in the tropics. 
However, capturing and quantifying the full lifecycle of DCS evolution and composition represents a great chal-
lenge due to the complicated processes of a DCS throughout its lifetime. Additionally, the whole DCS radiative 
forcing and related variations are determined by its whole coverage area and lifetime, especially for anvil and 
cirrus (Christensen et al., 2016; Feng et al., 2011; Hartmann & Berry, 2017). New requirements are raised about 
accurate tracking the whole full and components (core, anvil, and cirrus) of DCSs from their initial to total dissi-
pation. Here, a method called FACTS is developed to identify and track the full lifetime and components of DCS 

Figure 8.  Characteristics of tracked deep convective systems (DCSs) with splitting evolution during their lifetime. The (a) 
show the probability distribution and related lifetime of DCSs with different numbers of sub-cores. The grey I-type vertical 
bars indicate the standard deviation of DCS lifetime. The (b) shows the comparison of rainfall amount probability distribution 
between these full DCSs and their sub-cores, which are not integrated with consideration of splits and mergers evolutions.
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including the splitting and merging evolution and the detrained cirrus throughout the DCS lifetime. Tracking 
DCS over the tropics in 2012 resulted in the following main conclusions:

1.	 �Compared with the situation without considering splitting and merging evolutions, more than half of tracked 
DCSs experience splitting with an average of 8 sub-cores during their lifetime and a maximum of 100. More-
over, DCSs with a short lifetime are more likely without splitting in their lifetime.

2.	 �A DCS is not identified as dissipated until all related cirrus detrained from this DCS are dissipated. By contin-
uously tracking for detrained cirrus, DCSs lifetime are lengthened by up to 10 hr, and their area are enlarged 
by 16% on average, which is essential in radiative forcing calculations.

3.	 �Long-lived DCSs generally have lower core BT, greater rainfall, and area, but lower frequency than short-lived 
DCSs. Although the rainfall amount of DCS substantially increases with lifetime, the integrated rainfall 
amount for DCSs at different lifetime bins are comparable.

4.	 �DCS always develop to their greatest height at 1–6 hr after its initiation. However, rainfall flux and area always 
reach their peak near half of the lifetime, whereas maximum rainfall flux occurs slightly before the maximum 
area.

In this paper, a new DCS life cycle algorithm is developed from initial core to total dissipation of cirrus detrained 
from DCS, and all ice-top clouds split from the ancestor convective core will belong to the same DCS, including 
multiple sub-convective clouds and detrained cirrus. The FACTS method can successfully track the full evolution 
and all components of DCS (core, anvil, and cirrus) during its entire lifetime, enabling its application for under-
standing and quantifying the aerosols-DCS interaction and the effect of DCS on the Earth's radiative forcing more 
deeply and accurately in the future.

Figure 9.  Evolution of deep convective system (DCS) characteristics at 6 hr lifetime intervals, including (a) the BT of core (12 μm), (b) the rainfall flux of DCS, (c) 
core area, and (d) the sum of anvil and cirrus areas. The rainfall flux of DCS is equal to rainfall rate times area.
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