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Abstract
The extreme variability of the tropical tropopause may serve as an important factor in understanding the critical conditions 
of dynamical and radiative coupling between the troposphere and stratosphere. The extreme variability of the cold point 
tropopause (CPT) temperature  (TCPT) and height  (HCPT) are examined over a tropical station, Gadanki (13.45° N, 79.2° E), 
using high-resolution radiosonde data during 2006–2014. We identified the extremely cold, warm, high, and low tropo-
pauses. The extremely cold (warm) tropopause is defined as the  TCPT lesser (greater) than the lower (upper) limit of the two 
standard deviations of its climatological monthly mean. While the extremely high (low) tropopause is defined as the  HCPT 
greater (lesser) than the upper (lower) limit of the two standard deviations of its climatological monthly mean. In total, 161 
cases comprising extremely cold (52), warm (30), high (57), and low (22) are observed. The extremely cold (187.2 ± 1.60 K, 
17.3 ± 0.52 km), warm (194.2 ± 1.78 K, 16.9 ± 0.89 km), high (191.7 ± 1.78 K, 18.2 ± 0.55 km), and low (191.8 ± 2.11 K, 
16.2 ± 0.38 km) tropopauses occur without preference of season. However, these extreme tropopause cases occur indepen-
dently and show distinct thermal structures. The thermal structures of the extremely cold tropopause cases are often sharper, 
whereas the extremely warm, high, and low tropopause cases are broader. Water vapor and ozone concentrations are found 
to be high for the extremely warm tropopause and low for the extremely cold tropopause. Under the shallow convection, 
extreme temperature profiles, in general, show prominent warming between 8 and 14 km while anomalous cooling (warming) 
just below (above) the CPT. Plausible mechanisms responsible for extreme tropopause variabilities such as deep convection, 
equatorial wave propagation, transports of water vapor and ozone, and potential vorticity intrusions are examined.
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1 Introduction

The tropospheric temperature is maintained by convective 
and radiative (e.g., water vapor cooling) processes, while 
radiative processes (e.g., ozone heating) drive the strato-
spheric temperature. Thus, tropopause as the boundary 
between troposphere and stratosphere forms in response 
to achieve the radiative-convective equilibrium. Over the 
tropics, the simple temperature minimum (or “cold point”) 
in the troposphere distinctly marks the tropopause is called 
the cold point tropopause (CPT) (Selkirk 1993). Though 

tropopause acts as a lid on the troposphere and provides a 
physical barrier for the stratosphere-troposphere exchange 
(STE) process (Holton et al. 1995), it is the gateway for most 
of the stratospheric water vapor. Dynamical processes such 
as deep convection (thunderstorms and cyclonic activities), 
planetary wave propagation, sudden stratospheric warm-
ings (SSW) not only promote STE processes but also causes 
extreme tropopause variabilities. However, the extremeness 
of these processes and their effects on tropical tropopause 
are not known entirely yet. The tropical tropopause may 
be extremely cold, warm, high, and low. For example, the 
occurrence of the coldest tropopause may have a direct bear-
ing on the low concentrations of stratospheric water vapor. 
Hence, it controls the stratospheric chemistry by protecting 
the ozone destruction (Fueglistaler et al. 2009).

Observations of the temperature profiles in the upper 
troposphere and lower stratosphere (UTLS) region reveal 
various thermal structures such as broader, sharper, and 

 * Sanjay Kumar Mehta 
 ksanjaym@gmail.com

1 Research Institute/Atmospheric Observations and Modelling 
Laboratory, Department of Physics, SRM Institute 
of Science and Technology, Kattankulathur, Chennai, 
Tamil Nadu, India

http://orcid.org/0000-0003-1439-7910
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-022-06264-7&domain=pdf


2930 V. Annamalai, S. K. Mehta 

1 3

multiple tropopauses. The broader tropopause mainly occurs 
over the subsidence region and is generally warmer (Kim 
and Son 2012; Schmidt et al. 2004; Seidel et al. 2001). 
Whereas sharper and colder tropopauses typically occurs 
over the regions of the active convection centers. Multiple 
tropopauses form due to planetary wave activities, circus 
cloud occurrence, and horizontal advection (Añel et al. 
2008; Mehta et al. 2011a; Reid and Gage 1996). Tropical 
tropopause varies on different time scales ranging from the 
diurnal (hourly variations) to long-term scales. Such large 
temporal variations of the tropical tropopause are linked to 
various atmospheric processes. Non-migrating tides, convec-
tion, and planetary wave activities explain the diurnal, sub-
daily, and day-to-day variations of the tropical tropopause 
(Jain et al. 2006; Matsuno 1966; Mehta et al. 2010; Norton 
2006; Randel and Wu 2005; Reid and Gage 1996; Satheesan 
and Murthy 2005; Tsuda et al. 1994; Yamamoto et al. 2003). 
Tropospheric convection and stratospheric Brewer-Dobson 
circulation explain the seasonal and annual variations (Reid 
and Gage 1996; Son et al. 2011). While quasi-biennial oscil-
lations (QBO), El Nino Southern Oscillation (ENSO), solar 
cycle, and volcanic activities are responsible for the inter-
annual variabilities of the tropical tropopause (Seidel et al. 
2001). Anthropogenic activities such as increased green-
house gases are connected to long-term variabilities of the 
tropical tropopause (Wang et al. 2012).

Several studies on the tropical tropopause have been car-
ried out using high-resolution radiosonde data (Jain 2011; 
Mehta et al. 2010; Sunilkumar et al. 2013), reanalysis data 
(Highwood and Hoskins 1998; Randel et al. 2000), and 
satellite measurements (Kim and Son 2012; Mehta et al. 
2011a; Ratnam et al. 2005). These studies emphasized that 
convection plays a dominant role in the tropical tropopause 
variability. During the convection, the environmental lapse 
rate decreases from the surface to the mid-troposphere while 
increases in the cloud layer and the temperature reaches a 
minimum near the cloud-top height in the upper troposphere 
resulting in a secondary tropopause (Biondi et al. 2012; Shi 
et al. 2017). The secondary tropopause forms when deep 
convection does not reach the CPT. Note that the tropopause 
cools and the lower stratosphere warms when convection 
is nonpenetrative (Xian and Fu 2015). Generally, tropical 
tropopause forms at a lower altitude during deep convection 
events (Mehta et al. 2010; Muhsin et al. 2018). However, 
tropical tropopause can occur at extremely high altitudes 
during the overshooting convection, and moist air can even 
intrude into the lower stratosphere. These rare convective 
overshoots followed by strong downdrafts can weaken 
the stability of the tropical tropopause layer (TTL) region 
(Kumar 2006). The overshooting convection is characterized 
by warm anomalies in the mid-troposphere, cold anoma-
lies at the CPT, and lower stratosphere. Such stratospheric 

intrusions leave the signature of high ozone concentrations 
and low relative humidity.

The convective systems are also known to be important 
processes for the extremely cold tropopause (Jain et al. 
2010). Such coldest tropopause could result from convective 
overshoot followed by irreversible mixing (Danielsen 1982; 
Kim and Dessler 2004) or diabatic cooling by convective 
systems (Sherwood et al. 2003). The relative locations of 
the deep convections and extremely cold tropopause could 
be important in determining the entry of the tropospheric air 
into the lower stratosphere (Jain et al. 2010; Kim et al. 2018; 
Pommereau and Held 2007). The wave activities associated 
with convection and strong background horizontal wind 
(e.g., tropical easterly jet stream) may lead to the spatial 
distribution of the extremely cold tropopause over substan-
tial distances (Bhat 2003; Kuang and Bretherton 2004). For 
example, Jain et al. (2010) reported that the extremely cold 
CPT temperatures (≤ 191 K) are often observed during the 
monsoon season over the Bay of Bengal (BOB) and adjoin-
ing areas. Borsche et al. (2007) have reported the obser-
vational evidence that extremely cold tropical tropopauses 
reach about − 100 °C and indicated the need for examining 
the meteorological condition behind such extreme cold tropi-
cal tropopauses.

The tropical convection can also be triggered due to 
potential vorticity (PV) intrusion associated with SSW 
events (Dixon et al. 2012; Kodera 2006; Resmi et al. 2013). 
Such PV intrusions can bring ozone-rich stratospheric air 
into the upper troposphere (Waugh and Polvani 2000). Over 
Gadanki, Nath et al. (2013) observed a strong PV intrusion 
during the SSW event during 2009. The tropical tropopause 
cooling was observed in association with convection fol-
lowing the SSW event 2009 (Yoshida and Yamazaki 2011). 
Resmi et al. (2013) examined several major SSW events and 
found that cooling becomes intense with the peak phase of 
SSW. Recently, Roy et al. (2021) examined the intrusion of 
the ozone-rich air during El-Niño over the Indian region 
and found an anomalous cooling due to the transport of 
extratropical cold air that offset the heating due to enhanced 
ozone. Thus, the coupling between tropical convection and 
stratospheric events might profoundly impact the extreme 
variation of the CPT.

Mehta et al. (2010) reported that the correlation between 
CPT temperature and height degrades from seasonal to day-
to-day scales due to dominance of the short time scales pro-
cesses such as cold or hot air advection, stratospheric air 
entrainment, and cirrus clouds formation. Sunilkumar et al. 
(2013) also observed a poor negative correlation or positive 
correlation between the monthly mean CPT temperature and 
height, mainly over the off-equatorial region where the sur-
face or tropospheric process (Shepherd 2002) is very strong, 
especially during the Asian summer monsoon season. 
They suggested the combined effects of the dynamics and 
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radiation are responsible for such a poor negative correlation 
between CPT height and temperature. Thus, the knowledge 
of the extreme variability in the tropical tropopause will 
be useful to understand the STE processes and associated 
radiative balance of the UTLS as well as global circulation 
(Fueglistaler and Haynes 2005; Gettelman, 2010).

On a day-to-day scale, CPT height and temperature some-
times vary extremely. However, it has been ignored partly 
due to its rare occurrence and partly due to complex UTLS 
processes. The complexity arises due to interlinked physi-
cal, chemical, and dynamical processes. In this paper, we 
have attempted to examine the extreme variation of the CPT 
using regular radiosonde data at 17:00 IST over Gadanki 
(13.5oN, 79.2oE) during 2006–2014. The objectives of the 
present study are to (1) define the extreme tropopause cases 
occurring during different seasons, (2) examine the thermal 
structures of the extreme tropopauses, and (3) explore the 
plausible roles of the convection, PV intrusion, radiative 
heating due to water vapor and ozone, and equatorial wave 
propagation in the occurrence of the extremely cold, warm, 
high and low tropopause cases. Section 2 describes the data 
and methodology, and results are presented in Sect. 3, fol-
lowed by discussions in Sect. 4. Results are summarized in 
Sect. 5.

2  Data and methodology

2.1  GPS Radiosonde data

We have used high-resolution GPS radiosonde (Väisälä 
RS-80, Väisälä RS-92, and Meisei RD-06G) tempera-
ture data regularly observed almost every day at ~ 17:00 
IST (Indian Standard Time (IST) = Universal Time 
(UT) + 05:30 h) during 18 April 2006–November 2014 
over Gadanki (13.5°N, 79.2°E), a tropical station, located 
at 375 m above mean sea level. The uncertainties in tem-
perature retrieved from different receivers are less than 0.5 K 
(Kizu 2018; Vömel et al. 2007). The temperature profiles are 
collected with an altitude resolution of 25–30 m (sampled at 
5 s intervals) from RS‐80 (April 2006 to March 2007) and 
10 m (sampled at 2 s intervals) from RS‐92 (17 July 2006 to 
31 August 2006) and Meisei (May 2007 to November 2014) 
radiosondes. The entire data with different altitude resolu-
tions (10 m and 25–30 m) is uniformly gridded to 100 m alti-
tude resolution. Quality checks are then applied to remove 
any outliers or very high-frequency fluctuations arising due 
to various reasons such as random motions of the balloons to 
ensure high quality in the data (Mehta et al. 2011a). In total, 
2487 radiosonde soundings are available with major data 
gaps during December 2006, April–May 2007, March 2011, 
December 2012, January–February 2013, and April 2013 
due to some technical reasons. Out of which, 42 are rejected 

either due to balloon burst height below the tropopause or 
due to bad data quality. The remaining 2445 profiles of tem-
perature are utilized to obtain the minimum temperature and 
corresponding altitude which are represented as the CPT 
temperature  (TCPT) and height  (HCPT).

2.2  Infrared brightness temperature (IRBT) data

To investigate the role of deep convection on the extreme 
variability of the tropopause, we have used globally merged 
IRBT data obtained from the national weather service Cli-
mate Prediction Centre, NOAA. IRBT data is a globally-
merged, full-resolution (up to ~ 4 km) IR data formed from 
the ~ 11 μm IR channels aboard the GMS-5, GOES-8, Goes-
10, Meteosat-7, and Meteosat-5 geostationary satellites. The 
IRBT data is available with a time resolution of one hour and 
spatial resolution of 0.03˚ × 0.03˚ latitude –longitude. In this 
study, we have averaged the IRBT data into 0.5˚ × 0.5˚ (lat-
itude-longitude) centered to Gadanki and within ± 1.5 h of 
17:00 IST. The convective cloud top height  (HCCT ) for each 
extreme tropopause case is obtained from the corresponding 
radiosonde temperature profiles as the altitude equivalent to 
averaged IRBT.

2.3  Microwave limb sounder (MLS) data

MLS of the Earth Observing System (EOS) on-board 
NASA’s EOS Aura satellite is operational since August 
2004. Aura-MLS provides high-resolution data from the 
ground to about 90 km.

MLS crosses Gadanki, nearly ~ 13.35 N and ~ 77–80 E 
at the local solar time 01:40 am/pm on every 16-day cycle. 
We collected the MLS water vapor  (H2O) and ozone  (O3) 
profiles data on the days of extreme tropopause cases over 
the period 2006–2014. Note that radiosonde data is available 
at Gadanki at ~ 17:30 IST while MLS data at ~ 13:40 IST and 
01:30 IST on the matching date. Water vapor profiles were 
retrieved from the radiance measurements of ~ 190 GHz 
rotational line and are available from the pressure levels 
316 hPa to 0.02 hPa. The ozone profiles were retrieved from 
the radiance measurements of ~ 240 GHz and are available 
from the pressure levels 261 hPa to 0.02 hPa. In this study, 
water vapor and ozone profiles between the pressure levels 
150 hPa and 60 hPa (~ 13.5–20.0 km) is obtained on the days 
of extreme tropopause events. The MLS water vapor and 
ozone pressure levels are converted to height levels using 
the Barometric equation.

2.4  ERA5 data

To examine the role of the Rossby wave breaking, we 
employed the potential vorticity (PV) data from the fifth 
generation of atmospheric reanalysis of European Centre 
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for Medium Range Weather Forecast (ECMWF) (ERA5; 
Hersbach et al. 2020) available at 37 pressure levels and the 
spatial resolution of 0.25° × 0.25°. The PV data is collected 
at 12 UTC (17:30 IST) within ± 0.25-degree latitude- longi-
tude around Gadanki for the period 2006–2014. The pressure 
levels are converted to height levels using the Barometric 
equation.

3  Results

3.1  Identification of the extreme tropopause 
variability

Figure 1a shows the daily radiosonde observations and their 
maximum altitude coverage. Almost 99% of the sonde bursts 
above the tropopause altitude (~ 15–20 km on day-to-day 
scales), and 90% have crossed the altitude 20 km out of the 
total launchings (excluding the data gaps) over Gadanki dur-
ing 2006–2014 as mentioned earlier. These sondes are uti-
lized to study the day-to-day variations of the  TCPT (Fig. 1b) 
and  HCPT (Fig. 1c) over 2006–2014. The 30-point running 
means of the  TCPT and  HCPT are also shown. Both  TCPT and 
 HCPT clearly show annual cycles with colder and higher CPT 
during the northern hemisphere (NH) winter (DJF) season 
and warmer and lower CPT during the NH summer (JJA) 
season. However, the annual cycle in  HCPT is better char-
acterized when compared to  TCPT; hence, their relationship 

is not exactly a linear one (Mehta et al. 2011b; Reid and 
Gage 1996). The  HCPT and  TCPT are weakly anti-correlated 
(− 0.30) significant at a 95% confidence level. The correla-
tion (− 0.45) slightly improves by removing or smoothing 
high-frequency variabilities. It indicates that these high-fre-
quency variabilities occur without preference of the season. 
It is observed that  TCPT and  HCPT, though they characterize 
the same tropopause, may get affected differently by differ-
ent atmospheric processes especially on the day-to-day scale. 
For example, very deep convection may push the tropopause 
and it may become higher and colder. However, subsidence 
following convection may lead to ozone transport which can 
radiatively warm the tropopause without changing its height.

We obtained the climatological monthly mean, 1σ (stand-
ard deviation), 2σ and 3σ variations of the  TCPT and  HCPT 
for 2006−2014, as shown in Fig. 2. On a day-to-day basis, 
CPT over Gadanki varies extremely.  HCPT is found to be as 
low as ~ 15.5 km and as high as ~ 19.5 km, whereas  TCPT is as 
cold as ~ 183 K and as warm as ~ 196 K several times. How-
ever, most of the studies present the climatology of the CPT 
as mean and ± 1σ (Mehta et al. 2010; Seidel et al. 2001), 
which generally does not represent these extreme variations. 
We have obtained the probability distributions of the  TCPT, 
 HCPT, ΔTCPT and ΔHCPT where Δ represents the day-to-day 
forward difference (tendency) as shown in Fig. 3. It is inter-
esting to note that these distributions are nearly Gaussian 
type. It is to be noted that, over the subtropics, the distribu-
tion of the tropopause height and temperature is bimodal 

Fig. 1  Timeseries of the daily 
a radiosonde observations and 
its maximum height coverage, 
variation of the b  TCPT and c 
 HCPT observed over Gadanki 
during 2006–2014. The heavy 
solid curves in the lower panels 
(b, c) represent the 30–point 
running mean
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Fig. 2  The day-to-day variations 
of the a  TCPT and b  HCPT from 
Januray to Decemeber overplot-
ted for each year between 2006 
and 2014. Their climatological 
monthly means (μ) and one, two 
and three standard deviations 
(σ) over the period 2006–2014 
are superimposed on therm

Fig. 3  Probability distribution of the day-to-day values of the a  TCPT, 
b  HCPT, c Δ  TCPT and d Δ  HCPT along with μ ± σ, μ ± 2σ and μ ± 3σ 
lines indicated as horizontal dashed lines observed over Gadanki dur-

ing 2006–2014. Δ  TCPT and Δ  HCPT represent their day-to-day differ-
ence where Δ represent the forward difference
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(peaks at ∼12 km and ∼16 km) due to the frequent occur-
rence of the multiple tropopauses associated with the sub-
tropical jet (STJ) (Pan et al. 2004). Whereas over Gadanki, 
the normal distributions of the  TCPT and  HCPT suggest that 
sharper tropopause occurs more frequently than the multiple 
and broader tropopauses. 

As mentioned earlier, we have 2445 observations of 
the  TCPT and  HCPT over 2006–2014. Out of which about 
67%, 95% and 99.7% of the data fall within ± 1σ, ± 2σ, 
and ± 3σ respectively. There is a clear peak (mode) in the 
 TCPT (190.5 K) and  HCPT (17.3 km), which closely coin-
cides with their mean  TCPT and  HCPT, respectively (see 
supplementary Table S1). Thus, 67% of the  TCPT and  HCPT 
ranges from 188.6 K to 192.6 K and 16.6 km to 17.9 km, 
respectively. About 28% of the  TCPT ranges ~ 185.4–190.2 K 
and ~ 191.6–195.9 K, while  HCPT ranges ~ 15.7–17.1 km 
and ~ 17.1–18.9 km. The remaining 5% varies extremely 
with  TCPT < 188.5  K,  TCPT > 195.9  K,  HCPT < 16.5  km, 
and  HCPT > 17.6 km. We termed them as the extremely 
cold, warm, low, and high tropopauses, respectively. Over 
Gadanki, the distribution of the ΔTCPT reveals that  TCPT fluc-
tuates within ± 2 K for ~ 67% cases, between ± 2 K and ± 4 K 
for ~ 28% cases and greater (less) than 4 K (– 4 K) for ~ 5% 
cases on a day-to-day basis (Fig. 3c). Similarly, the distribu-
tion of ΔHCPT reveals that  HCPT fluctuates within ~  ± 0.7 km 
for ~ 67% cases, between ± 0.7 km and ± 1.4 km for ~ 28% 
cases and greater (less) than 1.4 km (− 1.4 km) for ~ 5% 
cases on a day to basis (Fig. 3d). Thus, when  HCPT  (TCPT) 
increases or decreases by 1.4 km (4 K), those cases are 
regarded as extreme cases. In other words, those  TCPT and 
 HCPT which vary more than the values 2σ from their clima-
tological monthly mean are termed as extreme cases. The 
extreme variability in the  TCPT and  HCPT are identified based 
on the 2σ departure from their climatological monthly mean. 
Climatological monthly mean  TCPT and  HCPT are represented 
as µTCPT and µHCPT, respectively and their standard devia-
tions as σTCPT and σHCPT, respectively. Thus, extremely cold 
(warm) tropopause, defined as  TCPT is lesser (greater) than 
its climatological monthly mean minus (plus) two standard 
deviations i.e., µTCPT−2σTCPT (µTCPT+2σTCPT). Similarly, 
the extremely low (high) tropopause defined as  HCPT is 
lesser (greater) than its climatological monthly mean minus 
(plus) two standard deviations i.e., µHCPT−2σHCPT (µHCPT 
+ 2σHCPT).

3.2  Temporal distributions and occurrence 
of the extreme tropopauses

In total, 161 extreme cases of the CPT are found over the 
period 2006–2014, which are utilized for further analy-
sis. Out of which 52, 30, 57, and 22 cases are found as the 
extremely cold, warm, high, and low tropopauses, respec-
tively. To understand the behavior of the temperature 

structure neighborhood to the extreme tropopauses, we have 
juxtaposed them over the time-height section of the tempera-
ture anomalies between altitudes 14–20 km for 2006–2014, 
as shown in Fig. 4. For clarity, we have also plotted the tem-
poral distribution of the extreme  HCPT and  TCPT separately, 
as shown in Supplementary Fig. S1 and S2, respectively. 
It is clear that the extremely cold and high tropopauses are 
distributed throughout the season and not preferably in the 
NH winter season. Similarly, the extremely warm and low 
tropopauses occur randomly in all seasons, not preferably in 
the NH summer season. It is also evident that the extremely 
cold and high tropopauses arise independently. That is, the 
extremely cold tropopause is not the extremely high one and 
vice versa. Similarly, the extremely warm and low tropo-
pauses also occur independently except for 4 cases.

The number of occurrences of the extremely cold, warm, 
high and low tropopauses, their mean and standard devia-
tion during different seasons is shown in Fig. 5. Overall, the 
occurrence of extreme cases is minimum during winter and 
maximum during the NH summer season. It indicates that 
the extreme cases occur throughout the year and without 
any preference to season. Interestingly, the extremely cold 
tropopause occurs more frequently during the NH summer 
season than in the NH winter season. It supports the earlier 
finding that the extremely cold tropopause occurs more fre-
quently during the NH spring (MAM) and summer season 
over the Indian monsoon region (Jain et al. 2006; Newell 
and Gould-Stewart 1981). The extremely low tropopause 
occurs more frequently during the NH winter season when 
compared to the NH summer season. Though tropopause 
is higher and colder during NH winter, the extremely high 
tropopause frequently occurs during NH summer. During the 
summer monsoon season, deep convection frequently occurs 
over this location which could be a possible reason for the 
frequent occurrence of the extremely high tropopause during 
this season. However, as the tropopause is lower and warmer 
during the summer season, the extremely warm tropopause 
also occurs more frequently.

The seasonal mean  TCPT of the extremely cold cases 
(Fig. 5b) varies from 185.1 ± 1.1 K (in DJF) to 187.1 ± 0.7 K 
(in JJA) and their corresponding  HCPT (Fig. 5c) varies from 
17.0 ± 0.25 km (in JJA) to 17.5 ± 0.53 km (in DJF). The  TCPT 
for the extremely cold cases shows a similar seasonal struc-
ture as the climatological mean  TCPT (190–192 K). However, 
 TCPT of the extremely cold cases are always colder by about 
4–5 K from the climatological mean  TCPT throughout the 
season. The  HCPT for the extremely cold cases also show 
a similar seasonal structure as the overall monthly mean 
(16.8–17.5 km). However,  HCPT of the extremely cold cases 
occur at the same altitude as the climatological mean  HCPT. 
Thus, it indicates that the extremely cold tropopause needs 
not necessarily represent the extremely high tropopause 
(Fig. 5).
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The scatter plot between the extremely cold  TCPT, and 
their corresponding  HCPT (Fig. 6a) shows that only three 
extremely cold tropopauses occur above 18 km. Out of them, 
the coldest tropopause  (TCPT = 182.8 K,  HCPT = 18.6 km) 
is occurred on 11 February 2012 (Supplementary Fig. S3a). 
The majority of the extremely cold tropopauses are rang-
ing between 16.5 km to 17.5 km. It can be seen that the 
extremely cold tropopause even occurs as low as ~ 16.5 km 
with  TCPT < 188 K. The  TCPT for the extremely cold cases are 
always colder than 191 K suggesting entry of drier air into 
the stratosphere over Gandaki. Note that for about half of the 
total observations,  TCPT remains colder than ~ 191 K (Fig. 3) 
which indicates that the entry of water vapor into the strato-
sphere with a mixing ratio less than 3.0 ppmv. The  TCPT 

and corresponding  HCPT for the extremely cold cases are 
moderately anti-correlated (r = − 0.53), significant at a 95% 
confidence level (Fig. 6a). Note that if top three extremely 
cold cases (shown encircled) are excluded,  TCPT and  HCPT 
for the remaining 49 cases are insignificantly anti-correlated 
(− 0.33).

Similarly, the seasonal mean  TCPT (Fig.  5b) for the 
extremely warm cases vary from 194.4 ± 0.54 K (in MAM) 
to 196.1 ± 0.9 K (in JJA), and their corresponding  HCPT 
(Fig. 5c) varies between 16.7 ± 0.45 km (in MAM) and 
17.3 ± 0.76 km (in DJF). The  TCPT for the extremely warm 
cases are warmer by 4–5 K from the climatological mean 
 TCPT. The scatter plot between  TCPT, and their corresponding 
 HCPT (Fig. 6b) shows that the extremely warm tropopauses 

Fig. 4  a–i Time height sections 
of the temperature perturbation 
between 14 and 20 km embed-
ded with the  HCPT for extremely 
cold, warm, high, and low 
tropopause cases over the period 
2006–2014, respectively
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are seen to occur at about ~ 18 km several times. It indicates 
that these extremely warm tropopauses, though occurring 

at higher altitudes, need not necessarily be the colder 
one. The typical warmest tropopause  (HCPT = 16.2  km, 

Fig. 5  Season-wise a occur-
rence of CPT b mean and stand-
ard deviation of the  TCPT and 
c mean and standard deviation 
of the  HCPT for the extremely 
cold, warm, high, and low cases 
observed during 2006–2014

Fig. 6  Scatter plot between 
 HCPT and  TCPT for the extremely 
a cold, b warm, c high, and d 
low cases
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 TCPT = 194.8 K) is observed on 23 January 2014 (Supple-
mentary Figure S3b). In general, for the extremely warm 
tropopause cases,  TCPT and  HCPT show insignificant anti-
correlation (r = − 0.37).

The seasonal mean  HCPT (Fig.  5c) for the extremely 
high tropopause ranges from 18.1 ± 0.15 km (in SON) to 
19.17 ± 0.4 km (in DJF), and their corresponding mean 
 TCPT (Fig. 5b) varies between 190.6 ± 1.5 K (in MAM) and 
192.3 ± 1.3 K (in SON). The  HCPT for the extremely high 
case is higher by ~ 1.0–1.7 km from the climatological mean 
tropopause. From the scatter plot (Fig. 6c), it can be seen 
that only a few extremely high tropopauses are colder than 
191 K. The typical highest tropopause  (HCPT = 19.4 km, 
 TCPT = 192.3 K) is observed on 02 February 2007. Similar 
to the extremely warm tropopause cases,  TCPT and  HCPT for 
the extremely high tropopause cases are insignificantly anti-
correlated (r = − 0.28). In this case,  TCPT has a poor seasonal 
structure when compared to  HCPT.

The seasonal mean  HCPT (Fig.  5c) for the extremely 
low tropopause ranges from 15.5 ± 0.14  km (JJA) and 
16.19 ± 0.14 km (MAM), and their corresponding mean 
 TCPT (Fig. 5b) varies between 191.7 ± 0.83 K (in DJF) to 
195.1 ± 2.5 K (in JJA). The  HCPT for the extremely low 
cases are lower by ~ 1.0—1.3 km from the climatologi-
cal mean tropopause. Though the extremely low tropo-
pauses occur at a lower altitude,  TCPT attains lesser than 
191 K on several occasions (Fig. 6d). The typical lowest 
tropopause  (HCPT = 15.4 km,  TCPT = 196.9 K) is observed 
on 26 July 2010 (Supplementary Fig S3d). This typi-
cal temperature profile also shows the secondary tropo-
pause  (HCPT = 17.4 km,  TCPT = 197 K) ~ 2 km above the 
CPT. Over Gadanki, in general, we have observed that the 
extremely low tropopauses are associated with double tropo-
pause (Mehta et al. 2011a, b). The  TCPT and corresponding 
 HCPT for the extremely low cases is highly anti-correlated 
(r = − 0.75), significant at a 95% confidence level (Fig. 6d). 
Note that if top three extremely low cases (shown encircled) 
are excluded,  TCPT and  HCPT for the remaining 19 cases are 
insignificantly anti-correlated (− 0.37).

Thus, the temporal distributions of the extreme tropo-
pauses reveal that they occur independently except for a few. 
The extremely cold CPT needs not to be the extremely high 
CPT and vice versa, and the extremely warm CPT needs not 
to be the extremely low CPT and vice-versa. The poor nega-
tive correlation between  TCPT and  HCPT of the extreme tropo-
pauses indicates that they do not always agree with ‘higher 
and colder’ and ‘lower and warmer’ tropopause character-
istics. The month-wise variation of the extremely cold and 
low tropopauses shows that they are not always higher and 
colder during NH winter and lower and warmer during NH 
summer season (Supplementary Fig. S4), resulting in poor 
anti-correlated between  TCPT and  HCPT. For the extremely 
warm cases,  TCPT becomes colder and warmer during NH 

winter and summer, respectively. However, not the  HCPT, 
which shows uniform variation throughout the year (Supple-
mentary Fig. S4), resulting in insignificant anti-correlation 
between  TCPT and  HCPT. Similarly, for the extremely high 
tropopause case,  HCPT is higher and lower during NH win-
ter and summer seasons, respectively. However,  TCPT has 
very poor seasonal variation and appears roughly uniform 
throughout the year (Supplementary Fig. S4) resulting in 
insignificant anti-correlation between  TCPT and  HCPT.

Mehta et al. (2011a, b) have investigated the minimum 
and maximum CPT altitudes calculated for each grid box 
using COSMIC GPS RO data and their global distribution 
over the tropics during different seasons. They observed that 
the CPT altitude has a large variation ranging from 15 to 
19 km. The minimum CPT altitude ranges from 15–16.4 km, 
and the maximum CPT altitude ranges from 17 to 18.6 km. 
These minimum and maximum CPT altitudes indicate that 
the frequent occurrence of the extremely low and high tropo-
pauses over the tropical region, respectively.

3.3  Mean thermal structure of the extreme 
tropopause

We have segregated all the temperature profiles between 12 
and 22 km for the extremely cold, warm, high, and low cases 
and obtained their mean profiles as shown in Fig. 7. We have 
also shown these extremely cold, warm, high, and low cases 
on the potential temperature surfaces between 350 and 
500 K in the supplementary Fig. S5. The mean temperatures 
of these extreme cases reveal that their thermal structures 
are distinct. It is interesting to note that individual extreme 
temperature profiles under different extreme cases possess 
similar thermal structures. For the extremely cold cases, the 
tropopauses are sharper, while the rest of the cases is the 
border. Again, these broader cases are different among them-
selves. For the extremely warm tropopause cases, the tem-
perature between ~ 16 km and 18.5 km is nearly constant 
( dT
dz

≅ 0 ). For the extremely high tropopause cases, the tem-
perature between ~ 16 km and 18.5 km slightly decreases 
( dT
dz

< 0 ). For the extremely low tropopause cases, the tem-
perature increases ( dT

dz
> 0 ) slowly (i.e., having a very low 

lapse rate) with an altitude between ~ 16  km to 
18.5 km (Fig. 7a–d). Figure 7e compares the mean thermal 
structure of these extreme cases. It reveals a tropopause 
region bounded by the mean tropopause at ~ 16 km (as the 
lower boundary) and the mean tropopause at ~ 18.5 km (as 
the upper boundary) i.e., the between the potential sur-
face ~ 363 K to 403 K, respectively. The mean tropopause 
height obtained from the individual profiles for different 
extreme cases varies from ~ 16 km to ~ 18.5 km. Note that 
the mean tropopause obtained from the individual profiles 
does not precisely coincide with calculated from mean 
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temperature profiles. In this bounded region between 
16.0 km and 18.5 km, large perturbations in thermal struc-
ture mainly account for these well-defined extreme tempera-
ture profiles. Whose occurrence results in a significant day-
to-day variation in the tropical tropopause. It can be noticed 
that different extreme tropopause temperature profiles about 
one km below and above the bounded region represent 
nearly the same mean structure.

Supplementary Fig. S6 presents the mean and standard 
deviation (SD) of the temperature, height, and sharpness for 
the extremely cold, warm, high, and low tropopause cases. 
Note that tropopause sharpness is defined as the change 
in static stability across the CPT (Detailed in Supplemen-
tary material). As mentioned earlier, the cold tropopause 
means the  TCPT is ~ 186.1 ± 1.1 K, much colder than the 
threshold  TCPT (191 K) required for the freeze-drying of 
air enters into the lower stratosphere. Such extremely cold 
tropopause would result in the extreme dryness of the lower 
stratosphere, as initially explained by Dobson et al. (1946) 
and Brewer (1949). However, the extremely cold tropopause 
heights (17.30 ± 0.47 km) occur nearly at the same altitude 

of the NH winter tropopause (17.5 ± 0.5 km) is commonly 
formed. Figure S5c shows that these extremely cold tropo-
pauses are generally sharper (7.83 ± 1.73 ×  10−4  s−2). Note 
that the extremely warm, high and low tropopauses usually 
are broader as mentioned earlier.

3.4  Ozone and water vapor variability 
during extreme days

In a case study, Takashima et al. (2010) observed extremely 
low temperatures near the tropical tropopause associated 
with the minimum water vapor and higher frequency of cir-
rus clouds occurrence. The annual minimum for tropopause 
height in July and August is accompanied by the extremely 
warm tropopause temperatures, which implies higher satura-
tion mixing ratios for water vapor and higher temperature 
thresholds to form ice particles during this season. To under-
stand the role of the ozone and water vapor on the extreme 
tropopauses, we have collected the MLS data closest to the 
Gadanki for the extreme cases during 2006–2014. In total, 

Fig. 7  All individual and their mean temperature profiles were observed for the extremely a cold, b warm, c high, and d low. e Represents the 
thermal structure for different extreme cases
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26 ozone and water vapor profiles are obtained on extreme 
tropopause cases.

Figure 8 shows all the water vapor profiles and their 
corresponding means between altitudes 13 and 20 km for 
the extremely cold, warm, high and low tropopause cases. 
It is interesting to notice that the vertical structures of the 
water vapor for each extreme tropopause case are similar. 
These extreme cases have similar vertical structures though 
they show large variability. The mean extreme water vapor 
profiles indicate the minimum value for the extremely cold 
tropopause cases and the maximum value for the extremely 
warm tropopause cases between the altitudes 15–17 km. The 
water vapor profiles for these extremely cold, warm, high, 
and low cases are also shown on the potential temperature 
surfaces between 360 and 450 K in the supplementary Fig. 
S7. The water vapors at 16.2 km (~ 100 hPa) are 2.7, 4.6, 3.5, 
and 3.6 ppmv for the extremely cold, warm, high, and low 
tropopause cases, respectively.

Figure 9 shows all the ozone profiles and their corre-
sponding mean between the altitudes 13–20 km for the 

extremely cold, warm, high, and low tropopauses. The 
ozone profiles for these extremely cold, warm, high, and 
low cases are also shown on the potential temperature sur-
faces between 360 and 450 K in the supplementary Figure 
S8. Although we have a very limited number of ozone 
observations, the distinct structure of ozone profiles sug-
gests that ozone plays a significant role in the occurrence 
of the extreme tropopause and its day-to-day variability. 
It is well known that the ozone absorbs UV radiation and 
radiatively warm the stratosphere. As expected, for the 
extremely warm tropopause cases, ozone concentrations 
are found to be more when compared to the extremely cold 
tropopause. It means that the extremely warm tropopause 
occurs with high ozone concentrations in the lower strato-
sphere, while the extremely cold tropopause occurs with 
low ozone concentrations in the lower stratosphere. The 
inset picture shows the variability of the ozone peak with 
extreme tropopause cases. It is interesting to observe the 
higher ozone concentrations for the extremely warm and 
high tropopauses when compared to the extremely cold 

Fig. 8  Same as Fig. 7 but for water vapor profiles between the altitudes 13–20 km
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and low tropopauses. The possible link between extreme 
tropopauses and ozone peak variability cannot entirely be 
ascertained with this limited dataset and needs to be inves-
tigated in detail.

3.5  Role of potential vorticity (PV) intrusion

Atmospheric Rossby waves are generated due to variation 
in the Coriolis force with latitude and to conserve the 
absolute vorticity (Holton 1992). It plays an important 
role in transferring the hot air from tropics towards pole-
ward and cold air towards equatorward. At the critical 
amplitude of the wave, crest or trough of the wave over-
turns resulting to the Rossby waves breaking and hence 
distortion in the PV contours (McIntyre and Palmer 1983; 
Norton 1994). These PV contours extends deep equator-
ward or poleward leading to stratosphere-troposphere 
exchange (Holton et al. 1995). Several studies have shown 
the association between the Rossby wave breaking with 
the isentropic transport of extra-tropical air masses and 
trace gases such as ozone in the UTLS (Appenzeller et al. 
1996; Jing et al. 2004). Thus, mixing of the air masses 
from different boundaries may lead to the variation of 

the in  TCPT and  HCPT. To understand the influence of the 
Rossby waves breaking, we have analyzed the PV at the 
isentropic levels 330, 350 and 370 K for all the extreme 
cases. There were several PV intrusions due to the Rossby 
wave breaking on the extreme tropopause cases, however, 
the intrusion extending to Gadanki was only observed 
on 10 April 2008 for the extremely cold case, and on 
29 March 2009 and 31 March 2021 for extremely high 
cases. Figure 10 shows the PV intrusions at 350 K for 
10 April 2008 and 31 March 2012 along with the tem-
perature profiles at 17:30 IST observed over Gadanki. On 
10 April 2008, the tropopause is found to be extremely 
cold  (TCPT ~ 186.2 K) indicating the intrusion of the cold 
extratropical air with PV values greater than 1.5 PVU 
(~ 1 PVU =  10–6  km2  kg−1  s−1) equatorward to Gadanki. 
However, on 31 March 2012, tropopause is extremely 
high  (HCPT ~ 18.8 km) with  TCPT ~ 193 K. In this case, the 
tropopause is broad and warmer than the previous case. 
As the intrusion brings both cold extratropical air and 
ozone, the different effect on the tropopause for these two 
cases depend upon the relative roles played by the cool-
ing of the extratropical air mass and radiative warming 
by ozone. We have juxtaposed the extreme tropopauses 

Fig. 9  Same as Fig. 7 but observed for ozone profile between the altitudes 13–20 km
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over the time-height section of the PV between alti-
tudes 14–20 km for 2006–2014 shown in supplementary 
Fig. S9. It can be seen that PV shows a large day to day 
variability of 1.5 PVU surfaces. To understand further, 
we have segregated all the PV profiles between 13 and 
22 km for the extremely cold, warm, high, and low tropo-
pause cases and obtained their mean profiles as shown in 
Fig. 11. Interestingly, the mean PV profiles also show sig-
nificant difference between the extremely cold and warm 
tropopause cases with higher PVU for the latter case as 
observed for the temperature and tracers (water vapor and 
ozone) (Figs. 7, 8, 9). It indicates that extremely warm 

tropopause cases are associated with ozone rich air that 
could have either resulted due to PV intrusion or subsid-
ence arises due to deep convection. 

3.6  Role of convection

It is well known that convection plays an important role 
in modifying the tropical tropopause structure (Muhsin 
et al. 2018; Sherwood et al. 2003). Muhsin et al. (2018) 
have examined the role of the different types of convection 
on the variation of the tropical tropopause parameters over 
Gandaki and reported that  HCPT lowers with the increase in 

Fig. 10  a Typical longitude-latitude section of the PV intrusion at the 
isentropic surface 350  K during for the extremely cold tropopause 
case and b the temperature profile between 0 and 22 km observed on 
10 April 2008 over Gadanki. c, d are same as (a, b) for the extremely 

high tropopause case observed on 31 March 2008.  HCPT and  TCPT are 
also shown in (b) and (d). Color bar indicates the PV values in PVU 
(~ 1 PVU =  10–6  km2  kg−1  s−1)
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convective strength from shallow to deep convection. We 
also performed a similar analysis to examine the role of 
convection on the occurrence of the extreme tropopauses 
following Meenu et al. (2010). All the extreme tropopauses 
and the corresponding temperature profiles are segregated 
based on the different types of convective clouds occurring 
at different altitudes using the IRBT data over 2006–2014. 
IRBT > 280 K corresponds to convective cloud top altitude 
 (HCCT ) < 2 km for the clear sky conditions. For convective 
clouds  (HCCT  > 2 km), the IRBT thresholds are considered 
as (i) 280–270 K corresponding to  HCCT  = 2–5 km, (ii) 
270–245 K corresponding to  HCCT  = 5–8 km (iii) 245– 235 K 
corresponding to  HCCT  = 8–10 km, (iv) 235–220 K corre-
sponding to  HCCT  = 10–12 km, and (v) < 220 K correspond-
ing to  HCCT  > 12 km.

Figure 12a shows the distributions of the clear sky and 
convective days for the extreme tropopause cases. Out of 161 
extreme cases, 71 cases fall under clear sky days while 90 
cases for the convective days. Out of 90 convective cases, 

30, 51, 8, and 1 cafses are observed for  HCCT  = 2–5 km, 
5–8 km, 8–10 km, and 10–12 km. Figures 12b, c show the 
mean and standard deviation of the  TCPT and  HCPT for the 
clear sky  (HCCT  < 2 km) and convective  (HCCT  = 2–5 km, 
and  HCCT  = 5–8 km) cases. Other convective cases have an 
inadequate number of observations for different extreme 
cases, and hence they are not analyzed further. Out of 30 
(51)  HCCT  = 2–5 km  (HCCT  = 5–8 km) cases, 11 (21), 7(9), 
9(15), and 3(7) are observed for the extremely cold, warm, 
high and low tropopauses, respectively. Under very shal-
low convective clouds  (HCCT  = 2–5 km), extreme  TCPT does 
not show any significant change relative to clear sky  TCPT. 
However,  HCPT for the extremely cold, warm, and high 
tropopauses lower for very shallow convective clouds when 
compared to clear sky  HCPT. For the extremely low tropo-
pause,  HCPT for very shallow convective clouds becomes 
higher relative to clear sky  HCPT. For the shallow convec-
tive clouds  (HCCT  = 5–8 km), the extremely cold tropopause 
becomes warmer by ~ 1.5 K and lower by ~ 0.5 km relative 

Fig. 11  Same as Fig. 7 but observed for potential vorticity (PV) profile between the altitudes 13–20 km
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to clear sky condition. While the  TCPT remains unchanged 
and  HCPT lowers by 0.7 km for the extremely warm cases, 
both  TCPT and  HCPT remain unchanged for the extremely 
high cases, and  TCPT becomes colder by ~ 1.7 K, and  HCPT 
remains unchanged for the extremely low cases relative to 
clear sky condition.

Figure 12d shows the difference between the shallow 
convective temperature profiles and the clear sky tempera-
ture profiles. We observed prominent warming of ~ 2 K 
between 8 and 14 km (above the cloud top), cooling of ~ 2 K 
just below the CPT (in the tropical tropopause layer), and 

warming of ~ 4 K at ~ 18 km just above the CPT (in the lower 
stratosphere) for the extremely cold tropopause cases. For 
the extremely warm and high tropopause cases, warming 
is also observed above the cloud top in the mid-tropo-
sphere, however with smaller magnitudes and lesser verti-
cal extent when compared to the extremely cold tropopause 
cases. Cooling (warming) below (above) the CPT for the 
extremely warm tropopause and warming above the CPT 
for the extremely high tropopause cases are also observed; 
however not pronounced as the extremely cold tropopause 
cases. For the extremely low tropopauses, such a feature was 

Fig. 12  a Distribution of the occurrence of the extreme tropopauses 
for the clear sky (< 2 km) and convective clouds with the 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 deviation of the  TCPT and  HCPT for the extreme trop-
opause under the clear sky, convective clouds with the top between 2 

and 5 km and 5 and 8 km. d Vertical profiles of temperature anom-
aly (subtracted by clear sky temperature profiles) of convective top 
between 5 and 8  km. Horizontal dashed lines indicate the  HCPT for 
the respective extreme tropopauses
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not observed. In general, though these extreme cases tend 
to behave in a similar way, there are some deviations, which 
we would like to carry out as a separate study in the future. 
The anomalous warming above the cloud top is known due 
to the latent heat release from convective clouds (Houze Jr 
2004) as a direct response of convection, while anomalous 
cooling (warming) just below (above) CPT could be an indi-
rect response to convection (Gettelman and Birner 2007; 
Johnson and Kriete 1982; Muhsin et al. 2018; Paulik and 
Birner 2012; Randel et al. 2003). The extreme tropopause 
temperature profiles show cooling below the CPT within the 
tropical tropopause layer region (Kim and Dessler 2004), 
which could be either due to convective detrainment and 
turbulent mixing (Sherwood et al. 2003) or due to radiative 
cooling caused by reduction of longwave radiation (Webster 
and Stephens 1980).

3.7  Role of equatorial wave in the extreme 
variability

Equatorial wave propagations in the tropopause region sig-
nificantly modulate the tropical tropopause structure (Boehm 
and Verlinde 2000; Munchak and Pan 2014; Tsuda et al. 
1994). These waves can modulate the  TCPT up to 8 K and 
 HCPT up to its vertical wavelength ~ 4 km (Boehm and Ver-
linde 2000), which causes the tropopause to vary extremely. 

Several times extreme tropopause is associated with warm 
and cold temperature anomalies, as mentioned in Fig. 4. 
The role of the equatorial wave on the extreme variation 
of the tropopause is demonstrated by taking one such event 
of temperature anomalies associated with the occurrence 
of the extremely cold and low CPT observed during Janu-
ary–March 2012, as shown in Fig. 13.

During this period, the  HCPT shows a sinusoidal pattern 
indicating wave propagation. Seven cold tropopause cases 
occurred during this period. Among them, extremely cold 
tropopause with  TCPT ~ 182.8 K and  HCPT ~ 18.6 km is 
observed on 11 February 2012 (See Supplement Fig S3a). 
It is known that Kelvin wave amplitudes maximize near the 
tropopause, which can sometimes lead to the formation of 
the extremely cold tropopause (Ratnam et al. 2006). The 
downward shift in the temperature anomalies and  HCPT can 
be noticed, particularly on the 2nd week of February to 
March 2012, indicating the influence of downward phase 
propagating waves. In order to examine the role of equatorial 
planetary-scale waves, the time series of temperature aver-
aged between 16 and 17 km is subjected to spectral analyses 
(Morlet wavelet) to obtain the dominant wave periods and 
the times of their occurrences. For this analysis, we have 
obtained the temperature perturbations by subtracting the 
mean temperature profile over January- March from individ-
ual temperature profiles and subjected it to wavelet analysis. 

Fig. 13  a Time height section of 
the contour plot of the tempera-
ture anomalies during January 
to March 2012 superimposed 
with  HCPT. b Time series of 
temperature anomalies averaged 
between 16 and 17 km and 
 HCPT. c Wavelet spectrum of 
temperature (in terms of power) 
at 16–17 km from January to 
March 2012. The white curve 
in (c) represents the cone of 
influence
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It is seen that waves with periods 10–20 days are signifi-
cant from 15 February to 10 March 2012. The dominant 
periods within the cone of influence are only considered to 
avoid edge effects. To ascertain the nature of these waves, 
the amplitude and phase of the dominant wave periods of 
10-days in temperature and zonal wind during January-
March 2012 are obtained as shown in Supplementary Figure 
S10. It is observed that the amplitudes in temperature and 
zonal wind in the altitude range 15–20 km are ~ 1.0 K and 
2–3 m/s, respectively (Figure S10a). The phase shows clear 
downward propagation (upward propagating wave) with 
temperature phase leading to the zonal wind phase indicat-
ing the Kelvin wave propagation (Figure S10b) (Mehta et al. 
2013). Thus, the Kelvin wave can sometimes modify the 
tropopause structure significantly, resulting in the extremely 
cold tropopause. Such extremely cold tropopause may occur 
due to the vertically propagating Kelvin wave (Tsuda et al. 
1994).

4  Discussions

The high-resolution GPS radiosonde observations over the 
Indian monsoon region (Gadanki) are utilized to demon-
strate the extreme variability of the tropical tropopause. 
CPT shows high-frequency variabilities within the season, 
which are mainly known to be due to day-to-day weather 
fluctuations, planetary wave activities, and stratosphere-
troposphere exchange processes (Holton et al. 1995; Mehta 
et al. 2010; Tsuda et al. 1994). The one sigma variation of 
the  TCPT  (HCPT) is ~ 2.0 K (0.66 km) over Gadanki; how-
ever,  TCPT  (HCPT) becomes extremely cold or warm (high 
or low) by ~ 4 K (~ 1.32 km) from its monthly mean tem-
peratures in a significant number of times. The long-term 
radiosonde observations enable us to identify a sufficient 
number of extreme tropopause cases, defined as the cases 
falling outside the two-sigma level of climatological mean 
tropopause over 2006–2014. Over Gadanki, the probability 
distributions of the  TCPT and  HCPT are nearly Gaussian. The 
extremely cold (warm) tropopause is defined as the  TCPT 
is lesser (greater) than the lower (upper) limit of its two-
sigma level. Whereas the extremely high (low) tropopause is 
defined as the  HCPT is greater (lesser) than the upper (lower) 
limit of its two-sigma level. The extreme tropopause cases 
are about 5% (161) of the total data over 2006–2014. Out of 
which 52, 30, 57, and 22 cases are the extremely cold, warm, 
high and low tropopauses, respectively.

On a seasonal scale, the tropical tropopause is colder 
and higher during the NH winter and warmer and lower 
tropopause during the NH summer (Seidel et al., 2001). 
However, our findings demonstrate that the extremely cold 
and high (warm and low) tropopauses occur throughout the 
year and not only during the NH winter (summer) season. 

The extremely cold and high tropopause is more frequent 
during the NH summer and not during the NH winter due 
to the frequent occurrence of deep convection during the 
former season (Newell and Gould-Stewart, 1981). These 
extreme cases occur independently; that is, the extremely 
cold (warm) one need not necessarily be the high (low) and 
vice versa. Our observations also show that these extreme 
tropopause cases have a unique vertical structure. The dis-
tinct thermal structures of the mean temperature profiles of 
these extreme cases reveal that the extremely cold tropo-
pause is sharper. In contrast, the extremely warm, high, and 
low tropopauses are border. They are characterized as unique 
lapse rates between ~ 16 km to 18.5 km, nearly equal to zero, 
greater than zero, and lesser than zero, respectively.

The plausible mechanisms for the extreme tropopause 
cases are deep convection, propagation of the equatorial 
wave, stratosphere-troposphere exchange processes, and the 
formation of the cirrus clouds. Extreme variations in the 
tropopause altitude may directly bear on the energy source 
for the stratospheric motions, the exchange of water vapor 
and ozone between troposphere and stratosphere (Holton 
1982). Our observations suggest that the extremely warm 
tropopause cases are associated with higher water vapor and 
ozone concentrations when compared to the extremely cold 
tropopause cases indicating the importance of their radiative 
effects on the extreme tropopause cases. However, the role of 
radiative effects on the temperature and the tropopause vari-
ation due to water vapor and ozone are not easy to quantify 
as they are associated with deep convection events. It is well 
known that the transport of the tropospheric water vapor into 
the UTLS and the intrusion of the ozone-rich air into the 
upper troposphere are mainly associated with the deep con-
vection events. The transport of the extratropical cold air-
mass and ozone are also associated with PV intrusions that 
play relative roles on the UTLS temperature. Our observa-
tions show that the PV values for the extremely warm tropo-
pause cases are associated with higher PVU when compared 
to the extremely cold tropopause cases. It indicates that PV 
intrusions also play an important role on the occurrence 
of the extreme tropopause cases. A detailed investigation 
extreme cases over the entire tropics will provide the batter 
understanding towards its association with PV intrusions 
which we are planning to carry out in a future study.

The role of convection on the tropical tropopause is well 
known, and it is found that  HCPT lowers with an increase in 
convective strength from shallow to deep convection (Muh-
sin et al. 2018). Under the shallow convection, extreme 
temperature profiles, in general, show prominent warming 
(~ 2 K) between 8 and 14 km due to the latent heat release 
from convective clouds as a direct response of convection 
while anomalous cooling (~ 2 K) just below the CPT and 
warming (~ 4 K) just above the CPT could be an indirect 
response to convection (Johnson and Kriete 1982; Randel 
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and Wu 2003). Over the period 2006–2014, two tropical 
cyclones had passed through Gadanki: Thane during 25–31 
October 2011 and Nilam during 28 October–01 November 
2012 (Das et al. 2016; Venkat Ratnam et al. 2016). During 
the Nilam cyclone, the exteremly cold  TCPT (~ 186 K) was 
observed on 31 October 2012 over Gadanki.

In-situ generated tropopause cirrus clouds form due to 
homogeneous nucleation of ice crystals at extremely cold 
temperature of − 70 °C to − 90 °C near the CPT (Cziczo and 
Froyd 2014). Over Gadanki, Ali et al. (2020) observed that 
tropopause cirrus warms the CPT by ~ 1.2 K, indicating that 
the extreme tropopause may also result from radiative effects 
from the cirrus clouds (Fu et al. 2018; Hartmann et al. 2001). 
Following Ali et al. (2020), simultaneous observations of 
the radiosonde and CALIPSO are obtained found the two, 
one, two, and three cases for the extremely cold, warm, high, 
and low tropopauses, respectively, in the presence of the 
cirrus clouds. Such coincidence indicates that extreme tropo-
pauses especially extremely cold tropopause may sometimes 
result due to radiative effects of the cirrus clouds. Finally, we 
examined the role of the equatorial wave and found that they 
can modify the tropopause structure significantly, leading to 
the formations of the extreme tropopauses.

5  Summary and conclusions

In this paper, extreme variabilities of the tropical tropo-
pause are identified, and the roles of convection, PV intru-
sions, planetary wave activities, and water vapor and ozone 
mixing ratios are examined using radiosonde, IRBT, MLS, 
and PV data sets over Gadanki. The main findings on the 
extreme variability of the tropical tropopause are summa-
rized below.

1. The probability distribution of the  TCPT and  HCPT fol-
low nearly Gaussian curve, which indicates that 5% of 
the total data behaves extremely with  TCPT < 188.5 K, 
 TCPT > 195.9 K,  HCPT < 16.5 km, and  HCPT > 17.6 km, 
defined as the extremely cold, warm, low and high tropo-
pause, respectively.

2. The extreme tropopauses are distributed throughout 
the year and occur randomly in all the seasons. The 
extremely cold and high tropopauses occur indepen-
dently. Similarly, the extremely warm and low tropo-
pauses also occur independently except for a few cases.

3. The extremely cold, warm, and high tropopauses occur 
more frequently during NH summer than NH winter. In 
contrast, the extremely low tropopause occurs more fre-
quently during NH winter and spring than NH summer.

4. The  TCPT and  HCPT for the extreme cases show nearly 
similar seasonal variation as the climatological mean 
 TCPT and  HCPT, respectively. The extremely cold (warm) 

tropopause is colder (warmer) by about 4–5 K from the 
climatological mean tropopause. The extremely high 
(low) tropopause is higher (lower) by ~ 1.0–1.7  km 
(~ 1.0–1.3 km) from the climatological mean tropopause.

5. The mean temperature profiles of the extremely cold, 
warm, high, and low tropopauses possess distinct ther-
mal structures between the altitudes ~ 16.5–18 km. For 
the extremely cold cases, the tropopauses are sharper, 
while the other cases are the border. These broader trop-
opauses cases are different among themselves. For the 
extremely warm, high, and low tropopause cases, the 
temperature between ~ 16 km to 18.5 km is nearly con-
stant ( dT

dz
≅ 0 ), slightly decreases ( dT

dz
< 0 ) and gradually 

increases ( dT
dz

> 0 ), respectively.
6. The water vapor profiles and their corresponding mean 

between the altitudes 13–20  km for each extreme 
tropopause case are similar and showing a large vari-
ability with maximum (minimum) water vapor for the 
extremely warm (cold) tropopause cases. Ozone con-
centrations for the extremely warm tropopauses are 
found to be more when compared to the extremely cold 
tropopauses. Similarly, higher PVU are observed for the 
extremely warm tropopause cases when compared to the 
extremely cold tropopause cases.

7. Convection plays an important role in the extreme vari-
ability of the tropopause, especially for the extremely 
cold tropopause. Under the shallow convective clouds 
 (HCCT  = 5–8  km), the extremely cold tropopause 
becomes warmer by ~ 1.5 K and lower by ~ 0.5 km rela-
tive to clear sky conditions.
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