
1.  Introduction
Climate change due to increases of greenhouse gas concentrations has led to a substantial increase in intense 
convection (e.g., C. Liu,  2017; Taylor et  al.,  2017) and extreme precipitation (e.g., Donat et  al.,  2016; Min 
et al., 2011). In addition to being an important component of the global hydrological and energy cycles, the tropi-
cal overshooting deep convection (ODC) has been proven to be prominent in transporting moisture and pollutants 
to the tropical tropopause layer (TTL) between ∼14.5 and 18.5 km (Fu et al., 2007; Fueglistaler et al., 2009). This 
exerts a disproportionate and profound impact on the thermodynamics and chemical composition of the TTL (e.g., 
Kuang & Bretherton, 2004; Takahashi & Luo, 2014). Although the effect of ODCs on stratospheric-tropospheric 
exchange of moisture (i.e., dehydration vs. hydration) is still a subject of debate (e.g., Frey et al., 2015; Kuang 
& Bretherton, 2004; Küpper et al., 2004), the ODCs play an indisputable role in transporting short-lived chem-
ical species rapidly from the troposphere to the TTL (Bergman et al., 2012; Frey et al., 2015; Pan et al., 2017). 
The ODCs can also transport lightning-produced nitrogen oxides and hydroxyl radicals from middle and upper 
troposphere to the TTL and even directly into the lower stratosphere. However, most previous studies are on case 
studies of convective transports while the climatology of the extent and occurrence frequency of tropical ODCs 
and especially their future changes receives less attention (e.g., Aumann et al., 2018; Chaboureau et al., 2007; Fan 
et al., 2010; Grosvenor et al., 2007; Takahashi & Luo, 2014).

Abstract  Tropical overshooting deep convections (ODCs) play a vital role in vertical transport of boundary 
layer pollutants, especially short-lived species, to upper troposphere and lower stratosphere, with important 
implications for stratospheric ozone and climate. We use simulations from a global cloud-system resolving 
model, Nonhydrostatic Icosahedral Atmosphere Model (NICAM), to study ODC changes from historical period 
to the end of the 21st century. NICAM well reproduces Tropical Rainfall Measuring Mission-satellite observed 
ODC spatiotemporal patterns. The future occurrences of ODCs with cloud top height above 15.5, 16.9, and 
18.4 km scaled by the global temperature increase will increase by 7%/K, 27%/K, and 90%/K, respectively, 
over ocean where the atmosphere is becoming warmer and wetter. The corresponding changes are −1%/K, 
10%/K, and 37%/K over land where the atmosphere will become hotter but drier. Relative to tropical cold point 
tropopause height, ODCs will only change by 3%/K, with 6%/K over the ocean but −3%/K on land.

Plain Language Summary  Tropical overshooting deep convection (ODC) plays an important role 
in transporting short-lived chemical species rapidly from troposphere to stratosphere. This study shows that 
the simulations from a global cloud-system resolving model, Nonhydrostatic Icosahedral Atmosphere Model 
(NICAM), can well capture observed spatiotemporal variations of tropical ODCs. The NICAM simulations 
predict that by the end of the 21st century (2075–2104) versus the historical period (1979–2008) with a global-
mean surface air temperature increase of 2.67 K, ODC occurrences with cloud tops reaching above 15.5, 16.9, 
and 18.4 km will increase by 14%, 59%, and 189%, respectively. Thus ODCs with higher cloud tops increase 
by a larger fraction than ODCs with lower cloud tops. The corresponding changes in ODC occurrences over the 
future warmer (hotter) and wetter (drier) oceanic (terrestrial) environments will be 20% (−2%), 72% (27%), and 
240% (98%). Thus ODCs over ocean generally increase at a faster rate than over land. With tropical cold point 
tropopause height as a reference level, which will increase from 17.2 to 18.1 km, ODCs will increase by only 
8% over the tropics, with 15% over ocean but decrease by −8% over land.
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Global climate models (GCMs) are a major tool for studying future climate change including extreme precipitation 
(i.e., Ban et al., 2015; L. Lin et al., 2016, 2018; O’Gorman & Schneider, 2009; Tong et al., 2022), severe storms 
(e.g., Del Genio et al., 2007), and lightning (Finney et al., 2014; Romps et al., 2014). It is predicted that extreme 
precipitation and the most severe storms will increase (e.g., Bao et al., 2017) and intensify (O’Gorman, 2015) in 
a warmer climate. Unfortunately, the future change of global tropical ODCs due to global warming is not well 
documented. One key limitation of current GCMs is that convection is parameterized, which is not ideal for 
predicting the future changes of convection-related extreme events. On the other hand, cloud-resolving models 
(CRMs) have proven capable of reproducing convection-related precipitation, CAPE, and severe storms (e.g., 
Romps, 2019), but have mainly been used for regional rather than global long-term simulations.

In recent years, global cloud-resolving models (GCRMs) have been used to explicitly resolve moist convection 
in the global dynamics context without using cumulus parameterization (e.g., Satoh et al., 2019). With the rapid 
advances in GCRMs and computing power, it has become possible for us to better document and understand the 
response of deep convection to climate change on the global scale (e.g., Na et al., 2020). The Nonhydrostatic 
Icosahedral Atmosphere Model (NICAM) (Satoh et al., 2008, 2014; Tomita & Satoh, 2004) is designed to conduct 
global deep convection simulation without cumulus parameterization. Herein the NICAM long-term simulations 
in both historical (1979–2008) and future conditions (2075–2104) with a 14-km resolution are employed to 
investigate the extent, number, and future characteristics of tropical ODCs. The Tropical Rainfall Measuring 
Mission (TRMM) satellite observations of ODCs from 1998 to 2013 are used to evaluate the NICAM-simulated 
ODCs. Section 2 describes the data and methods used in this study. The comparison of NICAM-simulated ODCs 
with TRMM observation is presented in Section 3, and the future changes in ODCs are shown and discussed in 
Section 4. The conclusions are given in Section 5.

2.  Data and Methods
The NICAM is based on a nonhydrostatic equation system and a quasi-uniform grid mesh structure (Satoh 
et al., 2008, 2014; Tomita & Satoh, 2004). It has been shown to reproduce a realistic multiscale cloud structure 
from the mesoscale to the planetary-scale, at a horizontal resolution between 14 and 3.5 km (Miura et al., 2007; 
Na et  al.,  2022; Tomita et  al.,  2005). We use the climate simulation from the NICAM.12 version (Kodama 
et al., 2015; Satoh et al., 2015) for both the historical period of 1979–2008 and the future period of 2075–2104 
with the Intergovernmental Panel on Climate Change A1B emission scenario. These simulations were performed 
with a horizontal resolution of 14 km and 38 vertical layers up to 40 km. The NICAM simulations with a 14-km 
horizontal resolution without cumulus parameterization have been shown to be able to reproduce the multiscale 
structure of convective systems embedded in super-cloud clusters, Madden Julian Oscillation, tropical cyclones, 
and deep convective cloud systems, similar to those using higher resolution in some degree (e.g., 3.5 and 7 km) 
(Kajikawa et al., 2016; Kikuchi et al., 2017; Kubokawa et al., 2012; Miura et al., 2007; Tomita et al., 2005).

We employ the 3-D snapshots of specific cloud water, cloud ice, rainwater, snow, and graupel contents with a 
6-hr interval from the NICAM simulations. The convective cloud pixels are identified by using a threshold of 
condensed water mixing ratio greater than 10 −5 kg·kg −1 (Dauhut et al., 2015) and the cloud field should be at 
least 10 km uninterrupted from the cloud top downward with surface rainfall. Considering the model vertical 
resolution and boundaries of the TTL with a base at ∼14.5 and top at ∼18.5 km (Fu et al., 2007; Fueglistaler 
et al., 2009), the NICAM-simulated convective cloud fields with cloud top heights exceeding 15.5, 16.9, and 
18.4 km (i.e., the 3 consecutive model levels) are analyzed to examine ODCs that reaches the TTL and the lower 
stratosphere. The consecutive ODC pixels are grouped together, which is considered as one ODC in our analyses. 
We also derive the cold point tropopause (CPT) temperature and height from the monthly mean temperature. 
The number of ODCs with top exceeding the CPT height is derived by interpolation based on a linear relation 
between ODC number and log(z). We consider the tropics between 20°N and 20°S, and six 10° × 10° sub-regions 
along the equator, namely, over Pacific, Atlantic, and Indian Oceans, and over Amazon, Africa, and Maritime 
Continents (see Figure 1b). The water vapor mixing ratio, relative humidity (RH), and temperatures at 2 m are 
employed to derive the near-surface water vapor and temperature changes. The global near-surface temperature 
trend is used to scale the change in the occurrence and characteristics of ODCs in response to global warming.

The TRMM satellite (Kummerow et  al.,  1998,  2000), in operation from 1997 to 2015, provides valua-
ble observational data for studying the distribution and variability of precipitation and convection over 
the tropics. The TRMM database (C. Liu et  al., 2008) for the years 1998–2013 from the University of Utah 
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(http://atmos.tamucc.edu/trmm/data/) is adopted to show the spatial and temporal variations of observed deep 
convection and evaluate the NICAM simulation. The observed orbit data were grouped first into radar projection 
precipitation features (RPPFs) by considering the area of ground projection of radar reflectivity greater than or 
equal to 20 dBZ (C. Liu et al., 2008; Nesbitt et al., 2000). Considering a close relationship between convective 
cloud top temperature based on 10.8 μm infrared brightness temperature (BT11) and cloud top height (Aumann & 
Ruzmaikin, 2013; Aumann et al., 2018; Gettelman et al., 2002; C. Liu et al., 2007; Young et al., 2012), the RPPFs 
with BT11 ≤ 205 K are identified as TRMM-based ODCs, which roughly corresponds to the NICAM-based 
ODCs with cloud top height exceeding 15.5 km. The TRMM observed ODCs during the overlapping period 
(1998–2008) with the NICAM historical simulation are used to evaluate the NICAM-simulated ODCs, and the 
longer period is used to show the interannual variation and changes in observed ODCs for 1998–2013. We 
exclude 3 months including August 2001, September 2002, and October 2002 from the analysis because of data 
quality issues (Zipser et al., 2006).

The fractional change of tropical ODC frequency per K of global warming in the future climate is calculated from

Figure 1.  Comparison of Nonhydrostatic Icosahedral Atmosphere Model (NICAM) simulations with observations for 1998–2008. The upper three panels show 
geographical distribution climatology of (a) normalized occurrence frequency (%) of Tropical Rainfall Measuring Mission (TRMM)-observed overshooting deep 
convection (ODC) with minimum 10.8 μm brightness temperature ≤205 K, (b) normalized occurrence frequency (%) of NICAM-simulated ODC for cloud top height 
reaching above 15.5 km altitude, and (c) precipitation (mm/hr) from TRMM in the tropics for 1998–2008. The horizontal resolution is 1° × 1° for ODCs and the 
normalized occurrence frequency is the number of ODCs in each 1° × 1° grid divided by the total number over tropics (20°S–20°N). The numbers in the parentheses 
are average annual total numbers of ODC occurrences sampled by TRMM and NICAM. The horizontal resolution for precipitation is 0.25° × 0.25°. The lower two 
panels show temporal variations of the ODC as observed by TRMM (red color) and simulated by NICAM (black color). Bar plots (fourth row) show the seasonal cycle 
climatology of normalized ODC occurrence frequencies (%) defined as the ODC number in a given month divided by the total number for 1998–2008 over (d) Tropical 
ocean, (e) Tropical land, and (f) Tropics between 20°N and 20°S. The corresponding interannual variation of normalized ODC occurrence frequency defined as the 
yearly ODC number minus their average value and then divided by the average value is shown in panels (g–i). R in (d–f) is the correlation coefficients and K in (g–i) is 
the slopes of the fitting.
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�

which has units of %/K. In above equation, V is the ODC frequency, T is the near-surface air temperature (K). V 
and T are the averages over the historical (subscript h) and future (subscript f) periods. While V is an average over 
the regions considered, T is the average over the globe.

3.  Comparison of NICAM-Derived ODCs With TRMM Observations
The spatiotemporal characteristics of tropical ODCs based on the TRMM observation and NICAM simulation 
in their overlapping period (1998–2008) are examined (Figure 1). Considering the distinct difference in ODC 
sampling between TRMM (20,872) and NICAM (106,529 yr −1), the normalized spatial distribution of the tropi-
cal ODCs is compared. The spatial distributions of tropical ODCs from TRMM (Figure 1a) reveals that they are 
widespread over ocean but much more dense over land, which are mainly concentrated over the South America, 
tropical Africa, maritime continent, and the vast Indo-Pacific warm pool. The NICAM simulation (Figure 1b) 
reasonably reproduced observed spatial distribution of the ODCs in the tropics, which also overall agrees well 
with the CloudSat observations (Takahashi & Luo, 2014). The spatial correlation coefficient between Figures 1b 
and 1a is 0.71 that is statistically significant at 99% confidence level. The distribution pattern of tropical precip-
itation from TRMM (Figure 1c) shows the heaviest rain belt associated with the Intertropical Convergence Zone 
(ITCZ, Y. Liu et al., 2015). By comparison, it can be seen that the simulated ODC spatial pattern falls between 
the patterns of observed ODCs and precipitation (Figures 1a and 1c).

Figures 1a and 1b also indicate that NICAM tends to underestimate the ODC frequencies over land but overes-
timate them over ocean as compared with observations, leading to a proportion of 73.7% over ocean and 26.3% 
over land from NICAM versus 53.2% over ocean and 46.8% over land from TRMM. For example, over the 
Indian-Pacific warm pool, the NICAM has simulated the spatial distribution of ODCs reasonably well but with a 
larger magnitude than observation. The tropical Africa is known as the most active region on Earth for the most 
intense thunderstorms and lightning flashes (Cecil et al., 2014; C. Liu & Zipser, 2015; Wu et al., 2020; Zipser 
et al., 2006). The simulated main ODC location coincides well with the observations there, but both the coverage 
and magnitude of simulated ODCs are smaller than the observations. In addition, there is a notable difference 
in the northeastern region of South America, where almost no ODCs appear in the NICAM simulation. The 
differences between the simulation and observation indicate a need for further improvements of the GCRM 
simulations. The fact that simulated ODC spatial pattern falls between observed ODC and precipitation patterns 
(Figures 1a–1c) might suggest that the differences between simulated and observed ODCs can be partly caused 
by the different ODC definitions for TRMM observation and NICAM simulations. More importantly, although 
ODCs plays an important role in global rainfall, it might not dominate the distribution of precipitation, especially 
over the ocean where their inconsistency is more pronounced (Figures 1a and 1c).

Figures 1d–1f further confirm NICAM's capability to simulate deep convection by well reproducing observed 
seasonal variations of ODCs over ocean, land, and the entire tropics. Both simulations and observations show 
double peaks in boreal Spring and Autumn over land and similar seasonality over ocean but with much weaker 
peaks. The corresponding correlation coefficients for the ODC climatology annual cycle are 0.77, 0.95, and 0.95 
over ocean, land, and tropics, respectively. The monthly time series of ODC frequency during the overlapping 
period (1998.01–2008.12) also have a strong positive correlation of 0.46, 0.65, and 0.72 which are all statistically 
significant at a 99% confidence level. Figures 1g–1i further shows the ODC inter-annual variation from NICAM 
for 1979–2008 and from TRMM for 1998–2013. The ODC yearly time series from NICAM shows positive trends 
for 1979–2008, and so do the TRMM time series for 1998–2013. It is interesting to notice that the trends from 
NICAM and TRMM are remarkably similar over oceans (Figure 1g) although they are for different periods. Both 
NICAM-simulated and the TRMM-observed ODCs show that tropical ODCs increase at a faster rate over land 
than over oceans.

4.  Future Changes in Tropical ODCs
We next examine changes in tropical ODCs with cloud top height (CTH) exceeding 15.5, 16.9, and 18.4 km, 
noted as ODC_15.5km, ODC_16.9km, and ODC_18.4km. Figure 2 shows the spatial distributions of annual 
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ODC occurrence number for NICAM-simulated ODC_15.5km (left column), ODC_16.9km (middle column), 
and ODC_18.4km (right column) in the tropics for 1979–2008 (top row), 2075–2104 (middle row), and their 
differences (bottom row). More ODCs are distributed over the ocean, with the most frequent ODCs distrib-
uted in Indo-Pacific warm pool. The annual total occurrence of ODC_15.5km over the tropics will increase by 
13.9% from 1979–2008 to 2075–2104. The increase mainly happens over the tropical ocean while the land area 
including tropical South America and Africa show a decrease (Figure 2g). Both the occurrence number and 
spatial extent of ODC_18.4km show dramatic increases in the future (Figures 2c, 2f, and 2i). The occurrence of 
ODC_18.4km will almost triple (and increase by 189%) by the end of this century, with an increase everywhere 
(Figure 2i). The future change in annual total ODC_16.9km occurrence is moderate (59.3%). Furthermore, the 
contributions of ODC_16.9km and ODC_18.4km occurrences to ODC_15.5km occurrences will rise from 58.3% 
to 16.3% in the historical period to 81.6% and 41.3% by the end of this century, respectively.

We further evaluate the changes in ODCs relative to the tropical cold-point tropopause (CPT) height that will 
increase with global warming (P. Lin et al., 2017; Lorenz & DeWeaver, 2007; Santer et al., 2003). The NICAM 
simulation shows an increasing trend in both CPT temperature and height in the tropics (Figure 3). From 1979–
2008 to 2075–2104, the tropical mean CPT temperature and height will increase from 201.1 to 202.9 K, and 
17.2 to 18.1 km, respectively. The most significant CPT height uplift zone is from the equatorial eastern Pacific 
to the Atlantic Ocean. The ODCs that penetrate the CPT height are shown in Figures 3c and 3f. The future 
annual  tropical-average ODCs passing CPT height only shows a small increase of about 8% compared to histori-
cal periods, with a general increase over ocean but decrease on land (Figure 3i).

The formation of moist convection is directly associated with air temperature and moisture. The warmer the 
future atmosphere, the stronger the water-holding capacity, which is especially conducive to the formation of 
deep moist convection. Figure 4 shows the NICAM-projected near-surface (a) air temperature (T) and (b) water 
vapor mixing ratio (Q) in the tropics, together with Tables showing climatology and changes in temperature, water 
vapor mixing ratio, RH, and ODC occurrences over various regions. While the NICAM simulated global-mean 
surface air temperature increases by 2.67 K from historical period (1979–2008) to future period (2075–2104), 
the tropical-mean surface air temperature will increase by 2.60 K, with an increase of 3.68 K over land and an 
increase of 2.26 K over the ocean. The increase of temperature is thus more pronounced over the land than over 
the ocean (e.g., Fu & Feng, 2014; Joshi et al., 2008; Manabe et al., 1992). The water vapor mixing ratio also 
increases but with a more pronounced increase over ocean than land. The increase of water mixing ratio is 2.7 g/
kg over the tropical ocean and 1.8 g/kg over tropical land. Note that while the RH generally increases over oceans, 

Figure 2.  The spatial distribution of Nonhydrostatic Icosahedral Atmosphere Model-simulated overshooting deep convection (ODC) annual number (#/year) with a 
horizontal resolution of 1° × 1° for different cloud top height, averaged over 1979–2008 (upper row), over 2075–2104 (middle row), and their difference (bottom row). 
The numbers in the parentheses are climatology annual total numbers of ODC occurrences over tropics. The red contour lines in the panels in the middle and bottom 
rows show the boundary of ODCs for 1979–2008.
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it decreases over land in the future. The different changes in temperature and RH between land and ocean imply 
a future drying terrestrial climate (Fu & Feng, 2014; Sherwood & Fu, 2014).

The different near-surface atmospheric environments over land and ocean might be partly responsible for different 
responses of ODCs. In Tables in Figure 4, we show both ODC number percentage changes and those scaled by the 
global-mean temperature change over various regions. Over the tropical land, the numbers of ODC_16.9km and 
ODC_18.4km are predicted to increase by about 27% and 98% compared to the historical period, corresponding to 

Figure 4.  The spatial distribution of the Nonhydrostatic Icosahedral Atmosphere Model-simulated near-surface (a) air temperature (K) and (b) water vapor mixing ratio 
(g/kg) changes from the 1979–2008 to 2075–2104, along with the tables showing climatology (Mean) for 1979–2008 and future changes (∆) of temperature (T), water 
vapor mixing ratio (Q), relative humidity, and overshooting deep convection (ODC) occurrences (the ODC occurrence changes are denoted as the percentage changes), 
and ODC occurrence percentage changes scaled by global mean temperature changes (2.67 K) (∆/K), over different tropical regions. Red (blue) color in tables represent 
increasing (decreasing) changes.

Figure 3.  The spatial distribution of Nonhydrostatic Icosahedral Atmosphere Model-simulated tropical cold-point tropopause (CPT) temperature (CPT_T) (left), CPT 
height (CPT_H) (middle), and annual number of overshooting deep convection (ODC) with cloud top height reaching above CPT_H (right) with a horizontal resolution 
of 1° × 1°, averaged over the historical period of 1979–2008 (upper rows), over the future period of 2075–2104 (middle rows), and their differences (lower rows). The 
red dashed lines in panels (f, i) show the boundary of ODCs for 1979–2008 in panel (c).
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the percentage changes per degree warming by 10%/K and 37%/K. For ODC_15.5km, it is predicted to decrease 
slightly, by about −2% (−1%/K). Over the wide tropical ocean, all three categories of ODCs (i.e., ODC_15.5km, 
ODC_16.9km, and ODC_18.4km) are predicted to increase, with percentage increase (rate) of 20% (7%/K), 72% 
(27%/K), and 240% (90%/K), respectively, much faster than those over land. If considering the percentage change 
rates with local mean air temperature (Finney et al., 2014; Romps et al., 2014), the differences between land and 
ocean would be even larger. For ODCs with CPT height as a reference level, the changes averaged over ocean and 
land are 15% (i.e., 6%/K) and −8% (i.e., −3%/K), respectively.

Some drastic changes are also seen over the six sub-regions along the equator (Figure 4). It is well known that 
precipitation events over the tropical ocean are dominated by heavy rainfall but weaker convective intensity and less 
lightning (Cecil et al., 2014; Qie et al., 2014; Zipser et al., 2006). The density of ODCs (i.e., ODC numbers within 
1° × 1° grid box) over the oceanic regions is generally less than that in continental regions in the historical period, 
especially those associated with ODC_16.9km and ODC_18.4km (in Figure 2). However, the increase rates with 
global warming over ocean are much faster than over land regions. The strong increase in atmospheric water vapor 
mixing ratio (atmospheric water content) and moderate increase of air temperature over the ocean will lead to a 
significant moister future oceanic climate. As the results, the most significant increase of ODCs (i.e., ODC_18.4km) 
appears over the Atlantic (796.3%/K and 298.2%/K), followed by the Pacific (531.7%/K and 199.1%/K). In contrast, 
a large increase in air temperature and a weak increase in atmospheric water vapor content over land will lead to a 
large decrease in RH and thus a drier future terrestrial climate. The ODCs over tropical land shows a decrease in 
total number for ODC_15.5km but still an increase in ODCs with higher cloud top height of ODC_16.9km, and 
ODC_18.4km. The terrestrial climate drying is most pronounced in the central South America (Feng & Fu, 2013), 
where the temperature rises by 5.0 K but the mixing ratio only increases by 1.1 g/kg, leading to a large decrease in 
RH (−12.6%), where all three types of ODCs are predicted to decrease. This is followed by Africa with increases of 
4.0 K and 2.1 g/kg, and the predicted trends of ODCs are similar to the tropical land averages. The wide Indo-Pacific 
Warm Pool, due to the unique geography and circulation characteristics, is the region that contributes the most to 
ODCs in the tropics. The ODC in this area not only has a high density and a vast distribution extent but also has a 
much faster increase rate for ODC_16.9km, and ODC_18.4km than tropical land average, which is even comparable 
to the increase rate averaged over the tropical oceans. The ODC numbers for ODC_15.5km will decrease in the 
future over all three sub-land regions. For ODCs with CPT height as a reference level, ODC decreases in all sub-land 
regions with the largest future reduction over the South America by −35% (i.e., −13%/K).

5.  Conclusions and Discussion
Overshooting deep convection has the ability to vertically transport pollutants especially short-lived chemicals 
rapidly into the TTL and lower stratosphere, which has important implications for stratospheric ozone and global 
climate. The tropics is well-known as the region with the most frequent intense storms and lightning on Earth 
(Cecil et al., 2014; Wu et al., 2020; Zipser et al., 2006). The present study is the first to examine climatology 
characteristics of tropical ODCs and how tropical ODCs change in response to a future warmer climate by using 
the global atmospheric model with explicit cloud microphysics. The NICAM simulations well reproduce the 
spatiotemporal characteristics of tropical ODCs observed by the TRMM satellite.

Based on the 30-year long-term NICAM simulations both on historical (1979–2008) and future (2075–2104) 
periods, it is found that the predicted tropical ODC occurrences with different cloud top heights generally show 
increasing trends, and that the higher the cloud top height, the greater the relative increase in the occurrence 
frequency. Specifically, ODCs with CTH reaching above 15.5 km will increase by 14% by the end of this century 
but the ODCs with CTH reaching 18.4 km almost triple in comparison with the historical period. This is consist-
ent with recent results of the predicted increases in extreme heavy precipitation from NICAM and CMIP6 models 
(Na et al., 2020). The NICAM predicts that the future warmer climate will be drier over land and wetter over 
oceans. A warmer and wetter atmosphere over ocean is conducive to the growth of moist convection to higher 
heights. This ultimately results in a multiplied increase in the occurrence frequency of ODCs over the ocean. For 
example, ODCs with CTH reaching 18.4 km increase by 339%, 532%, and 796% over the tropical Indian, Pacific, 
and Atlantic Oceans. For tropical land, a hotter and drier future climate will lead to a relatively weak increase (and 
even a slight decrease for ODCs with CTH 15.5 km) of deep convection frequency.

The future tropical ODC occurrences show much larger relative increases for higher ODCs and much larger rela-
tive increases over ocean than over land. But this does not portent a much stronger vertical transport passing the 
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CPT that will increase with global warming. Relative to tropical CPT, ODCs will increase by only 8% with 15% 
over ocean but decrease by −8% over land. Finally it is noted that both the horizontal and vertical resolutions in 
this study might still be too coarse to accurately resolve deep convection, which should be further investigated 
and validated with “K-scale” models (e.g., Slingo et al., 2022).

Data Availability Statement
The data of TRMM observations can be found from the University of Utah TRMM Precipitation Feature Data-
base at http://atmos.tamucc.edu/trmm/data/. The terms and guideline of NICAM data can be accessed online from 
http://nicam.jp/hiki Research + Collaborations. All the NICAM runs were performed on the K computer at the 
RIKEN Advanced Institute for Computational Science (Proposal number hp120279, hp130010, and hp140219).
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