


Geophysical Research Letters

CHEN AND DAI

10.1029/2023GL106125

2 of 9

Dai, Zhang, & Rasmussen, 2020; Rasmussen et al., 2020) and other favorable environments for the formation 

of severe storms (Diffenbaugh et al., 2013; Glazer et al., 2021; Trapp et al., 2019). This raises important ques-

tions: How has the atmospheric thermodynamics changed during recent decades? Has the atmosphere become 

increasingly unstable and thus more favorable for the formation of convective storms over many land areas? 

Given the devastating damages currently occurring in the central-eastern United States and other regions (Gensini 

& Brooks, 2018; Herring et al., 2022) caused by violent storms, there is an urgent need for answers to these 

questions.

To examine recent changes in atmospheric conditions, one needs reliable long-term records of upper-air temper-

ature and humidity. Radiosonde observations provide the only in-situ long-term data for atmospheric condi-

tions; unfortunately, the raw radiosonde data for air temperature and humidity contain major discontinuities 

and spurious changes due to frequent changes in sounding sensors and observational practices (Dai et al., 2011; 

Haimberger et al., 2012; Zhou et al., 2021). Conventional data-quality controls by excluding problematic data 

points (e.g., Taszarek, Allen, Marchio, & Brooks, 2021) cannot remove spurious jumps in sounding records, and 

current reanalyses assimilate unhomogenized radiosonde humidity and other data, leading to similar spurious 

changes (Dai et al., 2011). As a result, unhomogenized sounding data and atmospheric reanalysis products, which 

show different trends for CAPE (Taszarek, Allen, Marchio, & Brooks, 2021), are not suitable for quantifying 

long-term changes in atmospheric conditions over China and other regions (Dai et al., 2011; Taszarek, Allen, 

Marchio, & Brooks, 2021). This results in a gap in our knowledge about historical changes in atmospheric insta-

bility, CAPE, CIN, and other atmospheric thermodynamic conditions, although there have been efforts to quan-

tify changes in thermodynamics (Meukaleuni et al., 2016; Riemann-Campe et al., 2009) and storm environments 

(Li et al., 2020; Taszarek, Allen, Brooks, et al., 2021) using reanalysis data and quality-controlled radiosonde data 

(Pilguj et al., 2022; Taszarek, Allen, Marchio, & Brooks, 2021).

Here we analyze homogenized twice-daily radiosonde temperature and humidity data to examine the changes 

in the occurrence frequency of the atmospheric stable and unstable conditions over continents and many islands 

from 1979 to 2020 and the underlying causes. Two atmospheric thermodynamic conditions including CAPE = 0 

cases (referred to as stable conditions) and CAPE > 0 cases (referred to as unstable conditions) are defined based 

on the skew-T log-P diagrams. Our results provide the first reliable assessment of atmospheric instability trends 

since 1979, which may have major implications for explaining recent changes in the occurrence frequency of 

severe storms and hail (Brooks et al., 2014; Gensini & Brooks, 2018; Herring et al., 2022; Tang et al., 2019). Our 

results also help validate findings based on unhomogenized radiosonde and reanalysis data from previous studies 

(e.g., Pilguj et al., 2022; Taszarek, Allen, Brooks, et al., 2021; Taszarek, Allen, Marchio, & Brooks, 2021) that 

often have a different focus from ours.

2. Data and Methods

2.1. Observational Data

We used the quality-controlled, homogenized twice-daily radiosonde humidity data of dewpoint depression 

(DPD) during 1958–2008 (Dai et al., 2011) and temperature (T) data during 1958–2020 (Zhou et al., 2021) at 

the surface and standard pressure levels. There are 991 matched stations that contain both homogenized DPD 

and T data from the two data sets. We also used the radiosonde DPD data from Integrated Global Radiosonde 

Archive version 2 (IGRA2), which was built from 33 different data sources with many quality controls but with-

out temporal homogenization (Durre et al., 2018; referred to as the raw data). The last segment was used as the 

reference baseline and was not changed in the DPD homogenization (Dai et al., 2011). Given that discontinuities 

in most recent radiosonde records are small (Wang et al., 2013; Zhou et al., 2021), we simply used the IGRA2 

humidity data after 2008 for the same 991 stations to extend the study period to 2020 by appending the IGRA2 

DPD data from 2009 to 2020 to the homogenized DPD data from 1958 to 2008. Our analysis showed that this 

did not induce a discontinuity around 2008. Data series at 00:00 and 12:00 UTC (or 00Z and 12Z) were analyzed 

separately in this study. As shown by Dai et al. (2011) and Zhou et al. (2021), the homogenization removes major 

discontinuities in the sounding data and thus improves their homogeneity, which is important for trend analysis.

2.2. Methods

We calculated CAPE and CIN using the equations of Chen, Dai, Zhang, and Rasmussen (2020), assuming an air 

parcel is lifted from its original level (SFC) to LFC and then rises to the level of neutral buoyancy (EL). In this 
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study we only show the results for the reversible case. More details on data processing and calculations of CAPE 

and CIN are provided in Text S1 in Supporting Information S1.

There are two atmospheric conditions based on the CAPE and CIN values: (a) “CAPE = 0 cases,” which include 

absolutely stable cases with CIN < 0 (continuous negative buoyancy from SFC to the stopping level) and neutral 

cases with CIN = 0 (well-mixed neutral conditions); (b) “CAPE > 0 cases,” which include conditionally unstable 

cases with CIN < 0 (negative buoyancy from SFC to LFC and positive buoyancy from LFC to EL) and unsta-

ble  cases with CIN = 0 (positive buoyancy starting from SFC to EL). Since a long-term change in the frequency 

of the CAPE = 0 cases may cause long-term mean changes in CAPE, it is better to examine the changes in the 

frequency of these two different conditions besides examining the mean CAPE and CIN changes.

To balance sampling homogeneity and minimizing data gaps, we require at least 30 days with valid soundings and 

at least 5 days with valid soundings for two of the 3 months in order to have a valid seasonal mean. Climatology 

and trend calculations are based on 1979–2020 to facilitate comparisons with reanalysis data, which often start 

in 1979. This is also because sounding data before 1979 are less reliable and sparser. We only included stations 

with at less 20 years of valid data during 1979–2020 in our analysis. We averaged the station anomalies to derive a 

regional-mean time series requiring each year to have at least as many stations as half of the long-term mean. Our 

focus is on the long-term change. Tests showed that using non-parametric methods yielded similar trend patterns 

as revealed by the least squares estimate shown below.

3. Results

3.1. Increasing Occurrence of Atmospheric Unstable Conditions

We find that atmospheric unstable conditions (i.e., CAPE > 0 cases) have increased significantly by 2%–8% of 

time per decade (i.e., an increase in absolute frequency), which amounts to a cumulative increase of ∼8%–32% 

(of time) from 1979 to 2020, over most land areas in both boreal winter (December-January-February or DJF) 

and summer (June-July-August or JJA), especially over Europe, East Asia (EA) and North America (NA) where 

observations are relatively dense and reliable, while the stable conditions (i.e., CAPE = 0 cases) have decreased 

by similar amounts over these regions (Figure 1). Such a change rate is very rapid and alarming compared to 

those for other atmospheric fields (e.g., water vapor, Wang et al., 2016). Time series of the unstable occurrence 

frequency averaged over EA, NA, and Europe (EU) all show significant and often fast increases in all seasons, 

especially over EU and NA (Figure S2 in Supporting Information S1). For example, summer frequency of the 

unstable conditions increased from ∼54%, 56%, and 50% (of time) in 1979 to ∼72%, 71%, and 63% in 2020 

over EA, NA, and EU, respectively. These changes represent a percentage increase of 26%–33%. Although we 

mainly show the results in JJA and DJF, the increasing (decreasing) trends for the unstable (stable) conditions are 

consistent among different seasons.

The CAPE and CIN values are determined by atmospheric humidity and temperature profiles, which are illus-

trated on the skew-T log-P diagram (Figure S1a in Supporting Information S1). The specific humidity (q) and T at 

the lifting level determine the parcel path and its lapse rates. The lifted air parcel will first rise following the dry 

adiabat up to the lifting condensation level (LCL), above which the ascending parcel will follow a moist adiabat. 

Higher q and T of the lifted parcel would result in more latent heating and thus slower cooling with height above 

the LCL, which shifts the parcel path toward to the right-hand side and thus increases the chance for it to intersect 

with atmospheric temperature profile on the skew-T log-P diagram (Figure S1b in Supporting Information S1), 

resulting in more cases with positive buoyancy.

Indeed, over EA and EU in both DJF and JJA, increased near-surface q and T are associated with increased 

occurrence of unstable cases, with positive correlations with the frequency of the CAPE > 0 cases, especially in 

JJA (Figures 2a, 2b, 2e, and 2f). Over NA, the increased RH besides higher q (Figures 2c and 2d) would lead to 

decreased LCL (Chen, Dai, Zhang, & Rasmussen, 2020) and thus earlier start of the moist adiabat, which would 

also contribute to more CAPE > 0 cases. The RH over EA also increased and partly contributed to the increased 

frequency of the CAPE > 0 cases there (Figures 2a and 2b), while the RH over EU generally decreased, which 

would increase LCL, and showed negative correlations with the frequency of the unstable cases, especially at 12Z 

(Figures 2e and 2f). The changes in near-surface T over NA do not show obvious relationships with the frequency 

changes of the unstable conditions (Figures 2c and 2d). Thus, the increased unstable cases resulted mainly from 

increased low-level q and T (except for NA where T's role is small), with some contributions also from increased 

RH over NA and EA.
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3.2. Increased Mean CAPE During Daytime and Enhanced Mean CIN From Midnight-Dawn

Fewer stable cases would lead to an increase in the overall mean CAPE. Thus, we should not only examine the 

CAPE trend averaged over all valid reports (Figures 3e and 3f), but also decompose the CAPE trend into two terms 

(see Text S2 in Supporting Information S1): (a) term1 due to the trend in the occurrence frequency of CAPE > 0 

cases (Figures 3a and 3b) and (b) term2 due to the trend in the mean CAPE values averaged over all the CAPE > 0 

cases (Figures 3c and 3d). Mean CAPE averaged over all valid reports in JJA has significantly increased mainly 

over EA at both 00Z and 12Z, and over parts of southern NA at 00Z or Europe at 12Z (Figures 3e and 3f), which 

is similar to the distributions of the mean CAPE changes from term2 (Figures 3c and 3d). In other words, mean 

CAPE increases mainly during daytime (around 90°E–60°W at 00Z and 0°–140°E at 12Z; the corresponding 

local time is 06:00–20:00 and 12:00–21:00), when the atmosphere is most unstable. The increased occurrence 

frequency of the CAPE > 0 cases result in increased mean CAPE over most land areas (Figures 3a and 3b) as 

expected, but with relatively small amplitudes. As a result, the mean CAPE change averaged over all conditions 

is dominated by the mean CAPE change for the CAPE > 0 cases, which show increased CAPE mainly during 

daytime when convection typically occurs over most land areas (Dai et al., 2007).

Because the stable cases often correspond to large negative buoyancy that would dominate the overall CIN 

change if they were included in the averaging, we should quantify the changes of the negative buoyancy for 

the CAPE = 0 and CAPE > 0 cases separately (Figure 4). For the stable cases, we find that the JJA mean CIN 

has weakened over Europe and EA at 00Z and over EA and central NA at 12Z, which indicates that the stable 

conditions are becoming less stable from night-early morning (around 0°–140°E at 00Z and 90°E–60°W at 12Z; 

the corresponding local time is 00:00–09:00 and 18:00–08:00) besides its frequency decreases. For the unstable 

cases, the mean CIN has strengthened mainly over Europe at 00Z and over NA at 12Z, which indicates that 

CIN's strengthening occurred mainly from midnight-dawn (around 0°–60°E at 00Z and 120°–90°W at 12Z; the 

corresponding local time is 00:00–04:00 and 04:00–06:00). Moreover, the mean CIN has weakened over EA at 

Figure 1. Changes in the occurrence frequency of stable and unstable cases. Distributions of the linear trend (in % of all 

valid reports per decade, averaged over the 00 and 12Z observation times) of the occurrence frequency of (a, b) “CAPE = 0 

cases” (stable) and (c, d) “CAPE > 0 cases” (unstable) during 1979–2020 in (left) DJF and (right) JJA at individual stations. 

Filled diamonds (colored crosses) indicate statistically significant (insignificant) trends at the 95% confidence level based on 

a two-tailed Student's t test. East Asia (100°–130°E, 20°–50°N), North America (120°–70°W, 20°–50°N), and EU (0°–50°E, 

30°–70°N) outlined in panels (a, b) are selected regions for calculating regional mean time series.
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both 00Z and 12Z, southern NA at 00Z and Europe at 12Z with increased CAPE there, which favors convection 

during daytime.

We further examine the changes in the histograms of CAPE and CIN from 1979–1999 to 2000–2020 (Figure S3 

in Supporting Information S1) to reveal the occurrence frequency changes of CAPE and CIN as a function of their 

mean magnitudes. There are large increases in the cases with small positive CAPE (i.e., 0–100 J kg −1) at both 

00Z and 12Z over NA and EU, where the changes in the cases with large CAPE (i.e., 100–2,500 J kg −1) are small. 

In other words, some CAPE = 0 cases are likely to become new CAPE > 0 cases with relatively small positive 

values in the later years; including these small-CAPE cases in the averaging would bring down the mean CAPE 

values for the later years, resulting in downward CAPE trends when averaged over only the CAPE > 0 cases at 

many NA and EU stations (Figures 3c and 3d). Over EA, however, the increase of the cases with low CAPE is 

small while there are large increases of the cases with large CAPE. This results in increased mean CAPE averaged 

over all CAPE > 0 cases over EA at both 00Z and 12Z. More specifically, for the CAPE trends averaged over 

all reports over NA and EU (Figures 3e and 3f), the small changes of the cases with large CAPE dominate over 

the positive contributions from the increased frequency of small CAPE cases (Figure S4 in Supporting Informa-

tion S1), resulting in small or negative CAPE trends over these regions.

For CIN changes (right panels of Figure S3 in Supporting Information S1), there are fewer small-CIN cases (i.e., 

−1 to −20 J kg −1) and more large-CIN cases (i.e., stronger than −20 J kg −1) over NA at 12Z and over EU at 00Z 

Figure 2. Standardized anomaly time series of regional mean occurrence frequency of the “CAPE > 0 cases” (Freq), surface 

q, surface T and surface RH in (left) DJF and (right) JJA averaged over the 00 and 12Z observation times for regions outlined 

in Figures 1a and 1b. The correlation coefficients between Freq and q or T or RH are given in the parentheses (which are 

significant at the 95% confidence level except for the values marked by *).
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in JJA, which results in enhanced mean CIN there (Figures 4b and 4d). There are also fewer small-CIN cases (i.e., 

−3 to −20 J kg −1) and more large-CIN cases over EA at both 00Z and 12Z, but the very small-CIN cases (i.e., 0 to 

−3 J kg −1) increased a lot, which greatly weakens the mean CIN there (Figures 4b and 4d). The large-CIN cases 

decreased together with increased very small-CIN cases over NA at 00Z, while over EU at 12Z the increases in 

large-CIN cases are smaller than the decreases in small-CIN cases, together with increased very small-CIN cases, 

both contributing to the weakened mean CIN there (Figures 4b and 4d).

The changes in the path of the lifted air parcel and atmospheric temperature profiles both influence the CAPE and 

CIN values. The time series and corresponding correlation coefficients (Figure S5 in Supporting Information S1) 

suggest that the increased EL or decreased LFC contributes to increased CAPE over EA at both 00Z and 12Z, 

which results from the increased low-level q through increased latent heating above LFC. The increased LCL 

and LFC contribute to the enhanced CIN over EU at 00Z and over NA at 12Z, which results from the decreased 

low-level RH. At the same time, the decreased low-level lapse rates indicate a shift of the low-level environmental 

Figure 3. Changes in JJA mean convective available potential energy (CAPE) under different conditions. The two 

components of the linear trend of mean CAPE for all valid reports due to (a, b) changes in the occurrence frequency of 

“CAPE > 0 cases” (term1) and (c, d) changes in the mean CAPE values of “CAPE > 0 cases” (term2), and (e, f) the real 

linear trend of mean CAPE for all valid reports in JJA during 1979–2020 at (left) 00Z and (right) 12Z, respectively. Filled 

diamonds (colored crosses) indicate statistically significant (insignificant) trends at the 95% confidence level based on a 

two-tailed Student's t test.
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temperature profile toward to the right-hand side on the skew-T log-P diagram, also contributing to more negative 

buoyancy during 1979–2020. Over NA (Figure S6 in Supporting Information S1), the decreased mid to low-level 

lapse rates at both 00Z and 12Z indicates a shift of the environmental temperature profile on the mid-low levels 

toward to the right-hand side on the skew-T log-P diagram, thus contributing to lower EL and less positive buoy-

ancy. The decreased q at 12Z also partly contributes to the decreased CAPE there.

4. Summary and Discussion

In this study we analyzed newly homogenized radiosonde data to examine historical changes from 1979 to 2020 

in the occurrence frequency of atmospheric stable and unstable conditions defined using CAPE and CIN, rather 

changes in the CAPE and CIN values as in previous studies. We found that the unstable (i.e., CAPE > 0) condi-

tions have become more frequent and increased by ∼8%–32% (of time) from 1979 to 2020 over most land areas 

mainly in the Northern Hemisphere, while the stable conditions (i.e., CAPE = 0) decreased by similar amounts. 

Over NA, Europe and EA, summer unstable cases have increased by a quarter to one third from 1979 to 2020. 

Such a rapid increase in atmospheric unstable conditions results from increased low-level q and T (except for NA), 

which lead to a shift of the parcel path toward to the right-hand side on the skew-T log-P diagrams, with some 

additional contributions from increased low-level RH over NA and EA. In JJA, the mean CAPE increases signif-

icantly over EA while mean CIN mainly strengthens over Europe and NA from midnight-dawn for CAPE > 0 

cases. The stronger CIN over Europe at 00Z and over central NA at 12Z result from the decreased near-surface 

RH and decreased lapse rate in the lower troposphere, which lead to a higher LCL and LFC for the CAPE > 0 

cases. The results suggest that the atmosphere over most land areas mainly in the Northern Hemisphere has 

become increasingly unstable as near-surface q and T increase, which favors the formation of convective storms. 

Although the stations mainly cover Northern Hemisphere land, the consistency of the trends at the sparsely 

distributed stations in the tropics and Southern Hemisphere (Figure 1) seems to suggest that the global atmos-

phere has become increasingly unstable.

Figure 4. Distributions of the linear trend of JJA mean convective inhibition (CIN) for (left) “CAPE = 0 cases” and (right) 

“CAPE > 0 cases” during 1979–2020 at (a, b) 00Z and (c, d) 12Z, respectively. Filled diamonds (colored crosses) indicate 

statistically significant (insignificant) trends at the 95% confidence level based on a two-tailed Student's t test. A positive 

(negative) trend indicates that the negative CIN becomes less negative or weakening (more negative or strengthening).

 1
9
4
4
8
0
0
7
, 2

0
2
3
, 2

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
3
G

L
1
0
6
1
2
5
 b

y
 S

u
n
y
 U

n
iv

ersity
 A

t A
lb

an
y

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/1
0

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



Geophysical Research Letters

CHEN AND DAI

10.1029/2023GL106125

8 of 9

Chen, Dai, Zhang, and Rasmussen  (2020) showed that under GHG-induced global warming, future stable 

cases would decrease over land areas, which implies increased unstable cases. Púčik et al.  (2017) and Rädler 

et al. (2019) reported increased occurrence of unstable environments in central-southern Europe by the late 21st 

century. The historical changes in the stable (unstable) cases reported here are qualitatively consistent with the 

model-projected future changes. Chen, Dai, Zhang, and Rasmussen (2020) also reported that there is a shift of 

the low-CAPE and weak-CIN cases toward high-CAPE and strong-CIN cases. For the historical changes (Figure 

S3 in Supporting Information S1), we see a similar behavior only for the CIN changes except for NA at 00Z. For 

the CAPE changes, we only see large increases in large-CAPE cases over EA where low-CAPE cases did not 

decrease. The CIN changes presented here are qualitatively consistent with previous studies using ERA5 reanaly-

sis or quality-controlled rawinsonde data (Pilguj et al., 2022; Taszarek, Allen, Brooks, et al., 2021), which showed 

robust stronger CIN over most of the United States and modest CIN increases over Europe during recent decades. 

The decreased CAPE over EA in ERA5 which used unhomogenized radiosonde data (except for temperature), 

differs from the robust CAPE increase using quality-controlled but unhomogenized rawinsonde observations 

(Taszarek, Allen, Marchio, & Brooks, 2021) or homogenized radiosonde data here. Moreover, the mixed trends 

of the 95th percentile of CAPE over Europe and NA in Taszarek, Allen, Marchio, and Brooks (2021) also partly 

differ from our results. These comparisons indicate that homogenization may qualitatively impact the small 

trends of CAPE over Europe and NA while only has a quantitative impact on the strong trends in CIN over NA 

and CAPE over EA. Thus, improvements in the homogeneity in both radiosonde and reanalysis data are needed. 

Using homogenized radiosonde data in both atmospheric reanalyses and long-term change studies would be a 

step forward. Finally, the historical changes examined here contain not only GHG-induced long-term changes, 

but also other changes due to recent anthropogenic and natural aerosol changes, and decadal oscillations due 

to internal variability (Qin et al., 2020). Thus, some inconsistency with the model-projected changes should be 

expected.

Data Availability Statement

The IGRA2 radiosonde data are available at NOAA National Centers for Environmental Information via 

Durre et  al.  (2016). The homogenized radiosonde data are available at Mendeley Data via https://doi.

org/10.17632/8r4z4wvyp4.1.
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