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ABSTRACT 
 

Correct description of stratosphere-troposphere exchange process is important in the 

prediction of global climate change. In the process, convection may vertically transport 

tropospheric air and chemical species into the stratosphere through rapid injection of air. 

Therefore, it is critical to understand the geo-graphical distribution and characteristic of deep 

convection reaching tropopause globally. 

 To characterize and quantify tropopause-reaching deep convection, one-year Global 

Precipitation Mission (GPM) Ku-band radar echoes were surveyed in relation to several 

reference levels that are determined by the near-coincident ERA-Interim reanalysis dataset. First, 

the Precipitation Features were defined by grouping the contiguous areas with non-zero near 

surface precipitation using Ku band radar. Then the maximum height with detectable radar 

reflectivity were used as proxies of the top of storms. The deep convections were considered in 

this study reaching six different reference levels. 

 Consistent with the observations of the Tropical Rainfall Measuring Mission (TRMM) 

over the tropics, the GPM has detected tropopause-reaching deep convection dominantly over 

tropical land, especially over Panama and Central Africa. At mid and high latitudes, 

tropopause-reaching convective storms are mainly found over land in the Northern Hemisphere 

during the summer. Compared to those in the tropics, convective cores at mid and high latitudes 

have relatively larger sizes near the tropopause, especially those over central North America. The 

meridional distributions of the occurrences of 15 dBZ and 20 dBZ radar echoes at the tropopause 
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show two comparable maxima, one in the tropics and the other in northern mid-high latitudes. 

This implies that the convection penetrating the tropopause at northern mid-high latitudes is as 

frequent as those over the tropics. During boreal summer, such mid-high latitude storm 

occurrence is even greater than that in the tropics.  

 The properties of Overshooting Precipitation Features (OPFs) in different region were 

also investigated. The OPFs above the cold point tropopause height (ZCP) and Z380K over land in 

the subtropics are even stronger than those in the tropics.  

Though one-year GPM observations have shown a global distribution of deep convective 

storms with updrafts of sufficient strength to penetrate the tropopause and even into the 

“overworld”, it is still difficult to quantify the vertical transport of trace gases into the stratosphere 

associated with these storms.  

The definition of tropopause heights and the unknown detrainment processes at these altitudes 

still remain challenges in understanding the mechanism of overshooting convection in the 

troposphere and stratosphere exchanges. More observations and research about 

tropopause-reaching deep convection are necessary to understand the vertical transport of trace 

gases between the troposphere and the stratosphere. 
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1. Introduction  
 

The troposphere is relatively isolated from the stratosphere, because the troposphere is 

characterized by low static stability with strong vertical exchange through convection and 

circulations, in contrast to prevalent slow vertical air motion in the stratosphere. However, the 

dynamics of troposphere and stratosphere are inseparable [e.g., Hoskins et al., 1985]. Air mass 

brought into the stratosphere from the troposphere in the tropics is part of the larger scale 

Brewer-Dobson circulation [Randel et al., 2006]. The circulation is characterized by rising 

tropical motion followed by poleward transport and descending motion in the extratropical 

stratospheres. Stratosphere-troposphere exchange has an important impact on atmosphere 

dynamic, chemistry and radiation. On the other hand, it is important to correctly describe the 

process of stratosphere-troposphere exchange in the climate models to be able to fully 

understand global climate change [Holton et al., 1995]. Vertical transport of air and chemical 

species from the troposphere into the stratosphere via deep convection plays an important role in 

the process of stratosphere-troposphere exchange. Fueglistaler et al. [2004] revealed that tropical 

convection penetrating the tropopause may lead to fast transport of air from the troposphere into 

the stratosphere. This fast transport process provides an important control on stratospheric 

composition, which may also alter the radiative balance in the Tropical Tropopause Layer (TTL) 

[Yang et al.,2010]. There is also evidence that convection may penetrate into the stratosphere 

[Fischer et al., 2003; Liu and Zipser, 2005] and have an important impact on the amount of water 

vapor there [Homeyer et al., 2014]. A 1% increase of stratospheric water vapor per year has been 
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reported over the past 50 years [Oltmans and Hofmann, 1995; Rosenlof and Kley, 2001]. 

However, the reason for the observed increase is still not clear at the present [Sherwood et al., 

2010]. The variations of stratospheric water vapor, a possible contributor to observed 

stratospheric cooling [Shindell, 2001], may have also played an important role in the 

stratospheric radiative balance [Forster and Shine, 1999] and ozone depletion [Kirk-Davidoff et 

al., 1999]. As a result, understanding the processes controlling the stratospheric water vapor 

content is vitally important.  

 

Although it has long been known that air entering the stratosphere through the tropical 

tropopause is freeze dried [Brewer, 1949], the roles of different physical processes transporting 

the water vapor from the troposphere into the stratosphere are still under debate [ Sherwood and 

Dessler 2000; Jensen et al. 1996; Schoeble et al. 2014]. In addition to the large scale upwelling 

[Randel and Jensen, 2013] and horizontal transport [Holton and Gettelman, 2001], deep 

convection has been identified as potentially important in the dehydration process of air entering 

the stratosphere [Alcala and Dessler, 2002; Danielsen, 1982; Sherwood and Dessler,2002].  

 

To understand the role of deep convection in the vertical transport of trace gases in the 

stratosphere, it is necessary to quantify the distribution of convection reaching the tropopause. 

To further provide a global illustration of this distribution, Gettelman et al. [2002] have searched 

the cloud regions colder than the tropopause temperatures on infrared images and identified 

numerous extremely cold clouds over the Western Pacific region. The launch of Tropical 
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Rainfall Measuring Mission (TRMM) in November 1997, covering the Earth from 35°S to 35°N, 

improved our knowledge of the vertical structure of deep convection in the tropics [Kummerow 

et al., 2000]. Acala and Dessler [2002] and Liu and Zipser [2005] presented the properties of 

deep convection and their distribution over the tropics with the precipitation radar onboard the 

TRMM. These studies focus on the convection over the tropics, where the Brewer-Dobson 

circulation initiates [Plumb and Eluszkiewicz, 1999; Boehm and Lee, 2003].  

 

Previous works also showed that convective storms in the mid-latitude may also penetrate into 

the lowermost stratosphere [Poulida et al., 1996; Fischer et al., 2003; Dessler, 2009; Homier et 

al., 2014], and even into the “overworld” (defined as that part of the stratosphere at which 

potential temperature (θ) surfaces are always above the tropopause (i.e., θ > 380 K; Holton 1995; 

Fromm and Seryranckx, 2003; Jost et al., 2004; Livesey, 2004; Ray et al., 2004]). Recently, 

Anderson et al. [2012] have argued that deep convection at mid and high-latitudes could be an 

effective pathway to inject water vapor into the stratosphere and has a significant impact on the 

ozone concentrations. Therefore, it is important to quantify the frequency of these storms and 

their relative importance to those in the tropics. 

 

Some cases of the mid-latitude storms have been studied with numerical models in the past [e.g. 

Park and Droegemeier, 2000; Mullendore, 2005]. These case studies suggest that convection at 

mid-latitudes is a complicated process and many factors may affect a storm’s properties and 

evolution. Clouds from mid-latitude storms have also been studied with global satellite 
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observations such as geostationary infrared images [Bedka et al., 2010; Setvak et al., 2007] and 

CloudSat cloud radar reflectivities [Mace et al., 2009; Stevens and Feingold, 2009; Yang et al., 

2010]. However, infrared images do not provide the details of storms under cold cloud shields. 

CloudSat observations are only available at near 0130 and 1330 local times, and miss the 

important convection in the late afternoon over land [Augustine, 1984; Nesbitt and Zipser, 2003; 

Liu et al. 2008].  

 

As the successor of TRMM, the Global Precipitation Measurement (GPM) core satellite was 

launched in February 2014. This international collaborative satellite mission provides 

next-generation observations of rain and snow worldwide at a high temporal resolution [Hou et 

al., 2014]. The core satellite has both radar and passive microwave radiometers that may quantify 

the properties of cloud systems and their distributions with a global coverage from 65°S to 65°N. 

Especially, the radar reflectivity observations may directly indicate the vertical structure and 

intensity of deep convection. Figure 1 shows an example of deep convection penetrating the 

tropopause over central North America (42°N). In this case, the tropopause is derived using the 

lapse rate definition (WMO, 1957) and is found at 13.3 km. The detectable radar reflectivity 

reaches 16 km. The area with 20 dBZ radar reflectivity or higher at the tropopause is 

approximately 2750 km2. Observations from the GPM core satellite provide a unique opportunity 

to study the properties of cloud systems like the case shown in Figure 1. Using the GPM radar 

observations collected during the first year, this study aims to identify the convection reaching 

the tropopause and quantify their distributions globally. The main scientific questions include: 
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• In the tropics, does the GPM show a distribution of deep convection reaching 

the tropopause similar to what the TRMM has demonstrated in the past?  

• How frequent do deep convective storms penetrate into the stratosphere at the 

mid and high latitudes? What are the characteristics of these storms compared to those 

in the tropics? 

• What is the global geographical distribution of convection reaching the 

tropopause and their relative frequencies? How do they vary seasonally and diurnally?  

 

To address these questions, first we identify the convective storms reaching the tropopause by 

combining the GPM radar observations and meteorological environments. Then we present their 

geographical distribution, occurrence frequency, seasonal and diurnal variations. We also 

explore the depth of these storms at different reference levels in the tropics, subtropics, and mid 

and high latitudes. The data and methodology are presented in section 2, the results are shown in 

section 3, and the summary and discussion are included in section 4. 

 

2. Data and method 

 

The core observatory of GPM carries the first spaceborne Dual-frequency Precipitation Radar 

(DPR), which is operating at Ku and Ka bands [Hou et al., 2014]. The 65° inclination orbit 

allows it to sample global precipitation systems over more than 90% of the globe with a variety 
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of instruments. Since its launch in February 2014, the GPM core satellite has collected millions 

of snapshots of global precipitation systems [Liu and Zipser, 2015]. In this study we use a similar 

approach as Liu and Zipser [2005] to identify the storms reaching the tropopause. We then apply 

this to mid and high latitudes with the GPM observations. First, the Precipitation Features (PFs) 

are defined by grouping the contiguous areas with non-zero near surface precipitation derived 

using GPM Ku band radar [Seto et al. 2013]. Within each PF, the maximum heights with 

detectable Ku radar reflectivity, 15 dBZ and 20 dBZ, are summarized as proxies of the tops of 

the storms. The numbers of pixels with Ku radar reflectivity greater than 15 and 20 dBZ are 

counted at altitudes from 1 to 19 km with 0.5 km intervals in each PF. Large-scale 

meteorological conditions at the time and the location of each PF, including profiles of 

temperature, geopotential height, relative humidity, and parameters at surface, are obtained from 

the ERA-Interim reanalysis dataset [Dee et al. 2011] after spatial and temporal interpolation. The 

latest version of the ERA-Interim dataset with 0.75o horizontal resolution, 6 hourly intervals at 

37 pressure levels is used here. 

 

Quantifying the tropopause reaching storms globally needs to be done with care because there 

exist multiple tropopause definitions [e.g., Holton 1995; Pan et al. 2004; Kunz et al. 2011; 

Munchak and Pan 2014]. The choices of critical levels are often made based on the specific 

scientific questions. In order to fully characterize the extent of deep convection, six different 

reference levels are considered in this analysis. In the tropics (20o S-20o N), we consider 14 km 

level (Z14km) and the Level of Neutral Buoyancy (ZLNB). The 14 km level has been used to 



 7 

approximate the lower boundary of the TTL [Alcala and Dessler, 2002; Liu and Zipser 2005; 

Fueglistaler et al. 2009]. ZLNB has been used to estimate the cloud tops based on the parcel model 

assuming moist adiabatic process in an undiluted convective core. The Z14km and ZLNB are used 

here mainly for comparisons to the TRMM statistics over the tropics in Liu and Zipser [2005]. At 

the mid-high latitudes (30o -65o N/S), we use heights of two PVU surface (ZPV), where PVU 

presents the standard Potential Vorticity Unit (1 PVU = 10-6 K m2 kg-1 s-1) [Holton et al., 1995]. 

Potential Vorticity (PV), as an air-mass tracer, has been used to separate stratospheric and 

tropospheric air sources [Hoskins et al. 1985; Raymond 1992; McIntyre and Norton 2000; Kunz 

et al. 2011]. Globally, we consider the lapse rate tropopause (ZLRT, WMO, 1957), level of 380 K 

potential temperature surface (Z380K), and the height of the Coldest Point (ZCP) in the temperature 

profile. The WMO definition ZLRT can be applied globally [Randel et al. 2006, Munchak and Pan 

2014]. Z380K has been used as the boundary between the lowermost stratosphere and the 

“overworld” [Holton et al. 1995; Appenzeller et al. 1996; Stohl et al. 2003]. The coldest point in 

the temperature profile has been recognized as the key factor controlling the “freeze and dry” 

process [Ueyama et al., 2014; Holton and Gettelman, 2001; Gettelman et al. 2002] and is used to 

define the Cold-Point Tropopause in the tropics. Note that in the tropics, ZLRT and ZCP are very 

close to each other. Because of the unique role of ZCP in dehydration, we computed the ZCP and 

ZLRT separately and presented both despite the possible redundancy. 

 

To calculate these reference levels for each PF, first, ERA-Interim temperature, geopotential 

height, and PVU profiles are interpolated into the time and location of each PF. Then, such 
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profiles are further spline interpolated into 0.1 km vertical intervals. Then, ZLNB, Z380K, ZLRT, ZPV 

and ZCP are calculated with the interpolated vertical profiles. Though these reference levels have 

precision of 0.1 km, the real vertical resolution of the ERA-Interim temperature and PVU 

profiles is much coarse. Considering temporal, spatial, and vertical interpolations, as well as the 

uncertainties in ERA-Interim product itself, these reference levels could have large uncertainties. 

However, we will show that the general conclusions are the same when different reference levels 

are used.  

 

To quantify the global distribution of convective systems reaching high altitudes, the 

Overshooting PFs (OPFs) are defined as the PFs with the maximum heights of the GPM Ku band 

radar echo tops at 15 dBZ, and 20 dBZ above the reference levels respectively. The areas of 15 

dBZ and 20 dBZ at different reference levels are also calculated within each OPF. Because the 

current early-released version of GPM products still has some noises in its radar reflectivity 

profiles, quality control of the data is necessary. In this study, we insist that OPFs with echo tops 

above the reference levels require at least 4 contiguous pixels with surface precipitation (i.e., 

OPF size is greater than ~100 km2); OPFs with echo tops above 17 km must have significant ice 

scattering signals from passive microwave radiances (GPM GMI minimum 89 GHz brightness 

temperature less than 220 K), and the difference between the maximum 15 and 20 dBZ echo tops 

is less than 5 km in order to ensure a physically reasonable radar reflectivity vertical profile at 

the convective core. The vertical profiles of the areas of 15 and 20 dBZ within PFs are also 

examined to remove the PFs with no detectable echoes at levels below the maximum echo top 
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heights. Following these procedures, the illegitimate OPFs due to the artifacts in the radar 

products are significantly reduced. 

 

 

Figure 2a-2e shows the two-dimensional histograms of reference levels ZLNB, Z380K, ZLRT, ZCP, 

and ZPV at different latitudes for all PFs. Different reference levels are binned into 5° latitude 

zones with 0.5 km vertical intervals. With typical values between 12-16 km in the tropics. ZLNB 

has an asymmetrical distribution between the northern and the southern tropics and a larger 

variation in southern tropics (Figure 2a). At high latitudes, most of the precipitation systems are 

baroclinic and are driven by temperature and pressure gradients. ZLNB is no longer a meaningful 

predictor for cloud tops, except in the case of some barotropic systems during the summer. 

Therefore, we only use ZLNB as the reference level of the storm over 20 oS -20 oN. Z380K has 

values around 16-18 km in the tropics. At the mid and high latitudes, Z380K varies between 12 

and 15 km, and is nearly symmetric between the Northern and Southern Hemisphere (Figure 2b). 

Most ZLRT are about 16-18 km and are close to the Z380K in the tropics (Figure 2c). ZLRT at high 

latitudes is about 8-12 km, with a nearly symmetric latitudinal structure between the Northern 

and Southern Hemispheres. Consistent with previous studies [Munchak and Pan, 2014], ZCP is 

close to ZLRT in the tropics but much higher and larger variations in the mid-high latitudes 

(Figure 2d). Because of the unique role of ZCP in dehydration associated with the vertical motion 

and the larger uncertainty in the data, we computed the ZCP and ZLRT separately and presented 

both despite the small difference between them in mid-high latitudes. The high ZCP values at 
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mid-high latitudes mainly occur during the cold season (Figure didn’t show this here). Later, we 

will show that ZCP values at the mid and high latitudes are usually lower than 13 km when 

Overshooting occur in summer season. ZPV as the dynamical tropopause is only used over the 

extratropics (excluding 30oS-30 oN) [Holton et al., 1995]. The dynamical tropopause is relatively 

more uniform in the Northern Hemisphere than in the Southern Hemisphere. More ZPV 

concentrate in 6-8 km in Southern Hemisphere. Comparing with the tropopause, ZPV has a 

broader range in the mid-latitudes (30 o-40 o). 

 

To demonstrate PFs with radar echo tops above these references heights, Figure 2f shows a 

two-dimensional histogram of the maximum 20 dBZ echo top heights in the PFs. The mean 

reference levels at different latitudes from Figure 2a-2e are shown as individual curves in Figure 

2f. In the tropics, the mean heights of ZLRT, ZCP and Z380K are close to each other and are about 

1-2 km higher than the mean ZLNB. At mid-high latitudes, the mean ZLRT is about 4 km lower 

than Z380K and 1 km higher than ZPV, which is consistent with Kunz et al. [2004]. Most PFs do 

not have 20 dBZ echo tops reaching ZLNB due to weak updrafts with significant entrainments in 

convection. A small fraction of PFs do reach above the mean of tropopause in the tropics, and 

are consistent with previous research [Gettelman et al. 2002; Liu and Zipser 2005; Yang et al. 

2010]. Some of them may even reach above 19 km in the tropics [Zipser et al. 2006]. At the mid 

and high latitudes, the values of 20 dBZ echo top heights have asymmetrical distributions with 

higher echo tops and larger variations in the Northern Hemisphere than in the Southern 

Hemisphere. At the mid-high latitudes south of 40oS, most of the PFs have 20 dBZ echo top 
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below 5 km. Almost all of them are below the mean heights of ZLRT, ZPV and Z380K. This is 

consistent with previous works stating that the clouds over the Southern Ocean are mostly below 

5 km [Haynes et al., 2011; Williams et al., 2013]. However, PFs have large variations of radar 

echo tops at the northern mid-high latitudes. Though the majority of mid-high latitude PFs have 

20 dBZ echo tops below 6 km, some of them may reach above 10 km, higher than the mean ZLRT, 

ZPV, and Z380K. Though mean ZCP at mid-high latitudes seems to be above all the PFs echo tops 

in Figure 2f, we will show that ZCP are usually below 13 km when OPFs occur during boreal 

summer time..  

 

In addition to the uncertainties of reference levels, we also have to be careful on the 

determination of the tropopause and echo tops. For example, the true tropopause and coldest 

point might be influenced by deep convection at the local scale that is not resolved by the 

reanalysis data. On the other hand, since the horizontal resolution of GPM Ku radar is about 5 

km, smaller scale overshooting could be overestimated by radar beam filling. The detectable 

signal of 15 and 20 dBZ echo tops are used as the storm tops in this study. They may be inferred 

as thick cloud tops with large size ice particles. However, the true storm cloud tops could be 

higher. 

 

3. Results 
 

After grouping contiguous precipitating areas using the GPM Ku radar retrievals, more than two 
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million PFs with at least 4 pixels are identified from March 2014 to February 2015 in the 

65oS-65oN latitudes [Liu and Zipser, 2015]. OPFs are identified with the maximum heights of 

detectable radar echoes at 12 dBZ (MAXHT), 15 dBZ (MAXHT15) and 20 dBZ (MAXHT20) 

greater or equal to the different reference levels. The total numbers of OPFs corresponding to 

different reference levels are listed in Table 1. Lesser OPFs are identified when a higher 

reference level is used. Only 1630 OPFs are found with echo tops above Z380K. More OPFs are 

identified with minimum detectable echoes at 12 dBZ than those with 15 dBZ and 20 dBZ echo 

tops. It is common that lower radar reflectivity reaches higher altitudes near the tops of 

convective cores. The radar reflectivity is observed as decreasing with height near convection 

tops because a smaller amount of ice particles with smaller sizes are lifted up to higher altitudes, 

and radar reflectivity is sensitive to both size and total number of ice particles. It is expected that 

the real cloud tops will be above the height of the minimum detectable signal (~12 dBZ) by the 

Ku radar [Hamada and Takayabu, 2015]. Therefore, it is probable that more OPFs would be 

detected if radar with a higher sensitivity were used.  

 

3.1 Geographical distribution of OPFs 
 

Figure 3 shows the locations of OPFs defined with a height of 20 dBZ reaching above different 

reference levels. The geographical distributions of OPFs vary when different reference levels are 

used. OPFs reaching above 14 km are situated mainly in the tropics and subtropics (dots in 

Figure 3a). They are found over Central Africa, Amazon, the Inter Tropical Convergence Zone 
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(ITCZ), and the South Pacific Convergence Zone (SPCZ), which shows a good correspondence 

with the results from the TRMM [Liu and Zipser, 2005]. At the mid-high latitudes north of 40oN 

and south of 40oS, OPFs above 14 km are only found over central North America.  

 

In the tropics, OPFs greater than ZLNB are found over Central Africa, Amazon, the ITCZ, and the 

SPCZ, consistent with the results from the TRMM [Liu and Zipser, 2005]. Tall OPFs with echo 

tops 3 km higher above ZLNB (blue, orange and red dots in Figure 3b) are mainly found over land 

regions, including Amazon and Central Africa. 

 

Consistent with Liu and Zipser [2005], the majority of OPFs reaching above the ZLRT and Z380K 

are over land in the tropics and subtropics, such as the Central Africa, Amazon, Argentina, and 

Panama (Figure 3c, 3d and 3f). At the mid and high latitudes, OPFs above ZLRT and ZCP are 

found over central North America, Europe, and Northern Russia. There are less storms reaching 

above ZCP than ZLRT (Figure 3c and 3d). Though most of the PFs are below the mean coldest 

point in mid-high latitude (Figure 2f), there are still individual PFs, mainly in the summer season 

(June, July August), reaching above the coldest point over central North America, Europe and 

Russia. When referring to the dynamical tropopause (ZPV), many OPFs are found over central 

North America, Europe and Russia. Many OPFs above ZPV are found over the ocean in mid and 

high latitudes, especially in the southern oceans. There are fewer OPFs with 20 dBZ echo tops 

greater than Z380K, especially at high latitudes over Europe and Northern Russia (Figure 3f). 

OPFs above Z380k are mainly found over the Central Africa, South America, and the SPCZ. 
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Comparing Figure 3c, Figure 3d and Figure 3e, most OPFs penetrating the tropopause over 

Russia and Europe do not reach Z380K. Note that it is very rare to see a PF with radar echoes 

reaching above ZLRT and ZCP and Z380K over the southern oceans.  

 

Most of the PFs are below the mean coldest point height at mid-high latitudes (Figure 2f), 

however, the ZCP-reaching OPFs are found with higher frequency over central North America, 

Europe and Russia in Northern Hemisphere (Figure 3e). To clarify this, histograms of different 

reference levels when OPFs occur in different latitude zones are shown in Figure 4. In northern 

high latitudes, Z380K is about 14-16 km and is the highest among all the reference levels (Figure 

4a). ZCP is about 12 km and close to ZLRT in northern high latitude. Though most of ZCP values 

are higher than 14 km in Figure 2d, most of the OPFs occur in summer time when ZCP is lower 

and close to ZLRT. The close values of ZCP and ZLRT over northern mid-high latitude in summer 

are also reported by Munchak and Pan [2014]. ZPV has a large variation from 4 km to 13 km. In 

the northern subtropics and mid latitudes (Figure 4b), when the OPFs occur, Z380K is about 2 km 

higher than in the high latitudes. Most ZCP are above 14 km in the subtropics. ZLRT have values 

ranging from 7 km to 18 km. ZPV could extend up to 16 km in the northern subtropics. In the 

tropics (Figure 4c), ZLRT, ZCP and Z380K are close around 17 km. ZLNB is about 1-2 km lower than 

other reference levels. In southern subtropics (Figure 4d), ZPV is about 1-2 km lower in South 

Hemisphere than in Northern Hemisphere. In the southern high latitude (Figure 4e), OPFs above 

Z380K and ZCP are rare and their reference level histograms are not shown. ZPV and ZLRT are 

slightly lower than in the northern high latitudes. In general, Figure 4 demonstrates that there is a 



 15 

large variation of reference levels at different latitudes when OPFs occur.   

 

Figure 5 further shows that the reference levels such as ZCP vary significantly when OPFs occur 

over different regions in the same latitudinal zone. At northern high latitudes (Figure 5a), OPFs 

reaching ZCP are found over several longitudinal regions in Figure 3d. The OPFs above ZCP over 

60°W-120°W, mainly from the central North America, could reach 18 km. the OPF above ZCP 

from Europe and Russia (0-125°E) are about 12-14 km. The relatively “shallow” OPFs happen 

over North Atlantic Ocean (-20°W-0°W). In the northern subtropics, the OPFs reaching the 

coldest point are found over North America and Asian monsoon (Figure 5b). The most 

noteworthy feature in northern subtropics is the “taller” OPFs from the Asian monsoon. In the 

tropics (Figure 5c), all of the OPFs, mainly from Amazon, Central Africa and SPCZ (Figure 3d), 

are above 14 km, some even reaching 20 km. In the southern subtropics (Figure 5d), the OPFs 

over Argentina are about 17-19 km, while the OPFs over Australia have two corresponding 

heights. In Southern Australia, the OPFs heights are usually below 14 km and occur mainly in 

the spring and fall seasons. In the northern region of Australia, the OPFs heights are above 17 km, 

and occur mainly in the winter season. 

 

We have shown the locations of OPFs and their overshooting distance above the reference levels. 

However, OPFs could have different impacts on vertical transport due to their sizes, especially 

the size of their convective cores at the reference levels. To address this, the areas of 15 dBZ and 

20 dBZ at various references levels are calculated for each OPF. Their mean areas in 5ox5o grids 
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are shown in Figure 6. In general, the OPFs have a larger mean area at different reference levels 

in mid and high latitudes than they do in the tropics. The regions, including central North 

America, Argentina, Europe and Central Africa, have the largest mean areas of 20 dBZ at the 

reference levels.  

 

After dividing the total area of 15 and 20 dBZ at reference levels with the total sampled area, the 

occurrences of OPFs areas in five different latitude zones are summarized in Table 2. In the 

tropics, occurrences of 15 and 20 dBZ at 14 km in tropics are about 40 times higher than in the 

subtropics. However, occurrences of 15 and 20 dBZ at ZLRT are about 60-70% higher in northern 

high latitudes than they are in the tropics. Compared to the tropopause, occurrences of 15 and 20 

dBZ at ZCP are relatively smaller (about 15-40% higher in northern high latitudes than that in the 

tropics). Occurrences of 15 and 20 dBZ at ZPV at high latitudes are about twice as high as those 

at ZLRT. It is not surprising that the occurrence frequencies of 15 and 20 dBZ above Z380K are the 

lowest because Z380K is the highest among all the reference levels. Only 0.0007% of the total 

sample area is found with 20 dBZ radar reflectivity at the tropopause in the tropics. This is one 

order smaller than the 0.008% as reported in Liu and Zipser [2005]. This difference may be due 

to different datasets. In Liu and Zipser [2005], the tropopause values were from the NCEP 

tropopause product. Here the tropopause is calculated with the latest ERA-interim reanalysis 

dataset. ERA-Interim reanalysis dataset has a 0.75o horizontal resolution while the NCEP 

tropopause has a 2.5o horizontal resolution. It is also possible that there are still some calibration 

differences between the TRMM and the GPM. Nevertheless, the difference in the occurrences 
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from this study in regards to Liu and Zipser [2005] indicates that large uncertainties exist in the 

estimates of OPF occurrences at the tropopause. These uncertainties could be due to large 

uncertainties in the definition of reference levels and limited sample sizes. 

  

Figure 7 presents the geographical distribution of occurrences of 20 dBZ in OPFs at different 

reference levels. The occurrences are calculated by dividing the number of pixels with 20 dBZ at 

each reference level by the total sample pixels of Ku radar in each 5ox5o box. Consistent with Liu 

and Zipser [2005], three hotspots with high occurrences of 20 dBZ at 14 km are found over 

Central Africa, Panama, and Argentina (Figure 7a). Compared to the numerous OPFs over the 

ITCZ Ocean and Amazon (Figure 3a), the OPFs over these three regions have larger mean 

20dBZ area  at 14 km lead to higher occurrences there. Figure 7b shows the geographical 

distribution of the occurrences of 20 dBZ at ZLRT. Consistent with Figure 3c, in addition to the 

hotspots over the tropical land, 20 dBZ is also frequently found at tropopause levels over 

northern high latitude lands, such as Russia and Europe. Note that hotspot of high occurrence of 

20 dBZ at ZLRT stands out over central North America. The geographical distribution is similar 

when using the coldest point (Figure 7c). Using a higher reference level only changes the 

magnitude of the occurrence of the OPFs but not the spatial pattern (Figure 7b and Figure 7c). In 

addition to over land at mid and high latitudes, OPFs above the dynamic tropopause (ZPV) are 

also frequently found over ocean at mid and high latitudes (Figure 7d). The hotspots over central 

North America and Argentina also stand out at Z380K (Figure 7e). This means that the OPFs over 

central North America and Argentina, such as the one shown in Figure 1, have significant 
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contribution of 20 dBZ area at ZLRT, ZCP and Z380K compared to those over the tropics. In general, 

though PFs reaching above 14 km are frequently found over oceans (Figure 7a), PFs over land 

are more likely to reach the tropopause, the coldest point and Z380K. OPFs that reach ZPV in 

mid-high latitudes are more frequent when compared to ZCP, ZLRT and Z380K, especially over 

ocean. The regions with high occurrences of convection reaching above the tropopause include 

Panama, Argentina, Central Africa, and central North America (Figure 3b, Figure 3c and 3d). 

 

To show the regional difference of OPFs, the fractional contribution of OPFs area at references 

in eight longitudinal regions over the tropics (20-20°) subtropics (20-40°) and high latitude 

(40-65°) as shown in Figure 7e are calculated and listed in Table 3. In the tropics, the 

contributions from Africa (0-45°E) and South America (90-45°W) dominate among the eight 

regions. This is consistent with previous results [Liu and Zipser, 2005]. In the northern 

subtropics, North America (135-90°W and 90-45°W) and Asian monsoon (90-135°E) play the 

most important role in the area contribution. In northern high latitudes, the contribution is mostly 

from North America and Russia. The OPFs area at Z380K from North America alone is more than 

80%. In the southern subtropics, more than 50% of the OPF overshooting area is from Argentina 

(90-45°W). 

 

3.2 Seasonal variation of zonal mean distribution of OPFs  
 

In order to show the seasonal variations of OPFs, the zonal distributions of population, mean 20 



 19 

dBZ areas at the tropopause per OPF, and occurrences of 20 dBZ at the tropopause during 

different seasons are shown in Figure 8. In general, two regions are found with larger numbers of 

OPFs reaching the tropopause: the tropics between 20°S and 15°N and the mid-high latitudes in 

the Northern Hemisphere (30°N-60°N) (Figure 8a). In the tropics, the locations of OPFs migrate 

with the ITCZ during different seasons. In the subtropics and mid-high latitudes, more OPFs are 

found in summer than in winter. At mid-high northern latitudes, OPFs dominante in June, July, 

and August (JJA) mainly over central North America (Figure 8a). Figure 8b show that OPFs 

reaching the tropopause have relatively smaller 20 dBZ areas at the tropopause in the tropics 

than those at the mid-high latitudes. The peak in JJA at 40oN is contributed mainly by OPFs over 

central North America, including Nebraska, Iowa, and Minnesota. Though numerous OPFs are 

found in the tropics (Figure 8a), the OPFs at mid-high latitudes have larger overshooting areas 

per storm (Figure 6 and Figure 8b), and may play an important role in the cross tropopause 

transport. This is clearly confirmed in Figure 8c. The 20 dBZ areas at the tropopause over 

40°N-45°N are even slightly larger than in the tropics in the first year of the GPM observation 

(black curve in Figure 8c). In JJA (red curve in Figure 8c), the peak of fractional occurrence of 

20 dBZ at the tropopause is about 4 times higher at northern mid-high latitudes than the peak in 

the tropics. The zonal occurrences of 20 dBZ areas at the tropopause vary significantly in 

different seasons. This can be due to the variation of both OPF population and size in the 

tropopause.  

 

Figure 9 shows the zonal distributions of populations, mean 20 dBZ areas at the coldest point per 
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OPF, and occurrences of 20 dBZ at the coldest point during different seasons. In general, the 

patterns remain similar compared to Figure 8. However, the peak for the coldest point in 

mid-high latitudes is relatively lower. To show the role of OPFs to the “overworld” above 380 K 

[Holton et al. 1995], the zonal distributions of population, mean area and occurrences of 20 dBZ 

of OPFs at Z380K are shown in Figure 10. Consistent with Figure 3 and 6, frequent deep 

convection penetrating Z380K is mainly found in the tropics (Figure 10a). There are fewer storms 

reaching Z380K at the high latitudes. Though relatively rare, the mean 20 dBZ area of OPFs at 

Z380K is larger in mid-high latitudes at 30o and 40o (Figure 7d and Figure 10b), especially those 

over Argentina and central North America. These OPFs are the main reason for the high 20 dBZ 

occurrence at Z380K over the subtropics and mid latitudes, especially in summer (Figure 10c).  

  

Though there is a clear peak of high 20 dBZ occurrences at mid-high latitudes shown in Figure 

8c, Figure 9c and Figure 10c, we still need to take into account that the total surface area of the 5° 

latitude band is smaller at high latitudes than in the tropics. Therefore, to evaluate the global 

budget of the overshooting area from convective storms in whole, after applying the factor of 

cosine (latitude) to Figure 8c, the fractional contribution of annual 20 dBZ areas at ZLRT from 

different latitudes and seasons is shown in Figure 11a. The areas with 20 dBZ at the tropopause 

are dominantly from both the tropics and northern mid-high latitudes. In JJA, OPFs in the 

mid-high latitudes in the Northern Hemisphere (40°N-60°N) have a contribution greater than 

those in the tropics. These OPFs are located mainly over central North America. Compared with 

the tropopause, OPFs above the coldest point in the mid-high latitude have a slightly smaller 
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contribution than those in the tropics (Figure 11b). However, the OPFs at mid-high latitudes only 

have relatively weaker impacts on the “overworld” indicated by smaller contributions of 20 dBZ 

above Z380K at high latitudes (Figure 11c). Differently from Figure 11a, the major peak in the 

tropics is significantly greater than at 40o-45o N in Figure 11c. Comparing the mid-high latitudes 

between the Northern and Southern Hemispheres, the contributions from OPFs at Z380K over 

10o-30o S in DJF appear larger than those over central North America in JJA (Figure 11c).  

 

To utilize the higher precision and greater sensitivity that the GPM Ku radar has compared to 

TRMM [Hou et al., 2014; Seto et al. 2014], a similar analysis with areas of 15 dBZ is shown in 

Figure 11d, Figure 11e and 11f. The fractional contribution of annual overshooting 15 dBZ areas 

at ZLRT, ZCP and Z380K from different latitudes and seasons shows a similar two-peak distribution 

to the distribution when using 20 dBZ. The contribution of overshooting 15 dBZ areas at the 

tropopause from mid-high latitudes is still greater than that in tropics (Figure 11d). However, the 

proportions of contributions from the tropics and mid-high latitudes are different at the coldest 

point using 20 dBZ. When the 15 dBZ is used, the areas at the coldest point in the tropics are 

larger than they are at the mid and high latitudes (Figure 11e). This implies that the storms with 

relatively weaker radar echoes reaching the coldest point are more populated in the tropics than 

they are in the mid-high latitudes. 

3.3 Diurnal Variation of OPFs 

 

Figure 12a shows the diurnal variation of OPF populations in the tropics. Consistent with 
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previous works [Liu and Zipser, 2005], the diurnal variation of convection over continents is 

stronger than it is over oceans. The peak of OPF population over land is in the afternoon. The 

diurnal variation of oceanic systems is weak, as it has been noted by previous literature [e.g. 

Hendon and Woodberry, 1993; Chen and Houze, 1997; Nesbitt and Zipser, 2003]. The diurnal 

variation of OPFs over subtropical land is similar to the variation in the tropics (Figure 12b). The 

diurnal variations of OPFs over the subtropics and mid-high latitude oceans are not shown due to 

the limited samples. At mid-high latitudes, the diurnal variations of OPFs reaching Z380K is noisy 

because of the smaller sample size (Figure 12c), but still shows the afternoon peak. It is worth 

noting that the peak in mid-high latitude OPFs reaching tropopause (ZLRT and ZCP) over land is 

broader than that in tropics and subtropics in the afternoon. We speculate that in summer, the sun 

rises earlier at high latitudes and a longer period of morning sensible heating leads to an earlier 

peak of instability. Therefore, deep convection would peak slightly broader. This broader peak 

diurnal structure warrants further investigation. Since the diurnal variation at high latitudes is not 

the focus of this study, the topic is not discussed further. 

 

3.4 Vertical structure of OPFs 

 

To investigate the characteristic of the OPFs, the mean maximum reflectivity of OPFs above the 

different levels over different regions are shown in Figure 13. In general, maximum radar 

reflectivity decreases with height. Maximum radar reflectivity at high altitudes is larger over land 

than over ocean (Figure 13a). The OPFs in the mid-high latitude land are mainly from Russia 
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and Europe, which makes the profile in Russia coincide with the profile over land in the 

mid-high latitudes. The profile in the US is close to the profile in the subtropics land. The 

maximum radar reflectivity at the mid-levels (7-10 km) over land in the subtropics approximates 

to that in the tropics. The maximum radar reflectivity at the mid-levels (7-14 km) is larger when 

ZCP (Figure 13b) and Z380K (Figure 13c) are used as reference levels. The profile over ocean in 

the mid-high latitudes is not shown because there are no OPFs penetrating Z380K over ocean 

(Figure 13c). The maximum radar reflectivity of OPFs above Z380K is always larger compared to 

those above ZLRT and ZCP.  

 

Figure 14 shows the vertical mean area of 20 dBZ of OPFs in the different regions. Similar to the 

maximum radar reflectivity, the mean area of 20 dBZ decreases with altitude. The area of 20 

dBZ at low levels (< 9 km) is larger over ocean than over land. However, the OPFs are close to 

each other at mid-levels (9-12 km) (Figure 14a and 14b). The OPFs above Z380K are larger 

compared to ZLRT and ZCP (Figure 14c). The area of OPFs penetrating Z380K in different regions 

at the mid-high levels (>9 km) is approximated to each other.  

 

To investigate the prevalence of large ice particles in the convection, the mean area of 30 and 40 

dBZ of OPFs in different regions are shown in Figures 15 and 16. The radar reflectivity of 30 

dBZ OPFs above ZLRT could reach above 14 km over land in the tropics and subtropics, even 

over tropic oceans (Figure 15a). Compared to other regions, the radar reflectivity of 30 dBZ of 

OPFs penetrating the tropopause over ocean in the mid-high latitudes is lower. The modest peak 
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at about 5 km indicates the freezing level. The radar reflectivity of 30 dBZ could be higher than 

14 km over the subtopics ocean when ZCP reference levels are used. Z380K-OPFs is the strongest 

among all the OPFs. That is why the radar reflectivity of 30 dBZ in all regions could be above 14 

km (Figure 15c).  

 

The radar reflectivity of 40 dBZ indicates large hail size ice particles, so the maximum heights of 

40 dBZ reach lower than those of 20 and 30 dBZ. The OPFs are stronger over land in the 

subtropics than those in the tropics. When Z380K is used, the radar reflectivity of 40 dBZ the 

OPFs over land in the subtropics and mid-high latitudes, including US and Europe, are larger 

than those in the tropics. Note that the US has the distinction of experiencing stronger convection 

than other regions.    

 

3.5 Large scale environments of OPFs 

 

Deep convection is regarded as developing spontaneously within a large-scale environment in 

which the vertical profiles of temperature and moisture play an important role. Convection feeds 

on the convective available potential energy (CAPE). Figure 17 shows the geographical 

distribution of the mean CAPE of OPFs above different reference levels. The mean CAPE of 

OPFs is larger in the tropics than in the extratropics, especially over Panama, Argentina, Central 

Africa, and the SPCZ. The mean CAPE in the US, Europe and Russia is relatively lower 

compared with the mean CAPE in the tropics. On the other hand, in order to support vigorous 
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deep convection, air parcels need to reach their level of free convection to release high CAPE. 

Hence, the convective inhibition energy (CIN) at the top of the planetary boundary layer also 

plays a role in setting the stage for building up the CAPE for convective storms. The mean CIN 

of OPFs is shown in Figure 18. The large mean CIN coincides with the high occurrence of OPFs 

in US, Europe, Russia, Argentina, and Central Africa (Figure 7). Large CIN values make it 

difficult for the air parcels to reaching the level of free convection. However, once the buoyant 

air parcels is lifted up to the level of free convection by some large-scale forcing mechanism 

such as extratropical cyclones, or more localized forcing mechanism, such as a sea-breeze font, a 

range of hill, the convection could be very vigorous and tall. To further understand the behavior 

of overshooting convection, other factors, such as extreme convection to the synoptic-scale, the 

complex topography, and the diurnal cycle of heating need to be studied in the future work. 

 

3.6 Linkage between high water vapor values in the low stratosphere and deep convection 

 

As shown in this study, in addition to high occurrence of overshooting deep convection in the 

tropics, we also found that convections penetrating the tropopause at northern mid-high latitudes 

are as frequent as those over the tropics, especially in summer. Some of the mid-high latitude 

deep convection could even reach the “overworld”, especially in central North America and 

Argentina. However, these results still cannot answer whether the tropopause-reaching 

convective storms would play a major role in the vertical transport of water vapor into the 

stratosphere. To demonstrate this, the extreme high water vapor values at 100 hPa from the 
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10-year observations of AURA Microwave Limb Sounder (MLS) are shown in Figure 19. The 

high water vapor values (red and blue dots) are found over the ITCZ, Asian Monsoon, and the 

US, while the extreme water vapor values (black dots) are found in Argentina, the US, and Asian 

Monsoon. It is easy to speculate that the high water vapor concentrations are related to deep 

convection penetrating the tropopause. To prove this, two cases of high MLS, water vapor value, 

and the ambient environment adopted from ERA-Interim reanalysis dataset are shown in Figure 

20. The extreme water vapor values are observed near or above the deep clouds in the US and 

Argentina. Combining the wind field from the ERA-Interim, the content of the water vapor is 

very likely from the vertical transport of deep convection that could reach near the tropopause. 

Further investigation on this is warranted with more observations and evidence. 

 

3. 7 Uncertainties and implications to the convective vertical transports 

 

Though we have demonstrated the locations of overshooting storms and the areas of 15 and 20 

dBZ radar echoes at the multiple references levels of interest to various transport analyses, there 

is still a gap between the areas of storms at tropopause and the estimation of the amount of trace 

gas vertically transported into the stratosphere through convection, especially for water vapor. 

Firstly, 15 and 20 dBZ radar echoes at the tropopause only represent the precipitation 

hydrometeors at high levels. The clouds with small ice particles are not detected. Some weak 

convective clouds (more prevalent in the tropics) reaching the tropopause are not included in 

these analyses. Secondly, radar echoes above the tropopause only demonstrate that large ice 
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particles are injected into the stratosphere. However, it is very likely that only a small portion of 

these ice particles would stay and sublimate. Overshooting tops are negatively buoyanted and 

tend to quickly fall back to the troposphere. Though there is evidence that some ice particles 

would be left behind [e.g. Corti et al. 2005], the detrainment rate of ice particles from 

overshooting tops and the details of this process are still unknown. Thirdly, there is still a large 

uncertainty in the estimation of the overshooting convection from satellite observations due to 

the uncertainty of tropopause height. A slight difference in the reference levels could lead to 

signification variations in the overshooting area. It is clear that different tropopause definitions 

may lead to significant differences in the overshooting area occurrence estimates (Table 2 and 

Table 1 in Liu and Zipser [2005]). Lastly, only one-year of GPM observations are used in this 

study. The overshooting storms are rare events. Some of the quantitative results in this study 

would possibly require more observations to validate them in the future. Nevertheless, here we 

have applied several different reference levels in the overshooting definitions, and they all 

confirm several geographical hotspots of the overshooting storms. The geographical distributions 

of the overshooting storms and their relative contributions should be qualitatively valid.  

 

4. Summary 

 

With the dual frequency radar onboard and a 65o inclination orbit, the GPM core satellite 

provides a unique opportunity to investigate the properties of deep convection with a global 

perspective. In this study, the deep convective storms with tops near the tropopause are identified 
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with different reference levels using one-year GPM Ku band radar observations. In the tropics, 

the distribution of deep convection reaching near the tropopause agrees well with the results 

demonstrated by Liu and Zipser [2005] with the TRMM dataset, e.g. high occurrence of 

overshooting deep convection over land, especially over Panama and Central Africa.  

 

One of the most important findings of this study is the relative importance of overshooting 

storms over mid-high latitude land in the Northern Hemisphere. Our analysis shows that 

overshooting storms at mid-high latitudes (mainly from central North America) in the Northern 

Hemisphere have comparable areas of radar echo at the tropopause with those in the tropics in 

this one-year data. In boreal summer months, the total tropopause reaching OPFs area is even 

greater in the Northern Hemisphere mid-high latitudes than that in the tropics. The tropopause 

reaching convection over central North America and Argentina have larger areas at the 

tropopause than those in tropics. They may have an important contribution to trace gas transport 

from the troposphere to the stratosphere. However, we also find that these 

tropopause-penetrating storms at the mid and high latitudes only occasionally reach 380 K 

potential temperature level and are less frequent than those in the tropics.  

 

Since most of the overshooting storms are over land, they have strong seasonal and diurnal 

variations. Seasonally, the locations of overshooting storms are associated with the migrations of 

the ITCZ and monsoons. Diurnally, most of the overshooting storms occur in the mid-late 

afternoon. 
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The OPFs above ZCP and Z380K in the subtropics are stronger than those in the tropics, with 

higher radar reflectivity at high altitudes. The overshooting storms with large CIN in the 

subtropics land are found over the US and Argentina, while those in the mid-high latitudes land 

are found mainly over Europe and Russia. The tropopause-reaching convection have a potential 

to transport water vapor into the lower stratosphere. Such candidate cases are shown in the US 

and Argentina. 

 

Though one-year GPM observations have shown a global distribution of deep convective storms 

with updrafts of sufficient strength to penetrate the tropopause and even into the “overworld”, it is 

still difficult to quantify the vertical transport of trace gases into the stratosphere associated with 

these storms. The definition of tropopause heights and the unknown detrainment processes at these 

altitudes still remain challenges in understanding the mechanism of overshooting convection in 

the troposphere and stratosphere exchanges. 
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Appendix 
 

Table 1. Population of Overshooting Precipitation Features (OPFs) identified with different 
reference heights* 

 
 Maxht (#) 15 dBZ (#) 20 dBZ (#) 
>14 km 15090 12779 9890 
> Z*

LNB 9415 8388 3145 
> ZLRT 4537 3709 2648 
> Z*

PV 4320 4040 3267 
> ZCP 2484 1848 1473 
> Z380K 1636 1163 878 
 
*ZPV is applied over extratropics (30°S-65°S and 30°N-65°N); Z*

LNB is applied over 20°S -20°N 
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TABLES 
Table 2. Occurrence of 15 dBZ and 20 dBZ at Different Reference Heights 

 
 Referen

ce 
height 

60°S-40°S 40°S -20°S 20°S -20°N 20°N -40°N 40°N -60°N 

 14 km 2.0e-08 2.7e-05 2.2e-04 5.0e-05 4.8e-06 

15 dBZ 

ZLRT 3.5e-06 1.2e-05 1.4e-05 1.6e-05 2.2e-05 

ZCP 3.1e-07 2.5e-06 8.7e-06 4.0e-06 1.0e-05 

ZPV 2.2e-05 7.7e-05* 
 

1.0e-04* 5.4e-05 

Z380K 5.3e-09 3.0e-06 8.7e-06 3.7e-06 1.8e-06 
       

 14 km 0.0 1.5e-05 9.5e-05 2.5e-05 3.0e-06 

20 dBZ 

ZLRT 9.4e-07 5.3e-06 6.5e-06 7.3e-06 1.1e-05 

ZCP 1.2e-07 1.3e-06 4.0e-06 2.2e-06 5.5e-06 

ZPV 4.5e-06 2.4e-05* 
 

3.8e-05* 2.3e-05 

Z380K 0.0 1.7e-06 4.3e-06 1.9e-06 1.2e-06 
* is calculated over 30°-40° 
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Table 3. Global Distribution of OPFs Overshooting Area Using Different Reference Heights (units %) 
 

 % 
Reference 
Heights 

180-135°W 135-90°W 90-45°W 45-0°W 0-45°E 45-90°
E 

90-135°
E 

135-180°E 

  
ZLRT 0.2 32.8 2.5 4.4 24.7 12.7 20.8 1.9 

  40°N- 
ZCP 0.2 34.2 2.2 1.4 19.6 15.8 24.3 2.4 

  65°N 
ZPV 0.8 20.5 2.7 10.0 27.7 12.9 21.8 3.4 

  
Z380K 0 83.9 2.6 0 11.4 0.2 0.9 1.0 

           
  

14 km 0.7 25.7 19.1 0.2 0.8 21.0 26.8 5.7 
  20°N- 

ZLRT 3.0 26.5 26.8 5.7 17.1 12.3 5.1 3.5 
  40°N 

ZCP 0 34.6 42.5 0.6 2.0 6.8 7.9 5.5 
  

ZPV 8.0* 16.4* 17.2* 9.5* 17.9* 11.5* 7.3* 12.2* 
  

Z380K 0.1 32.9 20.9 0 0 20.5 20.8 4.7 
           
  

14 km 3.6 4.6 19.0 5.8 26.4 7.3 19.3 14.0 
  

ZLNB 2.8 3.7 31.7 8.5 27.7 7.7 9.2 8.8 
  20°S- 

ZLRT 2.1 4.2 23.1 6.8 29.3 5.3 18.2 10.9 
  20°N 

ZCP 2.2 3.7 20.0 6.3 29.4 5.9 20.3 12.3 
  

Z380K 1.5 2.9 19.2 5.8 30.5 7.5 21.1 11.6 
           
  

14 km 3.7 0.4 65.9 2.2 11.3 3.8 3.3 9.3 
  20°S- 

ZLRT 3.8 4.0 57.2 7.2 6.9 2.0 2.8 16.1 
  40°S 

ZCP 2.3 0.8 77.0 0.8 0.4 2.2 0.2 16.2 
  

ZPV 14.1* 3.7* 17.5* 3.7* 22.0* 4.8* 4.4* 29.8* 
  

Z380K 0.6 0 82.6 1.9 3.0 2.2 0 9.6 
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ZLRT 12.4 12.1 15.5 3.5 3.2 4.3 17.7 31.2 

 40°S- 
ZCP 1.6 0 0 6.5 6.8 0 0 85.1 

 65°S 
ZPV 12.8 12.5 23.9 4.0 5.3 6.5 11.6 23.4 

  
Z380K 0 0 0 0 0 0 0 0 

 
* is calculated over 30°-40° 
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FIGURES 
 

 
 

Figure 1. An example of deep convection reaching above tropopause over Nebraska, Unite States. Color 
fill is the Ku radar reflectivity. The dotted, dashed and solid lines are GPM Microwave Imager (GMI) 
brightness temperatures at 183±7, 37 and 89 GHz. The lapse rate tropopause height derived from 
ERA-Interim is 13.3 km. The area with 20 dBZ at 13.3 km in this storm is 2750 km2. 
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Figure 2. Two dimensional histogram of various reference levels at different latitudes derived from 
ERA-Interim reanalysis for PFs. (a) Level of Neutral Buoyancy (ZLNB). (b) Height with potential 
temperature at 380 K (Z380K), (c) Lapse Rate Tropopaue (ZLRT). (d) The Coldest Point (ZCP). (e) Height 
with Potential Vorticity Unit at 2 (ZPV). (f) Two dimensional histogram of maximal 20 dBZ echo top 
heights in PFs. The mean ZLRT, ZCP, Z380K, ZPV and ZLNB are overlayed.  
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Figure 3. Locations of OPFs identified with different reference levels. (a) 14 km, (b) ZLNB, (c) ZLRT, (d) ZCP, 
(e) ZPV, and (f) Z380K. The PFs categorized by the overshooting distance above the reference levels are 
shown in symbols of different colors. 
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Figure 4. Histogram of various reference levels when OPFs occur in different latitude zones. (a) 
40°N-60°N. (b) 20°N-40°N. (c) 20°S-20°N. (d) 20°S-40°S. (e) 40°S-60°S. 
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Figure 5. Maximum 20 dBZ echo top heights (red dots) of OPFs reaching above ZCP. The reference levels ZCP 
are shown with black dots. ZLRT are shown with gray dots. (a) 40°N-60°N. (b) 20°N-40°N. (c) 20°S-20°N. (d) 
20°S-40°S. 
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Figure 6. Global distribution of area of 20 dBZ in OPFs at different reference levels. (a) ZLRT, (b) ZCP, (c) 
ZPV, and (d) Z380K.   
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Figure 7. Global distribution of occurrence of 20 dBZ at different reference levels. (a) 14 km, (b) ZLRT, (c) 
ZCP, (d) ZPV, and (e) Z380K.  The occurrences are calculated by dividing total number of pixels with 20 dBZ 
at reference levels with total number of sampled pixels in each 5°×5° box. 
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Figure 8. (a) Zonal distribution of populations of OPFs with 20 dBZ at ZLRT. (b) Zonal mean area of 20 dBZ at 
ZLRT per OPF. (c) Zonal mean occurrence of 20 dBZ at ZLRT. The occurrence in each 5° zones are calculated by 
dividing 20 dBZ pixels at tropopause with total sampled pixels. 
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     Figure 9. Same as Figure 8, but using ZCP as the reference height. 
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Figure 10. Same as Figure 8, but using Z380K as the reference height. 
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 Figure 11. Contribution of areas of 20 and 15 dBZ at ZLRT, ZCP, and Z380K (in units %) in different seasons 
and latitudes after considering the Earth surface area at each latitude bin. Total values in each panel add 
up to 100%.  
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Figure 12. Diurnal variation of population of overshooting precipitation features defined with different 
reference heights over land (red) and ocean (blue). (a) over 20°S-20°N. (b) over 20°S-40°S and 
20°N-40°N. (c) over 40°S-65°S and 40°N-65°N. 
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Figure 13. Mean profiles of maximum reflectivity (dBZ) for OPFs above different reference heights in 
different regions. (a) above ZLRT, (b) above ZCP, (c) above Z380K. The tropics are defined from 20 oS-20 oN; 
the subtropics are from 20-40 o; the midhigh are defined from 40-60 o; the region for US is 25-60 oN and 
60-120 oW; the region for Russia is 40-60 o N and 0-135 o E.  
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Figure 14. Mean area of 20 dBZ for OPFs above different reference heights in different regions. The 
region is the same as Figure 13.  
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Figure 15. Mean area of 30 dBZ for OPFs above different reference heights in different regions.  
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Figure 16. Mean area of 40 dBZ for OPFs above different reference heights in different regions.  
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Figure 17. Global distribution of mean CAPE in OPFs at different reference levels. (a) ZLRT, (b) ZCP, and (c) 

Z380K. 
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Figure 18. Global distribution of mean CIN in OPFs at different reference levels. (a) ZLRT, (b) ZCP, and (c) 
Z380K. 
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Figure 19. Geographical distribution of highest MLS water vapor values (ppmv) at 100 hPa. The MLS 
water vapor values categorized by the different numbers are shown in symbols of different colors. 
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Figure 20. Cases for high MLS water vapor value and their meteorology environmental in different 
regions. (a) US, (b) Argentina. The time and levels for different dataset are shown in the title. 
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