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Abstract

The extreme variability of the cold point tropopause temperature (TCPT) and height (HCPT) are examined over a tropical

station, Gadanki (13.45N, 79.2E) using high-resolution radiosonde data during the period 2006-2014. The extreme variabilities

such as the coldest (warmest) tropopause is defined if TCPT is lesser (greater) than the lower (upper) limit of its two-sigma

level whereas the highest (lowest) tropopause is defined as the HCPTis greater (lesser) than the lower (upper) limit of its two-

sigma level. In total 161 extreme cases such as the coldest (52) and warmest (30) TCPT and the highest (57) and lowest (22)

HCPT are observed. The coldest (187.2±1.60 K, 17.3±0.52 km), warmest (194.2±1.78 K, 16.9±0.89 km), lowest (191.7±1.78

K, 18.2±0.55 km) and highest (191.8±2.11 K, 16.2±0.38 km) occurs without preference of season. These extreme tropopause

cases occur independently. Thermal structure of the coldest tropopause cases reveals that they are often sharper whereas the

warmest, highest and lowest tropopause is broader. Water vapor and ozone concentrations are found to be high for the warmest

tropopause and low for the coldest tropopause. Under the shallow convection, extreme temperature profiles, in general, show

prominent warming between 8-14 km while anomalous cooling (warming) just below (above) the CPT. The occurrence of the

tropical cyclones, cirrus clouds and equatorial wave propagation are the possible candidates for the occurrence of the extreme

tropopauses.
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Key Points: 5 

 Proposed a method to identify the extreme variability such as the coldest, warmest, 6 

highest and lowest tropopauses  7 

 The coldest tropopause is found to be sharper while the warmest, highest and lowest 8 

tropopauses are broader.  9 

 Possible mechanisms such as equatorial wave propagation, deep convection and ozone 10 

transport are examined. 11 
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Abstract 13 

The extreme variability of the cold point tropopause temperature (TCPT) and height (HCPT) are 14 

examined over a tropical station, Gadanki (13.45
o
 N, 79.2

o
 E) using high-resolution radiosonde 15 

data during the period 2006-2014. The extreme variabilities such as the coldest (warmest) 16 

tropopause is defined if TCPT is lesser (greater) than the lower (upper) limit of its two-sigma level 17 

whereas the highest (lowest) tropopause is defined as the HCPT is greater (lesser) than the lower 18 

(upper) limit of its two-sigma level. In total 161 extreme cases such as the coldest (52) and 19 

warmest (30) TCPT and the highest (57) and lowest (22) HCPT are observed. The coldest 20 

(187.2±1.60 K, 17.3±0.52 km), warmest (194.2±1.78 K, 16.9±0.89 km), lowest (191.7±1.78 K, 21 

18.2±0.55 km) and highest (191.8±2.11 K, 16.2±0.38 km) occurs without preference of season. 22 

These extreme tropopause cases occur independently. Thermal structure of the coldest 23 

tropopause cases reveals that they are often sharper whereas the warmest, highest and lowest 24 

tropopause are broader. Water vapor and ozone concentrations are found to be high for the 25 

warmest tropopause and low for the coldest tropopause. Under the shallow convection, extreme 26 

temperature profiles, in general, show prominent warming between 8-14 km while anomalous 27 

cooling (warming) just below (above) the CPT. The occurrence of the tropical cyclones, cirrus 28 

clouds and equatorial wave propagation are the possible candidates for the occurrence of the 29 

extreme tropopauses.  30 

Plain Language Summary 31 

On day-to-day scale, cold point tropopause (CPT) height (HCPT) and temperature (TCPT) 32 

sometimes varies extremely which is generally ignored partly due to its rare occurrence and 33 

partly due to complex UTLS processes. The long-term observations of the radiosonde data 34 

provided us with an opportunity to collect the sufficient number of extreme tropopause cases 35 
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identified as the cases falling outside the two-sigma level of climatological mean tropopause 36 

over the period 2006-2014.. In contrary to generally accepted concept that the tropopause is 37 

higher and colder during northern winter and lower and warmer tropopause during northern 38 

summer, finding from this report indicate that the higher tropopause may not be always colder 39 

one and lower tropopause may not be always warmer one. Four different class of the thermal 40 

structure of the tropopause exist in the tropical atmosphere which is classified based on the 41 

occurrence of the colder, warmer, higher and lower tropopause. Possible mechanisms responsible 42 

for such extreme variabilities such as equatorial wave propagation, deep convection, water vapor 43 

and ozone transport are examined. 44 

1 Introduction 45 

The tropospheric temperature is maintained by convective and radiative (e.g., water vapor 46 

cooling) processes while the stratospheric temperature is mainly driven by radiative processes 47 

(e.g., ozone heating). Thus, tropopause as the boundary between troposphere and stratosphere 48 

forms in response to achieve the radiative-convective equilibrium. Though tropopause acts as a 49 

lid on the troposphere and hence provides a physical barrier for the stratosphere-troposphere 50 

exchange (STE) process (Holton et al., 1995) it is the gateway for the stratospheric water vapor. 51 

Dynamical processes such as deep convection (thunderstorms and cyclonic activities), planetary 52 

wave propagation, sudden stratospheric warmings (SSW) not only promote STE processes but 53 

also causes extreme tropopause variabilities. However, how extreme are these processes and how 54 

extremely the tropopause respond to them, is not known.  The tropopause may be extremely cold, 55 

warm, high and low. For example, the formation of the coldest tropopause has a direct bearing to 56 

the low water vapor in the lower stratosphere and hence it controls the stratospheric chemistry by 57 

protecting the ozone destructions (Fueglistaler et al., 2009).   58 
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Observations of the temperature profiles in the upper troposphere and lower stratosphere 59 

(UTLS) region reveal a variety of structures such as broad tropopause, sharp tropopause and 60 

multiple tropopauses. Spatial variability of the tropopause indicates that the broader tropopause 61 

mainly occurs over the region of the subsidence and they are generally warmer (Kim & Son, 62 

2012; Schmidt et al., 2004; Seidel et al., 2001). Whereas sharper and colder tropopause generally 63 

occurred over the region of the active convection center. Multiple tropopauses form due to 64 

planetary wave activities, circus clouds occurrence and horizontal advection (Añel et al., 2008; 65 

Mehta et al., 2011; Reid & Gage, 1996). Several studies have been carried out on the variability 66 

of the tropopause on different time scales ranging from the diurnal scale (hourly variations) to 67 

long-term variations linking to various atmospheric processes such as non-migrating tides for 68 

diurnal variabilities, convection and planetary wave activities for sub-daily and day to day 69 

variations, tropospheric convection and stratospheric Brewer-Dobson circulation for seasonal 70 

and annual variations, quasi-biennial oscillations (QBO), El Nino Southern Oscillation (ENSO) 71 

solar cycle and volcanic activities for interannual variabilities and increase in greenhouse gases 72 

for long-term variabilities. The cold point tropopause (CPT) temperature changes ~ ±0.5 K due 73 

to QBO (Randel et al., 2003; Schmidt et al., 2004). 74 

Convection plays a dominant role in the tropopause variability. Generally, the tropopause 75 

found to be at lower altitude during deep convection events (Mehta et al., 2010; Muhsin et al., 76 

2018). However, during the overshooting convection tropopause can occur at extremely high 77 

altitude and moist air can even intrude into the lower stratosphere. These rare convective 78 

overshoots followed by strong downdraft can weaken the stability of the TTL region (Kumar, 79 

2006). Such stratospheric intrusions leave the signature of high ozone concentrations and low 80 

relative humidity. 81 
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  Several studies have been carried out on the tropical tropopause using high-resolution 82 

radiosonde data (Jain et al., 2011; Mehta et al., 2010; Sunilkumar et al., 2013), reanalysis data 83 

(Highwood & Hoskins, 1998; Randel et al., 2000) and satellite measurement (J. Kim & Son, 84 

2012; Mehta, Ratnam, & Krishna Murthy, 2011; Ratnam et al., 2005). By using the Radiosonde 85 

data, Sunilkumar et al. (2013) shown that the negative correlation between the CPT temperature 86 

and height indicate that it is mainly dominated by the stratospheric process while positive 87 

correlation means the CPT is dominated by the surface or tropospheric process (Shepherd, 2002).  88 

Thus, variability in the cold point is found to explain much of the variability in lower-89 

stratospheric water vapor concentrations (Fueglistaler & Haynes, 2005; Gettelman et al., 2010). 90 

In tropics, convection is the prime factor which modulates the tropopause, together with, Kelvin 91 

waves planetary scales and Rossby waves also could modulate the tropopause (Jain et al., 2006; 92 

Matsuno, 1966) and the trace gases which is entering to lower stratosphere is mainly controlled 93 

by the modifying the height and structure of tropopause (Fueglistaler & Haynes, 2005). Jain et al, 94 

(2010) reported that the extreme low cold point tropopause (CPT) temperatures (≤ 191 K) are 95 

often observed during the monsoon season over the Bay of Bengal (BOB) and adjoining areas. 96 

Borsche et al. (2007) reported that the observational evidence of extremely cold tropopause 97 

temperatures about -100
o
C, however, meteorological condition behind such extreme cold 98 

tropopause is not known completely.  99 

On day-to-day scale, CPT height (HCPT) and temperature (TCPT) sometimes varies 100 

extremely which have been ignored due to its rare occurrence and due to complex UTLS 101 

processes. The complexity arises due to interlinked physical, chemical and dynamical processes. 102 

In this paper, we have attempted to examine the extreme variation of the CPT using regular 103 

radiosonde launches at 17:00 IST over Gadanki (13.5
o
N, 79.2

o
E) during 2006-2014. The 104 
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plausible roles of the convection, radiative heating due to water vapor and ozone, and equatorial 105 

wave propagation is explored to link the occurrence of the extreme tropopause.  Data analysis 106 

and methodology are given in section 2. In section 3 results are presented and finally and 107 

discussion and conclusions are provided in section 4.  108 

2 Database 109 

2.1 GPS Radiosonde data 110 

We have used high-resolution GPS radiosonde data observed regularly almost every day at 111 

~1700 IST (IST = UT + 0530 h) during 18 April 2006 – November 2014 over Gadanki (13.5
o
N, 112 

79.2
o
E), a tropical station, located at 375 m above mean sea level. In total 2487 radiosonde 113 

soundings are available with major data gaps during April – May 2007, March 2011, December 114 

2012, January – February 2013 and April 2013 due to some technical reasons. Out of which 42 115 

are rejected either due to balloon burst height below the tropopause and due to bad data quality. 116 

Remaining 2445 profiles of temperature are utilized to obtain the CPT temperature (TCPT) and 117 

height (HCPT). More details about radiosonde can be found in Mehta et al. (2010); (Mehta, 118 

Ratnam, & Murthy, 2011).  119 

2.2 Infrared Brightness Temperature (TBB) data 120 

To investigate the role of deep convection on the extreme variability of the tropopause we have 121 

used globally merged Infrared Brightness Temperature (TBB) observation obtained from 122 

national weather service Climate Prediction Centre, NOAA. This is Globally-merged, having the 123 

full-resolution up to ~4 km IR data formed from the ~11-micron IR channels aboard the GMS-5, 124 

GOES-8, Goes-10, Meteosat-7 and Meteosat-5 geostationary satellites. The TBB data is 125 

available with a time resolution of one hour and spatial resolution of 0.03˚ × 0.03˚ latitude –126 

longitude. For our purpose, we have averaged the TBB data into 0.5˚× 0.5˚ (latitude-longitude) 127 
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centred to Gadanki and within ±1 and half hours of 1700 IST. The cloud top height (CTH) 128 

obtained as the altitude equivalent to TBB from the corresponding radiosonde temperature 129 

profiles for each extreme tropopause cases.    130 

2.3 Microwave Limb Sounding (MLS) data 131 

MLS of the Earth Observing System (EOS) on-board NASA’s EOS Aura satellite is operational 132 

since August 2004. Aura-MLS provides high-resolution data from the ground to about 90 km. We 133 

have obtained the water vapor (H2O) and ozone (O3) profiles within 1-degree latitude-longitude 134 

around Gadanki using Microwave Limb Sounder (MLS) during 2006-2014. Water vapour profiles 135 

were retrieved from the radiance measurements of ~ 190 GHz rotational line and available between 136 

pressure levels 316 hPa to 0.02 hPa. The ozone profiles were retrieved from the radiance 137 

measurements of ~ 240 GHz and available between pressure levels 261 hPa to 0.02 hPa. In this study 138 

water and ozone profiles between the pressure level, 150-60 hPa is obtained on the days of extreme 139 

tropopause events.  140 

3 Results  141 

3.1 Identification of the extreme tropopause variability 142 

Figure 1 shows the day-to-day variations of the TCPT (Fig 1a) and HCPT (Fig 1b) along 143 

with 30-point running mean over the period 2006–2014. Both TCPT and HCPT clearly shows 144 

annual cycles with colder and higher CPT during NH winter and warmer and lower CPT during 145 

NH summer. However, the annual cycle in HCPT is better characterized when compared to TCPT 146 

and hence their relationship is not exactly linear one (Mehta, Ratnam, & Murthy, 2011; Reid & 147 

Gage, 1996). The HCPT and TCPT are weakly anti-correlated (–0.30) significant at 95% confidence 148 

level. The correlation (–0.45) slightly improves by removing or smoothing high-frequency 149 

variabilities. It indicates that these high-frequency variabilities occur without preference of the 150 
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season. It is observed that TCPT and HCPT though represent the same parameter appears to be 151 

governed by different processes. Within the seasonal variations, CPT shows high-frequency 152 

variabilities which are mainly known to be due to day-to-day weather fluctuations (Mehta et al., 153 

2010), planetary wave activities (Tsuda et al., 1994) and stratosphere-troposphere exchange 154 

processes. The interannual variations in CPT are mainly governed by the QBO and ENSO. 155 

However, in this study, we focus on the extreme variabilities within the seasonal variations.  156 

 157 
 Figure 1. Timeseries of the daily variation of the  (a) CPT–T and (b) CPT–H observed over Gadanki during 2006-158 

2014. Heavy solid curve represents the 30–point running mean.  159 

 160 

We obtained the climatological monthly mean, 1σ (standard deviation), 2σ and 3σ 161 

variations of the TCPT and HCPT for the years 2006−2014 as shown in Figure 2. On day-to day 162 

basis, CPT over Gadanki varies extremely.  HCPT is found to be as low as ~15.5 km and as high 163 

as ~19.5 km whereas TCPT is cold as ~183 K and as warm as ~196 K several times.  However, 164 

most of studies present climatology of the CPT as mean and ±1σ (Mehta et al., 2010; Seidel et al., 165 

2001) which generally does not represent these extreme variations. We have obtained the 166 

probability distributions of the TCPT, HCPT, 𝛥TCPT and 𝛥HCPT where 𝛥 represents the day-to-day 167 
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difference (tendency) as shown in Fig 3. It is interesting to note that these distributions are nearly 168 

Gaussian type. It is to be noted that, over the subtropics, the distribution of the tropopause height 169 

and temperature are bimodal with peaks at ∼12 km and ∼16 km due to the influence of the 170 

subtropical jet (STJ) (Pan et al., 2004) indicating the frequent occurrence of the multiple 171 

tropopauses. Whereas over Gadanki the normal distribution of the TCPT and HCPT indicate that 172 

the frequent occurrence of the sharp tropopause and less occurrence of the multiple tropopauses 173 

and broad tropopause.   174 

 175 
 176 

Figure 2. The daily variations of the (a) CPT–T and (b) CPT–H for each individual years between 2006–2014 along 177 

with their monthly mean (μ) and one, two and three standard deviations (σ) over the period 2006-2014.  178 
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 179 

As mentioned earlier, we have 2445 observations of the TCPT and HCPT over the period 180 

2006–2014. Out of which about 67%, 95% and 99.7% of the variabilities fall within ±1σ, ±2σ 181 

and ±3σ respectively. There is a clear peak (mode) in the TCPT (190.5 K) and HCPT (17.3 km) 182 

which closely coincides with their mean TCPT and HCPT, respectively (see Table 1). Thus, 67% of 183 

the TCPT and HCPT ranges from 188.6 K to 192.6 K and 16.6 km to 17.9 km, respectively. About 184 

28% of the TCPT ranges ~185.4–190.2 K and ~191.6–195.9 K while HCPT ranges ~15.7–17.1 km 185 

and ~17.1 – 18.9 km. Remaining 5% varies extremely with TCPT < 188.5 K, TCPT > 195.9 K, 186 

HCPT < 16.5 km and HCPT >17.6 km, we termed them as the coldest, warmest, lowest and highest 187 

tropopause, respectively. Over Gadanki, the distribution of the 𝛥TCPT reveals that TCPT fluctuates 188 

within ±2 K for ~67% cases, between ±2 K and ±4 K for ~28% cases and greater (less) than 4 K 189 

(–4K) for ~ 5% cases on day-to-day basis (Fig 3c). Similarly, the distribution of 𝛥HCPT reveals 190 

that HCPT fluctuates within ~ ±0.7 km for ~ 67% cases, between ±0.7 km and ±1.4 km for ~28% 191 

cases and greater (less) than 1.4 km (–1.4 km) for ~ 5% cases on a day to basis (Fig 3d). Thus, 192 

those cases when HCPT (TCPT) increases or decreases by 1.4 km (4 K) are regards as extreme 193 

cases. In other words, those TCPT and HCPT which vary more than the values 2σ form their 194 

climatological monthly mean are termed as extreme cases. That is the extreme variability in the 195 

TCPT and HCPT are identified based on the 2σ departure from their climatological monthly mean. 196 

Climatological monthly mean TCPT and HCPT are represented as µTCPT and µHCPT, respectively 197 

and their standard deviations as σTCPT and σHCPT, respectively. Thus, coldest (warmest) 198 

tropopause is defined as TCPT is lesser (greater) than µTCPT−2σTCPT (µTCPT+2σTCPT).  Similarly, 199 

the highest (lowest) tropopause is defined as HCPT is greater (lesser) than µHCPT−2σHCPT 200 

(µHCPT−2σHCPT). 201 
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3.2 Temporal distributions and occurrence of the extreme tropopauses  202 

In total 161 extreme cases of the CPT are found over the period 2006-2014 which are 203 

used for further analysis. Out of which 52, 30, 57, and 22 cases are found as the coldest, warmest, 204 

highest and lowest tropopauses, respectively. To understand the behavior of the temperature 205 

structure neighborhood to the extreme tropopauses, we have juxtaposed the temporal occurrences 206 

of the extreme tropopauses over the time-height section of the temperature anomalies between 207 

altitudes 14-20 km for the period 2006-2014 are shown in Figure 4. For clarity, we have also 208 

plotted the temporal distribution of the extreme HCPT and TCPT separately as shown in the 209 

Supplementary Figures S1 and S2. It is clear that the coldest and highest tropopauses are 210 

distributed throughout the season and not preferably in the northern hemisphere (NH) winter 211 

(DJF) season. Similarly, the warmest and lowest tropopauses occur randomly in all the seasons 212 

and not preferably in the NH summer (JJA) season. It is also evident that the coldest and highest 213 

tropopauses occur independently. That is the coldest tropopause are not the highest one and vice 214 

versa. Similarly, the warmest and lowest tropopauses also occur independently except for 4 cases.  215 
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 216 
 217 

 218 

 219 

Figure 3. Probability distribution of the daily values of the  (a) TCPT, (b) HCPT, (c) 𝛥TCPT and (d) 220 

𝛥HCPT along with μ ± σ, μ ± 2σ and μ ± 3σ lines indicated as horizontal dashed lines observed 221 

over Gadanki during 2006-2014. 𝛥TCPT and 𝛥HCPT represents the daily difference.  222 

 223 

The number of occurrences of the coldest, warmest, highest and lowest tropopauses, their 224 

mean and standard deviation during different seasons is shown in Figure 5. Overall, the 225 

occurrence of extreme cases is minimum during NH winter and maximum during NH summer 226 

season. It indicates that the extreme cases occur throughout the year and without any preference 227 

to season. It is interesting to note that the coldest tropopause occurs more frequently during NH 228 

summer season and not in NH winter season. It supports the earlier finding that coldest 229 

tropopause occurs more frequently during NH spring and summer season over the Indian 230 

monsoon region (Jain et al., 2006; Newell & Gould-Stewart, 1981). The lowest tropopause 231 

occurs more frequently during NH winter season when compared to NH summer season.  232 
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However, though tropopause is higher and colder during NH winter, highest tropopause 233 

frequently occurs during NH summer. During summer monsoon season deep convection 234 

frequently occurs over this location which could be a possible reason for the frequent occurrence 235 

of the highest tropopause during this season.  However, as tropopause is lower and warmer 236 

during NH summer season, the warmest tropopause also occurs more frequently during this 237 

season.  238 

The seasonal mean of the coldest tropopause TCPT varies from 185.1±1.1 K (in DJF) to 239 

187.1±0.7 K (in JJA) and their corresponding HCPT from 17.0±0.25 km (in JJA) to 17.5±0.53 km 240 

(in DJF). The coldest tropopause TCPT shows a similar seasonal structure as the climatological 241 

mean TCPT (190-192K). However, the TCPT of the coldest case is always colder by about 4-5 K 242 

from the climatological mean tropopause TCPT throughout the season. The HCPT for the coldest 243 

case also shows a similar seasonal structure as the overall monthly mean (16.8-17.5 km). 244 

However, HCPT of the coldest case occurs at the same altitude of the climatological mean HCPT. 245 

Thus, it indicates that the coldest tropopause needs not necessarily represent the highest 246 

tropopause.  247 
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 248 
 249 

Figure 4. (a)-(i) Time height sections of the temperature perturbation between 14 km and 20 km embedded 250 

with the extreme (Coldest, Warmest, Highest, Lowest) CPT altitude for the period 2006-2014, respectively 251 

 252 

The scatter plot between coldest TCPT and their corresponding HCPT (Figure 6a) shows 253 

that there are only three cases of the coldest tropopause which occur above 18 km. Among them, 254 

the extremely coldest tropopause (TCPT =182.8 K, HCPT =18.6 km) occurred on 11 February 2012 255 

(Supplementary Figure S3a). The majority of the coldest tropopauses are ranging between 16.5 256 
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km to 17.5 km. It can be seen that the coldest tropopause even occurs as low as at ~ 16.5 km 257 

which has TCPT < 188 K.  The TCPT for the coldest cases is always colder than 191 K suggesting 258 

entry of drier air into the stratosphere over Gandaki. About half of the total observations TCPT 259 

remains colder than ~ 191 K indicating that the entry of water vapor into the stratosphere with 260 

mixing ratio less than 3.0 ppmv (Figure 3). The TCPT and corresponding HCPT for the coldest 261 

tropopause are moderately anticorrelated (r = -0.53) significant at 95% confidence level (Fig. 6a).  262 

 263 
Figure 5. Season-wise (a) occurrence of CPT (b) mean and SD of the CPT-T and (c) mean and SD of the CPT-H for 264 

the coldest, warmest, higest and lowest cases observed during 2006-2014.  265 

 266 

Similarly, the seasonal mean TCPT for the warmest case varies from 194.4±0.54 K (in 267 

MAM) to 196.1±0.9 K (in JJA) and their corresponding HCPT varies between 16.7 ±0.45 km (in 268 

MAM) to 17.3±0.76 km (in DJF) throughout the year. The TCPT for the warmest case is warmer 269 

by 4-5 K from the climatological mean tropopause. The scatter plot between TCPT and their 270 

corresponding HCPT (Figure 6b) shows that the warmest tropopauses are seen to occur at about ~ 271 
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18 km several times. It indicates that these warmest tropopauses though occurring at higher 272 

heights need not be necessarily the coldest tropopause. The typical warmest tropopause (HCPT 273 

=16.2 km, TCPT =194.8 K) is observed on 23 January 2014. In general, the warmest tropopause 274 

TCPT and HCPT
 
show insignificant anti-correlation (r = -0.37). 275 

 276 
 277 

Figure 6. Scatter plot between CPT-H and CPT-T for the (a) coldest, (b) warmest, (c) highest and (d) lowest cases.   278 

 279 

The seasonal mean HCPT for the highest tropopause ranges from 18.1±0.15 km (SON) and 280 

19.17±0.4 km (DJF) and their corresponding mean TCPT varies between 190.6±1.5 K (in MAM) 281 

to 192.3±1.3 K (in SON). The HCPT for the highest case is higher by ~ 1.0 - 1.7 km from the 282 

climatological mean tropopause.  From the scatter plot, it can be seen that only a few highest 283 

tropopauses are colder than 191 K. The typical highest tropopause (HCPT =19.4 km, TCPT =192.3 284 

K) is observed on 02 February 2007.  Similar to the warmest tropopause, TCPT and HCPT for the 285 
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highest tropopause case are insignificantly correlated (r = -0.28). In this case, TCPT has poor 286 

seasonal structure when compared to HCPT.  287 

The seasonal mean HCPT for the lowest tropopause ranges from 15.5±0.14 km (JJA) and 288 

16.19±0.14 km (MAM) and their corresponding mean TCPT varies between 191.7±0.83 K (in 289 

DJF) to 195.1±2.5 K (in JJA). The HCPT for the lowest case is lower by ~ 1.0 - 1.3 km from the 290 

climatological mean tropopause. Even though lowest tropopauses are occurring at a lower 291 

altitude, there are several cases when they attain temperature less than 191 K. One such typical 292 

(most) lowest tropopause (HCPT =15.4 km, TCPT =196.9 K) is observed on 26 July 2010 293 

(Supplementary Fig S3d). This typical temperature profile also shows the secondary tropopause 294 

(HCPT =17.4 km, TCPT =197 K) ~2 km above the coldest tropopause. Over Gadanki, in general, 295 

we have observed that the lowest tropopauses are associated with double tropopause (Mehta et 296 

al., 2011).   297 

Thus, the temporal distributions of the extreme tropopauses reveal that they occur 298 

independently except a few. That is the coldest CPT needs not to be the highest CPT and vice 299 

versa and the warmest CPT needs not to be the lowest CPT and vice-versa. The correlation 300 

between TCPT and HCPT
 
of the extreme tropopauses shows negative correlation indicating that 301 

they broadly agree with ‘higher and colder’ and ‘lower and warmer’ tropopause characteristics, 302 

however, not always. The overall monthly variation of the coldest and lowest tropopause shows 303 

higher and colder during NH winter and lower and warmer during NH summer season 304 

(Supplementary Figure S4) resulting into TCPT and HCPT are anti-correlated. Whereas for the 305 

warmest and highest tropopause TCPT and HCPT are not significantly anti-correlated. For the 306 

warmest case, TCPT becomes colder and warmer during NH winter and summer, respectively, but 307 

not the HCPT which shows uniform variation throughout the year (Supplementary Figure S4). 308 
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Similarly, for the highest tropopause case, HCPT is higher during NH winter and lower during NH 309 

summer seasons but TCPT has very poor seasonal variation and appears roughly uniform 310 

throughout the year (Supplementary Figure S4).  311 

Mehta et al., (2011) have investigated the minimum and maximum CPT altitudes calculated for 312 

each grid box using COSMIC GPS RO data, and their global distribution (within ±30° latitude) 313 

during different seasons. They observed that the CPT altitude has a large variation ranging from 314 

15 km to 19 km. The minimum CPT altitude ranges from 15-16.4 km and maximum CPT 315 

altitude ranges from 17-18.6 km. These minimum and maximum CPT altitudes are similar to the 316 

lowest and highest tropopause, respectively.    317 

3.3 Mean thermal structure of the extreme tropopause 318 

 We have segregated all the temperature profiles between 12 and 22 km for the coldest, 319 

warmest, highest and lowest cases and obtained their mean profiles as shown in Figure 7. The 320 

mean temperature of these extreme cases reveals that their thermal structures are distinct. It is 321 

interesting to note that individual extreme temperature profiles under different extreme cases 322 

possess similar thermal structures. For the coldest cases, the tropopauses are sharper while the 323 

rest of other cases is border. Again, these broader cases are different among themselves. For the 324 

warmest tropopause cases, the temperature between ~16 km to 18.5 km is nearly constant 325 

( 
𝒅𝑻

𝒅𝒛
≅ 𝟎). For the highest tropopause cases, the temperature between ~ 16 km to 18.5 km slightly 326 

decreases ( 
𝒅𝑻

𝒅𝒛
< 𝟎). For the lowest tropopause cases, the temperature increases ( 

𝒅𝑻

𝒅𝒛
> 𝟎) slowly 327 

(i.e., having very small lapse rate) with an altitude between ~ 16 km to 18.5 km. Figure 5e shows 328 

the comparison of the mean thermal structure of these extreme cases which reveals a tropopause 329 

region bounded by the lowest mean tropopauses at ~ 16 km as lower boundary and highest mean 330 

tropopause at ~ 18.5 km as the upper boundary. It is the region within which thermal structure is 331 
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mostly perturbed in a well-defined way whose occurrence results into large day to day variation 332 

in the tropopause. About one km below and above this tropopause region, all these extreme 333 

tropopause temperature profiles represent about the same mean structure.   334 

 335 
Figure 7. All individual and their mean temperature profiles observed for the (a) coldest, (b) warmest, (c) highest, 336 

and (d) lowest. (e) Represents the thermal structure for different extreme cases.   337 

 338 

Supplementary Figure S5 presents the mean and SD of the temperature, height and 339 

sharpness for the coldest, warmest, highest and lowest tropopause cases. As mentioned earlier, 340 

the coldest tropopause means temperature is ~186.1±1.1 K much colder than the threshold 341 

temperature (191 K) required for the freeze-drying of air enters into the lower stratosphere. Such 342 

coldest tropopause would result in the extreme dryness of the lower stratosphere as originally 343 

explained by Dobson et al. (1946) and Brewer (1949). The coldest tropopauses height 344 
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(17.30±0.47 km) occurs nearly at the same height where NH winter tropopause (17.5±0.5 km) is 345 

commonly formed. These coldest tropopauses are generally sharper (7.83±1.73 ×10
-4

s
-2

).  346 

3.4 Ozone and water vapor Variability during extreme days 347 

In a case study, Takashima et al. (2010) observed extremely low temperatures near the 348 

tropical tropopause associated with the minimum water vapor and higher frequency of cirrus 349 

clouds occurrence. The annual minimum for tropopause height in July and August is 350 

accompanied by the warmest tropopause temperatures, which implies higher saturation mixing 351 

ratios for water vapor and higher temperature thresholds for the formation of ice particles for this 352 

season. To understand the role of the ozone and water vapor on the extreme tropopauses, we 353 

have collected the MLS data closest to the Gadanki for the extreme days during 2006-2014. In 354 

total 26 ozone and water vapor profiles are found on the extreme tropopause cases.  355 

 356 
Figure 8 same as Figure 7 but observed water vapor profiles. Vertical coordination in hPa.  357 
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 358 

Figure 8 shows all the water vapor profiles and their corresponding means between 359 

pressure levels 130 hPa to 60 hPa for the coldest, warmest, highest and lowest tropopause cases. 360 

It is interesting to note that the vertical structures of the water vapor for each individual extreme 361 

tropopause cases are similar. These extreme cases though similar have the similar vertical 362 

structure they show large variability. The water vapor is found to be minimum between 120-80 363 

hPa for the coldest tropopause cases and maximum for the warmest tropopause cases. The water 364 

vapor at 100 hPa is 2.7, 4.6, 3.5, and 3.6 ppmv for the coldest, warmest, highest and lowest 365 

tropopause cases, respectively.   366 

 367 
Figure 9 Same as Figure 7 but observed for ozone profile. Vertical coordination in hPa.  368 

 369 

Figure 9 shows all the ozone profiles and their corresponding mean between 130 hPa and 370 

60 hPa for the coldest, warmest, highest and lowest tropopauses. Although we have a very 371 
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limited number of ozone observations, the distinct structure of ozone profiles suggests that ozone 372 

plays a significant role in the occurrence of extreme tropopause and its day-to-day variability. It 373 

is well known that the ozone absorbs UV radiation and radiatively warm the stratosphere. As 374 

expected, for the warmest tropopause cases ozone concentrations are found to be more when 375 

compared to the coldest tropopause. It means that the warmest tropopause occurs with high 376 

ozone concentrations in the lower stratosphere while the coldest tropopause occurs with low 377 

ozone concentrations in the lower stratosphere. The inset picture shows the variability of the 378 

ozone peak with extreme tropopause cases. It is interesting to observe the higher ozone 379 

concentrations for the warmest and highest tropopauses when compared coldest and lowest 380 

tropopauses. The possible link between extreme tropopauses and ozone peak variability cannot 381 

fully be ascertained with this limited dataset and needs to be investigated in details.  382 

3.5 Role of convection  383 

It is well known that the convection plays an important role in the modification of the tropical 384 

tropopause structure (Muhsin et al., 2018; Sherwood et al., 2003). Muhsin et al. (2018) have 385 

examined the role of the different types of the convection on the variation of the tropical 386 

tropopause parameters over Gandaki and reported that HCPT lowers with the increase in 387 

convective strength from shallow to deep convection. We have performed the similar analysis to 388 

examine the role of convection on the occurrence of the extreme tropopauses using the IRBT 389 

data over the period 2006-2014 following Meenu et al. (2010) and segregated all the extreme 390 

tropopauses and the corresponding temperature profiles based on the different types of the 391 

convective clouds occurring at different altitudes. For the clear sky, IRBT>280K corresponds to 392 

cloud top altitude (HCCT)< 2 km. For convective clouds (HCCT > 2km), the IRBT thresholds are 393 

considered as (i) 280 – 270 K corresponding to HCCT = 2 – 5 km, (ii) 270 – 245 K corresponding 394 
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to HCCT = 5 – 8 km (iii) 245– 235 K corresponding to HCCT = 8 – 10 km, (iv) 235 – 220 K 395 

corresponding to HCCT = 10 – 12 km, and (v) <220 K corresponding to HCCT > 12 km.   396 

 397 
Figure 10. (a) Distribution of the occurrence of the extreme tropopauses for the clear sky (<2 km) and convective 398 

clouds with top between 2 and 5 km, 5 and 8 km, 8 and 10 km and 10-12 km. (b-c) The mean and one standard 399 

deviation of the TCPT and HCPT for the extreme tropopause under the clear sky, convective clouds with top between 2 400 

and 5 km and 5 and 8 km. (d) Vertical profiles of temperature anomaly (subtracted by clear sky temperature 401 

profiles) of  convective top between 5 and 8 km. Horizontal dashed lines indicates the HCPT for the respective 402 

extreme tropopauses.  403 

 404 

Figure 10a shows the distributions of the clear sky and convective days for the extreme 405 

tropopause cases. Out of 161 extreme cases, 71 days are falling under clear sky days while 90 406 

cases for the convective days. Out of 90 convective days, 30, 51, 8 and 1 days are observed for 407 

HCCT = 2 – 5 km, 5 – 8 km, 8 – 10 km and 10 –12 km, respectively. Figures 10 b-c shows the 408 

mean and standard deviation of the TCPT and HCPT for the clear sky (HCCT < 2 km), HCCT = 2 – 5 409 
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km, and HCCT =5 – 8 km cases. Other convective cases are not shown due to the inadequate 410 

number of observations. Out of 30 (51) HCCT = 2 – 5 km (HCCT = 5 – 8 km) cases, 11 (21), 7(9), 411 

9(15), and 3(7) are observed for the coldest, warmest, highest and lowest tropopauses, 412 

respectively. Under very shallow convective clouds (HCCT = 2 – 5 km), extreme TCPT do not 413 

show any significant change relative to clear sky condition. However, HCPT for the coldest, 414 

warmest and highest tropopauses lower relative to clear sky condition. For the lowest tropopause, 415 

HCPT becomes higher relative to clear sky condition. For the shallow convective clouds (HCCT = 5 416 

– 8 km), coldest tropopause becomes warmer by ~ 1.5 K and lower by ~0.5 km relative to clear 417 

sky condition. While the TCPT remains unchanged and HCPT lowers by 0.7 km for the warmest 418 

case, both TCPT and HCPT remain unchanged for the highest cases, and TCPT becomes colder by ~ 419 

1.7 K and HCPT remain unchanged for the lowest case relative to clear sky condition. 420 

Figure 10d shows the difference between the shallow convective temperature profiles and the 421 

clear sky temperature profile. We observed prominent warming of ~ 2 K between 8-14 km above 422 

the cloud top, cooling ~ 2 K just below the CPT (in the tropical tropopause layer) and warming ~ 423 

4K at ~ 18 km just above the CPT in the lower stratosphere for the coldest tropopause case. 424 

Similar nature is also observed for the warmest and highest tropopauses cases however with 425 

smaller magnitudes. The anomalous warming above the cloud top is known due to the latent heat 426 

release from convective clouds (Houze Jr, 2004) as a direct response of convection while 427 

anomalous cooling (warming) just below (above) CPT could be an indirect response to 428 

convection (Gettelman & Birner, 2007; Johnson & Kriete, 1982; Muhsin et al., 2018; Paulik & 429 

Birner, 2012; Randel et al., 2003). The extreme tropopause temperature profiles show cooling 430 

below the CPT i.e in the tropical tropopause layer region (H. Kim & Dessler, 2004) which could 431 
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be either due to convective detrainment and turbulent mixing (Sherwood et al., 2003) or due to 432 

radiative cooling caused by reduction of longwave radiation (Webster & Stephens, 1980).  433 

3.6 Role of equatorial wave in the extreme variability  434 

Equatorial wave propagations in the tropopause region significantly modulate the tropical 435 

tropopause structure (Boehm & Verlinde, 2000; Munchak & Pan, 2014; Tsuda et al., 1994). 436 

These waves can modulate the TCPT up to 8 K and HCPT up to its vertical wavelength ~ 4 km 437 

(Boehm & Verlinde, 2000) which tropopause cause the tropopause to vary extremely. Several 438 

times extreme tropopause is associated with warm and cold temperature anomalies as mentioned 439 

in Fig 4. The role of the equatorial wave on the extreme variation of the tropopause is 440 

demonstrated by taking one such event of temperature anomalies associated with occurrence the 441 

coldest and lowest CPT observed during January- March 2012 as shown in Figure 11. 442 

 443 
Figure 11. (a) Time height section of the contour plot of the temperature anomalies during January to March 2012 444 

superimposed with HCPT. (b) Time series of temperature anomalies averaged between 16 km and 17 km and HCPT. 445 

(c) wavelet spectrum of temperature (in terms of power) at 16-17 km during January to March 2012. White curve in 446 

(c) represents the cone of influence.  447 
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 448 

 During this period the HCPT shows sinusoidal pattern indicating the wave propagation. There are 449 

seven coldest tropopause cases occurred during this period. Among them, extremely coldest 450 

tropopause with TCPT 
~
182.8 K and HCPT ~ 18.6 km is observed on 11 February 2012(See 451 

Supplement Fig S3a). It is known that Kelvin wave amplitudes maximize near the tropopause 452 

which sometimes modifies the tropopause structure significantly with the coldest tropopause 453 

(Ratnam et al., 2006). The downward shift in the temperature anomalies and HCPT can be clearly 454 

noticed particularly on 2
nd

 week of February to March 2012 indicating the influence of 455 

downward phase propagating waves. In order to examine the role of equatorial planetary-scale 456 

waves, the time series of temperature averaged between 16 km and 17 km is subjected to spectral 457 

analyses (Morlet wavelet) to obtain the dominant wave periods and the times of their 458 

occurrences. For this analysis, we have subtracted the January- March months mean temperature 459 

profile from individual temperature profiles to obtain the fluctuation component which is 460 

subjected to wavelet analysis. It is seen that waves with periods 10-20 days are significant from 461 

15 February to 10 March 2012. The dominant periods within the cone of influence are only 462 

considered in order to avoid edge effects. To ascertain the nature of these waves, the amplitude 463 

and phase of the dominant wave periods in temperature and zonal wind during January-March 464 

2012 for a 10-day period. It is observed that the amplitudes in temperature and zonal wind in the 465 

altitude range 15-20 km are ~1.0 K and 2-3 m/s, respectively (Figure is not shown). The phase 466 

shows clear downward propagation (upward propagating wave) with temperature phase leading 467 

the zonal wind phase indicating the Kelvin wave propagation (Mehta et al., 2013). Since Kelvin 468 

wave amplitudes are seen maximum near the tropopause, hence they can sometimes modify the 469 
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tropopause structure significantly with the coldest tropopause. Such coldest tropopause may 470 

occur due to the vertically propagating Kelvin wave (Tsuda et al., 1994).  471 

4 Discussion and Conclusions 472 

The regular observations of high-resolution GPS radiosonde launching over a tropical location, 473 

Gadanki, in the Indian monsoon region is used here to demonstrate the extreme variability of the 474 

tropical tropopause. Within the seasonal variations, CPT shows high-frequency variabilities 475 

which are mainly known to be due to day-to-day weather fluctuations, planetary wave activities 476 

and stratosphere-troposphere exchange processes(Holton et al., 1995; Mehta et al., 2010; Tsuda 477 

et al., 1994). The one sigma variation of the TCPT (HCPT) is ~ 2.0 K (0.66 km) over Gadanki, 478 

however, TCPT (HCPT) becomes extremely cold or warm (high or low) by ~4 K (1.32 km) from its 479 

mean temperature ~190.6 K (height ~ 17.21 km) for the significant number of times. The long-480 

term observations of the radiosonde data provided us with an opportunity to collect the sufficient 481 

number of extreme tropopause cases identified as the cases falling outside the two-sigma level of 482 

climatological mean tropopause over the period 2006-2014. Over Gadanki, the probability 483 

distribution of the TCPT and HCPT
 
is nearly Gaussian. The coldest (warmest) tropopause is defined 484 

if TCPT is lesser (greater) than the lower (upper) limit of its two-sigma level whereas the highest 485 

(lowest) tropopause is defined as the HCPT is greater (lesser) than the lower (upper) limit of its 486 

two-sigma level. The extreme tropopause cases are found to be about 5% (161) of the total data 487 

over the period 2006-2014. Out of which 52, 30, 57, and 22 cases are found as the coldest, 488 

warmest, highest and lowest tropopauses, respectively. Though these cases of the tropopause 489 

play a significant role in the tropopause variability they considered as rare or outliers and remain 490 

ignored.  491 
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Based on the seasonal variation, the tropopause is defined as the colder and higher 492 

tropopause during NH winter and warmer and lower tropopause during NH summer (Seidel et 493 

al., 2001). However, our finding here demonstrates that the coldest and highest (warmest and 494 

lowest) tropopauses occur throughout the year and not only during NH winter (summer) season. 495 

The occurrence of the coldest and highest tropopause is more frequent during NH summer and 496 

not during the NH winter due to frequent occurrence of the deep convection during the former 497 

season (Newell & Gould-Stewart, 1981). These extreme cases occur independently; that is 498 

coldest (warmest) one need not be necessarily the highest (lowest) and vice versa. Our 499 

observation shows that these extreme tropopause cases have a unique vertical structure. The 500 

distinct thermal structures of the mean temperature profiles of these extreme cases reveal that the 501 

coldest tropopause is sharper while warmest, highest and lowest tropopauses are border 502 

characterized as unique lapse rate between ~16 km to 18.5 km which are nearly equal to zero, 503 

greater than zero and lesser than zero, respectively.   504 

The possible mechanisms for the occurrence of the extreme tropopause cases such as 505 

deep convection, propagation of the equatorial wave, stratosphere-troposphere exchange 506 

processes and the occurrence of the cirrus clouds. Extreme variations in the tropopause altitude 507 

may have a direct bearing on the energy source for the stratospheric motions, the exchange of 508 

water vapor and ozone between troposphere and stratosphere (Holton, 1982). Our observation of 509 

high abundance of the water vapor and ozone concentrations for the warmest tropopause and low 510 

water vapor and ozone concentrations for the coldest tropopause indicating its possible role in 511 

modulating the thermal structure of the tropopause radiatively. However, the role radiative 512 

effects on the temperature and the tropopause variation due to water vapor and ozone are not 513 

easy to quantify as they are associated with the deep convection events. It is well known that the 514 
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transport of the tropospheric water vapor into the UTLS, as well as the intrusion of the ozone 515 

rich air to upper troposphere, are mainly associated with deep convection events.  516 

The role of the convection on the tropical tropopause is well known and it is found HCPT 517 

lowers with an increase in convective strength from shallow to deep convection (Muhsin et al., 518 

2018). Under the shallow convection, extreme temperature profiles, in general, show prominent 519 

warming (~ 2 K) between 8-14 km due to the latent heat release from convective clouds as a 520 

direct response of convection while anomalous cooling (~2 K) just below the CPT and warming 521 

(~ 4 K) just above the CPT could be an indirect response to convection (Johnson and Kriete 522 

1982; Randel and Wu, 2003). Over the period 2006-2014, there were two tropical cyclones 523 

namely Thane and Nilam through Gadanki during 25-31 October 2011 and 28 October - 01 524 

November 2012 (Das et al., 2016; Venkat Ratnam et al., 2016). During Nilam cyclone the 525 

coldest TCPT (~186 K) on 31 October 2012 was observed over Gadanki.   526 

Over Gadanki, Ali et al. (2020) observed that tropopause cirrus warms the CPT by ~ 1.2 527 

K which indicates that the extreme tropopause may also result due to radiative effects from the 528 

cirrus clouds  (Fu et al., 2018; Hartmann et al., 2001). We have used simultaneous observations 529 

of the radiosonde and CALIPSO over the same period, however, only two, one, two and three 530 

cases are observed for the coldest, warmest, highest and lowest tropopauses, respectively, in the 531 

presence of the cirrus clouds indicating that sometimes extreme tropopauses may occur due to 532 

cirrus clouds. Finally, we examined the role of the equatorial wave in the occurrence of the 533 

extreme tropopauses and found that they can sometimes modify the tropopause structure 534 

significantly.    535 

The following are the main findings on the extreme variability of the tropical tropopause 536 
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1. The probability distribution of the TCPT and HCPT follow nearly Gaussian curve which 537 

indicates that 5% of the total behaves extremely with TCPT < 188.5 K, TCPT > 195.9 K, 538 

HCPT < 16.5 km and HCPT >17.6 km, defined as the coldest, lowest and highest tropopause, 539 

respectively.  540 

2. The extreme tropopauses are distributed throughout the season and occur randomly in all 541 

the seasons. The coldest and highest tropopauses occur independently (i.e., the coldest 542 

tropopause is not the highest one and vice versa). Similarly, the warmest and lowest 543 

tropopauses also occur independently except for a few cases.  544 

3. The occurrence of the extreme tropopauses shows the seasonal variation with minimum 545 

occurrence during NH winter and maximum occurrence during NH summer season. 546 

4. The TCPT and HCPT for the extreme cases show similar seasonal variation as the 547 

climatological mean TCPT and HCPT, respectively. However, the TCPT of the coldest 548 

(warmest) case is always colder (warmer) by about 4-5 K from the climatological mean 549 

tropopause throughout the season. The HCPT for the highest (lowest) case is higher 550 

(lower) by ~ 1.0 - 1.7 km (~ 1.0 - 1.3 km) from the climatological mean tropopause.   551 

5. The individual extreme temperature profiles under different extreme cases possess similar 552 

thermal structures. For the coldest cases, the tropopauses are sharper while rest of other 553 

cases is border. These broader tropopauses cases are different among themselves. For the 554 

warmest, highest and lowest tropopause cases the temperature between ~16 km to 18.5 555 

km is nearly constant ( 
𝑑𝑇

𝑑𝑧
≅ 0), slightly decreases ( 

𝑑𝑇

𝑑𝑧
< 0) and gradually increases 556 

( 
𝑑𝑇

𝑑𝑧
> 0), respectively.  557 

6. The water vapor profiles and their corresponding mean between pressure levels 130 hPa 558 

to 60 hPa each extreme tropopause cases are similar and showing a large variability with 559 
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maximum (minimum) water vapor for the warmest (coldest) tropopause cases.  Ozone 560 

concentrations for the warmest tropopauses are found to be more when compared to the 561 

coldest tropopauses.   562 

7. Convection plays an important role in the occurrence of the extreme tropopause cases, 563 

especially for the coldest tropopause. Under very shallow convective clouds (HCCT = 2 – 564 

5 km), extreme TCPT though does not show any significant change relative to clear sky 565 

condition. For the shallow convective clouds (HCCT = 5 – 8 km), coldest tropopause 566 

becomes warmer by ~ 1.5 K and lower by ~0.5 km relative to clear sky condition. 567 

 568 
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