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Abstract: In recent years, NOAA Earth System Research Laboratories (ESRL) have been launching 

very high quality and high resolution ozonesondes from eight sites across the globe: Antarctica; 

Greenland; American Samoa; Fiji; and several sites in USA (Alabama, California, Colorado and Ha-

wai’i). These locations collectively cover the tropics, mid-latitudes and polar regions. The balloons 

provide in-situ measurements approximately every second throughout their vertical ascent and de-

scent in the troposphere, tropopause and stratosphere (up to ~30–35 km altitude). This unique high 

quality and publicly archived dataset allows direct inter-comparisons between various new and old 

techniques for analyzing the troposphere/stratosphere transitions that were not previously possible. 

With this in mind, we have analyzed one complete year (2016) of ozonesonde data from these eight 

locations in terms of several definitions of the tropopause. We find a surprising cohesiveness be-

tween many of the independent definitions of the tropopause that does not appear to have been 

properly recognized until now. These definitions appear to hold over all eight locations—from the 

tropics to the poles—for all seasons. 

Keywords: atmospheric temperature profiles; stratospheric dehydration; molar density; tropo-

pause; weather balloon analysis 

 

1. Introduction 

At the start of the 20th century, as improvements in balloon technology allowed re-

searchers to take measurements from higher in the atmosphere, it was discovered that 

above altitudes of roughly 10–15km, the temperature lapse rate undergoes some changes 

that were completely unexpected at the time—see Hoinka (1997) for a detailed historical 

review [1]. In the lower atmosphere (now called the “troposphere”), the temperature lapse 

rate is mostly negative—except within so-called “temperature inversion layers”. How-

ever, at a point, which is now called the “tropopause”, temperatures start to remain fairly 

constant (“pause”) with height. It was later discovered that at even higher altitudes, in a 

region now known as the “stratosphere”, temperatures start to increase with height. 

In 1957, the World Meteorological Organization (WMO) attempted to formalize the 

definition of this “tropopause”. They defined it as “the lowest level at which the lapse rate 

decreases to 2 °C/km or less, provided also the average lapse rate between this level and 

all higher levels within 2 km does not exceed 2 °C/km.” [2]. However, since then, several 

other definitions have been proposed. One set of definitions uses model-based reanalysis 

datasets to define the tropopause in terms of the potential vorticity [3–5]. However, these 
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definitions cannot be calculated from an individual weather balloon. For the tropical re-

gions, the tropopause is often defined in terms of the “cold-point tropopause”, i.e., the 

altitude at which the temperature lapse rate changes from negative to positive [6,7]. Oth-

ers have used the fact that the chemical composition of the atmosphere changes signifi-

cantly between the troposphere and the stratosphere in terms of several trace gases, e.g., 

ozone (O3), water vapor (H2O), methane (CH4) and carbon monoxide (CO). This region of 

significant changes is sometimes known as the “upper troposphere and lower strato-

sphere” (UTLS) region [8]. Therefore, some researchers have used changes in these traces 

gases to define a “chemical tropopause” [9–11]. 

More recently, NOAA Earth System Research Laboratories (ESRL) have been launch-

ing very high quality ozonesondes from eight sites across the globe that collectively cover 

the tropics, mid-latitudes and polar regions. The balloons provide very high resolution 

measurements compared to older weather balloons, with measurements taken approxi-

mately every second. This unique high quality and publicly archived dataset allows us to 

study the troposphere/stratosphere transitions at a resolution that was not possible for the 

earlier studies described above. With that in mind, in this study, we will compare and 

contrast five different approaches to estimating the tropopause from this dataset. 

2. Methods and Data Used 

2.1. Data Used 

All the ozonesonde data used for this analysis were downloaded from NOAA ESRL’s 

ozonesondes website at https://gml.noaa.gov/ozwv/ozsondes/index.html (Last accessed 

on 9 June 2022). This archive includes data for 8 main weather stations that are distributed 

across the globe (but with the majority located in USA or its territories), that collectively 

cover the tropics, mid-latitudes and polar regions [12]—see Table 1. These locations are 

shown in Figure 1. 

 

Figure 1. Locations of the eight ozonesonde stations. 

Some of these stations have longer records than others—in particular, both the Colo-

rado and Antarctica archives include some low resolution sondes as early as 1967. How-

ever, some of the stations are relatively recent and several appear to have been discontin-

ued in recent years. Also, the reliability, quality and resolution of the ozonesonde instru-

ments has substantially improved in recent years [12]. Therefore, we have confined our 

analysis in this study to the year 2016, since all eight stations were active for this year and 

the data is of a very high quality. See Figure 1 of Sterling et al. (2018) for a graphical break-

down of the available data up to 2017 and the changes in instrumentation over time for 

each station [12]. 
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Table 1. Details on the eight ozonesonde stations used in this analysis. 

# Station Location Co-ordinates Sondes (2016) 

1 Greenland Summit Station, Greenland 72.581° N, 34.458° W 48 

2 California Trinidad Head, California, USA 41.059° N, 124.147° W 51 

3 Colorado Boulder, Colorado, USA 39.949° N, 105.197° W 49 

4 Alabama University of Alabama at Huntsville, Alabama, USA 34.725° N, 86.646° W 52 

5 Hawai’i Hilo, Hawai’i, USA 19.717° N, 155.049° W 50 

6 American Samoa Pago Pago, American Samoa 14.331°S, 170.714° W 34 

7 Fiji Suva, Fiji 18.150°S, 178.446°E 16 

8 Antarctica Amundsen-Scott South Pole Station, Antarctica 90.000°S, 169.000°E 61 

The exact format of the data in the archive varies somewhat between stations and 

over time. However, in general, NOAA ESRL provide two main versions of the data: 

1. The raw native resolution files that for the 2016 sondes are reported roughly every 

second 

2. Interpolated “100 m average” versions that have been interpolated by NOAA ESRL 

from the raw data into smoother but lower resolution sondes. 

Our analysis is based on the raw sondes. 

As can be seen from Table 1, during 2016, ozonesondes were launched roughly once 

per week for most of the stations, although Fiji and American Samoa were less frequent. 

In total, 361 sondes were launched between these eight stations during 2016. However, in 

a few cases (5 out of 361, 1.4%), the sondes did not have sufficient data for analysis. There-

fore, our analysis was based on 356 of the 361 sondes. 

2.2. Methods 

Each balloon provides in-situ measurements approximately every second through-

out their vertical ascent and descent in the troposphere, tropopause and stratosphere (up 

to ~30–35 km altitude) with readings of: altitude (h); pressure (P); temperature (T); water 

vapor (H2O); ozone (O3); horizontal wind speed and direction; and vertical ascent and 

descent velocity. For our analysis here, we will not be considering the horizontal wind 

measurements or vertical velocity measurements. However, we note that our preliminary 

analysis (not shown here) suggests that there might also be some systemic changes in 

these measurements associated with the troposphere/tropopause transition. We also note 

that the data from these sondes is sufficient to study the horizontal mass fluxes, as de-

scribed by Connolly et al. (2021) [13]. 

As a representative example, Figure 2 plots the relevant measurements for our anal-

ysis from one of the 356 ozonesondes, i.e., the 13 October 2016sonde launched from Boul-

der, Colorado. NOAA provide with each sonde their calculated estimate of the tropopause 

height, which we have converted into the corresponding atmospheric pressure and indi-

cated with horizontal dashed (gray) lines in each panel. We have not yet confirmed exactly 

how these values are calculated, however they appear to be derived by applying the 

WMO (1957)’s tropopause definition [2] to the temperature lapse rates of the interpolated 

data. 
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Figure 2. Relevant measurements from a typical ozonesonde plotted against atmospheric pres-

sure—launched from Boulder, Colorado on 13 October 2016. (a) Time elapsed since the sonde was 

launched; (b) altitude; (c) temperature; (d) water content; (e) ozone content. NOAA’s estimate of the 

tropopause (as provided with each ozonesonde record) is indicated in each panel by a horizontal 

dashed gray line. Because Boulder is a mountainous location, the ground level has a relatively low 

atmospheric pressure as indicated by the green boxes in panels (a,c–e). 

Figure 3 plots some of the relevant calculated measurements from Figure 2 that we 

use for our analysis. We determine the tropopause in four different ways: 

1. Molar density. The molar density, D, at each point is calculated from the correspond-

ing pressure and temperature measurements, following the approach described by 

Connolly et al. (2021) [13]. That is, D = P/RT, where R = the ideal gas constant. To 

calculate the tropopause using molar density, we use two derived metrics: the rate of 

change of D with altitude, dD/dh; the rate of change of D with pressure, dD/dP. We 

also study the deviation of the observed D values from a linear fit in the upper trop-

osphere region. This region is defined as 35,000–50,000 Pa for Greenland and Antarc-

tica; 30,000–50,000 Pa for Colorado, Alabama; 25,000–45,000 Pa for California; 15,000–

35,000 Pa for Hawai’i; 15,000–40,000 Pa for American Samoa and Fiji. We define the 

molar density-based tropopause as the pressure above the boundary layer at which: 

a. D significantly deviates from linearity—see Figure 3a for an example. 

b. dD/dh and dD/dP begin to oscillate wildly. 

2. Temperature. To calculate the tropopause from the temperature data, we calculate 

the rate of change of temperature with altitude, dT/dh and with pressure, dT/dP. We 

define the temperature-based tropopause as the pressure above the boundary layer 

at which: 

a. dT/dh crosses from being negative to being positive. 

b. dT/dh and dT/dP begin to oscillate wildly—see Figure 3b for an example of this 

phenomenon for dT/dh. 

3. Water. To calculate the tropopause from the water vapor content data, we calculate 

the rate of change with altitude, d(H2O)/dh and with pressure, d(H2O)/dP. We de-

fine the water-based tropopause as the pressure above the boundary layer at which: 

a. [H2O] is less than 50 ppmv. 

b. d(H2O)/dh drops to zero. 

c. d(H2O)/dh and d(H2O)/dP stops oscillating wildly—see Figure 3c for an exam-

ple for d(H2O)/dh. 
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4. Ozone. To calculate the tropopause from the ozone content data, we calculate the 

rate of change with altitude, d(O3)/dh and with pressure, d(O3)/dP. We define the 

ozone-based tropopause as the pressure above the boundary layer at which: 

a. [O3] is greater than 0.1 ppmv. 

b. d(O3)/dh increases substantially and d(O3)/dP decreases substantially. 

c. d(O3)/dh and d(O3)/dP both begin to oscillate—see Figure 3d for an example for 

d(O3)/dh. 

All rates of change calculations are calculated using a 31-point centered box car av-

erage, i.e., averaging over the ~15 s before and after a given measurement. 

 

Figure 3. Calculated metrics from the same ozonesonde as Figure 2. (a) The observed molar density 

is plotted in black along with a straight line slope in yellow that is fit over the region 30000–50000 

Pa, as discussed in the text; (b) temperature lapse rate in K m−1; (c) water content lapse rate in ppmv 

m−1; (d) ozone content lapse rate in ppmv m−1. All lapse rates are calculated using a 31-point centered 

box car average. The tropopause calculated from each approach is indicated on the corresponding 

panel by horizontal dashed lines with distinct colors matching those in Figure 4. 
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Figure 4. Changes in the location of the tropopause for the eight stations for the entire year of 2016, 

as calculated using each of the metrics described in the text. The colors used for each estimate are 

the same ones used for the equivalent horizontal lines in Figures 2 and 3. 

3. Results and Discussion 

Figure 4 shows all five estimates of the tropopause for all 356 ozonesondes—sorted 

by day of year (in 2016) and station. We note that all five estimates match very well. How-

ever, NOAA’s estimates often seem to deviate from the other estimates. When this devia-

tion occurs, it usually estimates a higher altitude than the other four. The deviation might 

have a seasonal factor in that it can last for several months, but this analysis is confined to 

just one year, and the possibility of seasonality would need further research. A long-term 

analysis that combines the modern data with earlier sondes should probably take into 

account the various changes in instrumentation that have been adopted at each of the 

stations—see Sterling et al. (2018) for a summary [12]. 

Table 2 statistically describes the high correlation between the four new estimates 

described here, and the moderate correlation with NOAA’s estimates. 

Table 2. Correlation coefficients (r, where 0 = uncorrelated, 1 = exactly correlated) comparing the 

tropopauses calculated by each approach to the other estimates over all ozonesondes launched in 

2016 for each station. The averages for all eight stations are listed in the last column in the table. 

Approach Used Greenland California Colorado Alabama Hawai’i American Samoa Fiji Antarctica Average 

Correlations with temperature-based estimates 

Water 0.92 0.82 0.89 0.94 0.78 0.98 0.97 0.90 0.90 

Ozone 0.89 0.95 0.90 0.95 0.87 0.95 0.81 0.94 0.91 

Molar density 0.95 0.98 0.94 0.98 0.88 0.98 0.96 0.94 0.95 

NOAA’s estimates 0.58 0.57 0.69 0.56 0.34 0.45 0.30 0.63 0.51 

Correlations with water-based estimates 

Temperature 0.92 0.82 0.89 0.94 0.78 0.98 0.97 0.90 0.90 

Ozone 0.86 0.85 0.91 0.94 0.85 0.95 0.88 0.90 0.89 

Molar density 0.88 0.80 0.91 0.95 0.85 0.97 0.95 0.89 0.90 

NOAA’s estimates 0.50 0.56 0.64 0.67 0.31 0.45 0.34 0.59 0.51 
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Correlations with ozone-based estimates 

Temperature 0.89 0.95 0.90 0.95 0.87 0.95 0.81 0.94 0.91 

Water 0.86 0.85 0.91 0.94 0.85 0.95 0.88 0.90 0.89 

Molar density 0.91 0.94 0.87 0.96 0.90 0.94 0.89 0.95 0.92 

NOAA’s estimates 0.54 0.56 0.70 0.57 0.31 0.40 0.56 0.59 0.53 

Correlations with molar density-based estimates 

Temperature 0.95 0.98 0.94 0.98 0.88 0.98 0.96 0.94 0.95 

Water 0.88 0.80 0.91 0.95 0.85 0.97 0.95 0.89 0.90 

Ozone 0.91 0.94 0.87 0.96 0.90 0.94 0.89 0.95 0.92 

NOAA’s estimates 0.57 0.55 0.66 0.57 0.28 0.50 0.43 0.62 0.52 

Correlations with NOAA’s estimates 

Temperature 0.58 0.57 0.69 0.56 0.34 0.45 0.30 0.63 0.51 

Water 0.50 0.56 0.64 0.67 0.31 0.45 0.34 0.59 0.51 

Ozone 0.54 0.56 0.70 0.57 0.31 0.40 0.56 0.59 0.53 

Molar density 0.57 0.55 0.66 0.57 0.28 0.50 0.43 0.62 0.52 

We note that the WMO (1957)’s tropopause definition was formulated using much 

lower resolution weather balloon sondes than the analysis in this paper [2]. Therefore, 

while NOAA’s estimates are very useful for comparison with other datasets, we suggest 

that the four new estimates described in this paper that were developed specifically from 

this higher resolution dataset could be more precise and accurate in describing the tropo-

sphere/stratosphere transitions. 

In particular, the original concept of the tropopause was a region where the temper-

atures remained fairly constant (“paused”). Yet, we note from the very high temporal res-

olution of this dataset compared with the earlier weather balloons that if anything, the 

temperature lapse rate becomes much more chaotic and variable in the tropopause and 

stratosphere regions. Whereas the average temperature lapse rate is fairly constant in 

these regions, the short-term oscillations are surprisingly large—see Figure 3b.  

We also highlight the use of molar density as a particularly insightful metric for de-

scribing these transitions. We find the striking change in the slope of molar density versus 

pressure at the tropopause to be indicative of a major change in atmospheric behavior, 

e.g., see Figure 3a. The other tropopause definitions we considered also indicate various 

complex transitions that all broadly coincide with this change in slope. Therefore, we hy-

pothesize that a better understanding of the reasons for this change in slope could provide 

a much deeper understanding of the many phenomena associated with the tropo-

sphere/stratosphere transitions. Two of the authors (MC & RC) have provided some hy-

potheses on this in a series of working papers in 2014 [14–16]. 

4. Conclusions 

Since the turn of the 20th century, meteorologists have been fascinated by the striking 

contrasts between the lower atmosphere (troposphere) and the tropopause/stratosphere 

regions. Now, in the 21st century, we have access to increasingly high quality and high 

resolution weather balloon datasets, including ozonesondes. For this study, we used the 

very high quality ozonesonde archive of NOAA ESRL to study the troposphere/strato-

sphere transition, i.e., the tropopause. 

This unique dataset allowed us to empirically compare and contrast five different 

definitions of the tropopause. We analyzed one complete year (2016) of ozonesonde data 

from the eight stations in the dataset that ranged from the tropics to the poles. These def-

initions appear to hold over all eight locations—from the tropics to the poles—for all sea-

sons. 

We found very high correlations between most of the definitions of the tropopause, 

although the correlations with the standard WMO (1957) definition were a bit lower. Con-

trary to the original concept of the tropopause being a region with very little temperature 

variability, the high temporal resolution of this dataset reveals that this only applies to the 
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averages over large distances. Over shorter distances/time intervals, the temperature 

lapse rate varies quite wildly in the tropopause/stratosphere—especially when compared 

to the troposphere. 

One of the tropopause definitions that we considered is based on molar density cal-

culations. This provides an additional value to the molar density calculations which have 

been described previously by Connolly et al. (2021) [13]. 
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