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ABSTRACT

Atmospheric convective available potential energy (CAPE) is expected to increase under greenhouse gas–

induced global warming, but a recent regional study also suggests enhanced convective inhibition (CIN) over

land although its cause is not well understood. In this study, a global climate model is first evaluated by

comparing its CAPE and CIN with reanalysis data, and then their future changes and the underlying causes

are examined. The climate model reasonably captures the present-day CAPE and CIN patterns seen in the

reanalysis, and projects increased CAPE almost everywhere and stronger CIN over most land under global

warming. Over land, the cases or times with medium to strong CAPE or CIN would increase while cases with

weakCAPEorCINwould decrease, leading to an overall strengthening in theirmean values. These projected

changes are confirmed by convection-permitting 4-km model simulations over the United States. The CAPE

increase results mainly from increased low-level specific humidity, which leads to more latent heating and

buoyancy for a lifted parcel above the level of free convection (LFC) and also a higher level of neutral

buoyancy. The enhanced CIN over most land results mainly from reduced low-level relative humidity (RH),

which leads to a higher lifting condensation level and a higher LFC and thus more negative buoyancy. Over

tropical oceans, the near-surface RH increases slightly, leading to slight weakening of CIN. Over the sub-

tropical eastern Pacific and Atlantic Ocean, the impact of reduced low-level atmospheric lapse rates over-

shadows the effect of increased specific humidity, leading to decreased CAPE.

1. Introduction

Convective available potential energy (CAPE) has

been widely used to quantify atmospheric instability or

the positive buoyancy that would be experienced by a

lifted parcel, while convective inhibition (CIN) repre-

sents the energy needed to lift a parcel to above the level

of free convection. Thus, CIN provides a measure of the

stability in the lower troposphere that often prevents

deep moist convection from happening if it is too strong.

Both CAPE and CIN directly affect the occurrence

frequency and intensity of atmospheric convection and

convective precipitation. As air temperature and water

vapor increase under greenhouse gas (GHG)-induced

global warming, atmospheric positive buoyancy or CAPE

is expected to increase, which could affect future con-

vection and thus precipitation.

Many studies have examined model-projected future

changes in CAPE under global warming, often for in-

ferring changes in thunderstorm activities over specificCorresponding author: Aiguo Dai, adai@albany.edu
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regions (Brooks 2013; Diffenbaugh et al. 2013; Allen

et al. 2014). For example, Ye et al. (1998) examined the

dependence of CAPE on surface wet-bulb potential

temperature and found that using CAPE variability in

the current climate would overestimate the CAPE re-

sponse over the tropical Pacific to 28C surface ocean

warming. Over the United States, Diffenbaugh et al.

(2013) and Seeley and Romps (2015a) found robust

increases in CAPE from 1970–99 to 2070–99 under

RCP8.5 scenarios using CMIP5 models. CAPE and the

related vertical velocity (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2*CAPE

p
) were also found to

increase over east of the Rockies from late twentieth

century to late twenty-first century in other modeling

studies (i.e., Del Genio et al. 2007; Trapp et al. 2007; Van

Klooster and Roebber 2009; Brooks 2013). Over eastern

Australia, Allen et al. (2014) found increased CAPE

from 1980–2000 to 2079–99 due to increased moisture

under high emissions scenarios using two global cli-

mate models. In the tropics, Seeley and Romps (2015b)

found dramatically increased buoyancy in the upper

troposphere and thus increased CAPE under increasing

sea surface temperatures from their idealized simula-

tions under the radiative-convective equilibrium (Romps

2014). Romps (2016) further predicted about 6%–7%

increases in CAPE per 18C surface warming of the cur-

rent tropics. Other cloud-resolving simulations (Romps

2011; Muller et al. 2011; Singh and O’Gorman 2013) and

global climate model simulations (Sobel and Camargo

2011) also showed increasing CAPE in response to

surface warming in the tropics and other regions, in-

cluding increased extreme CAPE values across the

tropics and subtropics (Singh et al. 2017). The focus of

these studies was often not on future CAPE changes;

thus, they did not examine the global patterns and in-

vestigate the underlying processes of the CAPE increase

in great detail.

Very few studies have examined model-projected

changes in CIN other than that of Rasmussen et al.

(2017), who showed increasedCAPE and enhancedCIN

(i.e., more positive and negative buoyancy) over the

United States in a warmer climate using convection-

permitting regional climate simulations with a 4-km grid

spacing, but the exact reason for the CIN increase re-

mains unknown. This further inspired us to look more

into the CAPE and CIN changes in global climate

models. Our study is also motivated by the fact that the

full spectrum of atmospheric convection is affected by

changes in atmospheric thermodynamic conditions such

as CAPE andCIN, and thus the CAPE andCIN changes

may help us explain model-simulated precipitation re-

sponse to GHG-induced global warming, especially the

decreases in light to moderate precipitation events (Dai

et al. 2017; Rasmussen et al. 2017).

Many previous studies have examined the causes of

CAPE changes. For example, Singh and O’Gorman

(2013) suggested that the increase in both tropospheric

saturation deficient and height of convection con-

tribute to the increase in tropical CAPE under the

assumption of radiative-convective equilibrium and

zero-buoyancy approximation. Romps (2016) derived

an analytical expression for CAPE (also under the as-

sumption of radiative-convective equilibrium), which

exhibits a Clausius–Clapeyron (CC) scaling and predicts

increased CAPE with surface warming when the tem-

perature is below 310K. Some studies focused on the

mechanisms for the CAPE and CIN evolution on short

time scales like a few hours. For example, subsidence-

induced warming was simulated to eradicate CAPE by

reducing the buoyancy of the rising parcel using a two-

dimensional model (Fovell 1991). Important feedbacks

from downdrafts on tropospheric convective instabil-

ity (i.e., CAPE) occur under convective precipitation

(Emanuel et al. 1994). The response of CAPE and CIN

to the thermal tendencies induced by the airflow through

the modification of boundary layer growth was also

studied by Parker (2002). The most intense thunder-

storms on Earth occur in the vicinity of large mountain

ranges such as the Andes, Rockies, and Himalayas

(Zipser et al. 2006), and the primary reason is related

to the thermodynamic conditions supporting deep

convection. Low-level jets bring moisture into the con-

tinents, increase CAPE, and provide the necessary in-

gredients for convection in these regions (Carlson et al.

1983; Houze et al. 2007; Rasmussen andHouze 2016). In

addition, all of these regions have a midlevel capping

inversion represented by enhanced CIN that prevents

the CAPE from releasing until it builds to extreme

levels. This inversion is caused by heating on elevated

plateaus, which forms elevated mixed layers near the

Rockies andHimalayas (Carlson et al. 1983; Houze et al.

2007), and by subsidence in the lee of the Andes as the

midlatitude westerlies pass over the Andes and are

mechanically forced up on the windward side and down

in the lee, forming a layer of adiabatically warmed air

(Rasmussen and Houze 2011, 2016). Thus, CAPE and

CIN are two critical thermodynamic ingredients for the

formation of intense convection, and they have been

examined in the context of how convection will respond

to thermodynamic changes in a future climate over the

United States (Rasmussen et al. 2017).

Other studies focused on the causes underlying the

long-term changes in CAPE, which reflect changes in

atmospheric thermodynamic conditions. CAPE changes

from 1973–99 were driven mainly by the changes in low-

level moisture and second by the changes in the lapse

rate in selected tropical soundings (DeMott andRandall
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2004). Similar results were found by Murugavel et al.

(2012) over India, where increased CAPE results from

increased low-level moisture and decreased upper-level

temperature. The importance of near-surface moisture

in explaining the CAPE variations and changes was also

demonstrated in several other studies (e.g., Williams

1991; Williams and Renno 1993; Eltahir and Pal 1996;

Tompkins 2001; Adams and Souza 2009). Yin et al.

(2015) found that abundant low-level moisture provided

by a wet surface would lower the lifting condensation

level (LCL) and increase the positive buoyancy of a

rising parcel, contributing to a larger CAPE in the U.S.

southern Great Plains. These studies mainly revealed

the important role of low-level moisture for CAPE, but

few studies have investigated the factors affecting CIN

besides the local inversion discussed above. The primary

scientific questions addressed in this study are as follows:

1) How do low-level moisture and other factors help ex-

plain the model-projected future CAPE increases? 2)

What factors would cause future CIN to become stronger?

The data and analysis method used in this study are

described in section 2. Historical climatology in re-

analysis data and a simple model evaluation are pre-

sented in section 3. Section 4 shows the model-projected

future changes in CAPE and CIN and examines the

underlying causes. A summary and discussion are given

in section 5.

2. Data, model simulations, and methods

a. Data and model simulations

We used the 6-hourly data for surface pressure (PS),

atmospheric temperature (T), and specific humidity (q)

from historical and future simulations by the version

4 of the Community Climate System Model (CCSM4;

Gent et al. 2011), which participated in the phase 5 of

the Coupled Model Intercomparison Project (CMIP5;

Taylor et al. 2012). These data are on 1.258 longitude 3
;0.98 latitude grids, and the T and q are available ver-

tically on a hybrid sigma pressure coordinate with a total

of 26 levels. Two periods, including 1980–99 from the

twentieth-century all-forcing historical simulation and

2081–2100 from the twenty-first-century simulation un-

der the RCP8.5 high emissions scenario, were used to

quantify the distributions in the historical climatology

and the projected future changes under global warming.

Monthly near-surface q and relative humidity (RH) data

during the same periods were used to calculate their own

long-term mean changes. To reduce calculations, daily

PS,T, and q data for 1995–99 and 2095–99 from the same

CCSM4 simulations were also used for some sensitivity

tests of the different ways to calculate CAPE, CIN, and

three relevant height parameters.

We also calculated CAPE and CIN using the 6-hourly

ERA-Interim pressure-level data (Dee et al. 2011;

ECMWF 2011) on 18 3 18 grids comparable with the

CCSM4 resolution during 1980–99 to reveal the recent

climatology, and to evaluate CCSM4’s current clima-

tology. ERA-Interim utilizes synoptic surface and sat-

ellite observations of air temperature and humidity

(Simmons et al. 2010) and thus realistically reflects re-

cent climatology. However, the ERA-Interim as well

as other reanalyses, assimilated unhomogenized radio-

sonde humidity data that contain major discontinuities

(Dai et al. 2011), making its humidity (and thus CAPE

and CIN) trends unrealistic over many land and ocean

areas (Dai et al. 2011; Byrne and O’Gorman 2018).

Moreover, the 3-hourly air pressure P, T, and q data

from the high-resolution convection-permitting regional

climate simulations (Liu et al. 2017) conducted at the

National Center for Atmospheric Research (NCAR)

Research Applications Laboratory (RAL) with the

Weather Research and Forecasting (WRF) Model over

North America, including the contiguous United States

(CONUS), were also used for validating the CCSM4-

simulated CAPE and CIN changes. The WRF-CONUS

simulations cover a current 13-yr period forced by ERA-

Interim data (referred to as the control or CTL run)

and a future 13-yr period that includes multimodel pro-

jected mean future climate change in the ERA-Interim

forcing (referred to as the pseudo global warming or

PGW run). They use 4-km horizontal grid spacing and

51 vertical levels to simulate convection explicitly without

cumulus parameterization, in contrast to CCSM4 and

other global models. Thus, the comparison between

the low-resolution CCSM4 and high-resolution WRF-

CONUS results provides some evidence on whether the

low-resolution CCSM4 is trustworthy for simulating

future CAPE and CIN changes in comparison with high-

resolution model simulations. We calculated CAPE and

CIN in May–June when the near-surface warm and dry

biases over the U.S. Great Plains are relatively small

(Liu et al. 2017) during 2009–13 from both the CTL and

PGW runs.

b. CAPE and CIN calculations

A skew T–logp diagram (Fig. 1) shows the vertical

profiles of air temperature and dewpoint temperature of

the environment, and the areas representing CAPE and

CIN for an air parcel lifted from a near-surface level. For

illustrative purposes, in Fig. 1 we plotted the CCSM4-

simulated 1980–99 averaged June–August (JJA) mean

skew T–logp diagrams for a lifted parcel under a re-

versible adiabatic process for a grid box centered at

408N, 1008W over the United States and at 208N, 1408E
over the western Pacific (P1 and P2 in Fig. 4c). CAPE (in
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J kg21) is the maximum buoyancy of an undiluted air

parcel integrated vertically between the level of free

convection (LFC) and the level of neutral buoyancy

(EL) (Fig. 1). In this study, CAPE (in J kg21) is defined

as follows:

CAPE5R
d

ðp(LFC)
p(EL)

(T
yp
2T

ye
) dln(p) , (1)

where Rd is the gas constant of dry air and p is the air

pressure. Here Typ and Tye, the virtual temperature of

the lifted parcel and the environment respectively, are

used to account for the effect of water vapor on air density

(Doswell and Rasmussen 1994). Physically, CAPE de-

scribes the potential energy available for moist convec-

tion. However, a rising air parcel sometimes needs to

overcome the negative buoyancy of a stable layer before

reaching the LFC. The energy needed to lift an air parcel

from its originating level (SFC) to the LFC (Fig. 1) is

measured by CIN (in J kg21):

CIN5R
d

ðp(SFC)
p(LFC)

(T
yp
2T

ye
) dln(p) . (2)

These definitions of CAPE and CIN are widely recog-

nized and consistent with many previous studies (e.g.,

Dai et al. 1999; Gettelman et al. 2002; Zhang 2002;

Adams and Souza 2009; Riemann-Campe et al. 2009;

Holley et al. 2014;Meukaleuni et al. 2016). Based on this

definition of CIN, a more negative value represents an

increased or enhanced CIN in this study.

The lifted air parcel will first rise dry adiabatically

from the SFC to the lifting condensation level (LCL).

Above the LCL, the rising parcel may follow either a

reversible process (shown in Fig. 1) or an irreversible

process (not shown in Fig. 1), or somewhere between

these two extreme cases. The calculations for Typ are

different under these two assumptions (Zhang and

McFarlane 1991), resulting in different values of CAPE

and CIN (see appendix A for more details). CAPE un-

der the reversible process (CAPE_r) is smaller than that

under the irreversible process (CAPE_i), but they show

similar distributions over the globe. These two calcula-

tion methods make little difference to our conclusions,

and thus we mainly show results based on the reversible

process using CAPE_r (hereafter, CAPE and CIN refer

to CAPE_r and CIN_r). For the absolute stable situa-

tion with no LFC and EL (i.e., Typ is always lower than

Tye), we define these cases as ‘‘CAPE 5 0 cases’’ and

excluded them when analyzing the CAPE and CIN

changes. Moreover, we make the assumption of no

freezing processes in the calculations. Although the

mean CAPE and its change are substantially larger over

the tropical oceans when the latent heat of fusion of ice

is considered, the CAPE and CIN change patterns are

very similar (see appendix B); thus the results from this

study are not affected by this assumption.

CAPE values are also sensitive to the parcel level of

origin [i.e., SFC in Eq. (2)] besides the various thermo-

dynamic and microphysical assumptions (Williams and

Renno 1993; Doswell and Rasmussen 1994; Emanuel

1994; Craven et al. 2002). In this study, SFC for ERA-

Interim is the lowest model pressure level above Earth’s

surface in order to omit all pressure levels below the

ground (e.g., the Tibetan Plateau). We set SFC as the

lowest model level for the CCSM4 (with a hybrid-sigma

value of 992.6) and WRF-CONUS (;956 hPa for the

CONUS as a whole) simulations. The integration stops

at the pressure level of 125 hPa for ERA-Interim, the

15th model level (with a hybrid-sigma value of 163.7) for

FIG. 1. The skew T–logp diagram under a reversible adiabatic

process with no freezing for a grid box centered at 408N, 1008W
over the United States (black lines, P1 in Fig. 4c) and 208N, 1408E
over the western Pacific (blue lines, P2 in Fig. 4c) using JJA mean

temperature (T) and specific humidity (q) during 1980–99 derived

using CCSM4 6-hourly data. The short-dashed lines indicate the

atmospheric temperature and the solid lines indicate the parcel

path lifted from the lowest level. LCL, LFC, and EL indicate, re-

spectively, the lifting condensation level, level of free convection

(the starting point of positive buoyancy, indicated by ‘‘1’’), and

level of neutral buoyancy (the ending point of positive buoyancy).

The convective inhibition (CIN) is defined as the integral of the

negative buoyancy (indicated by ‘‘2’’) between the lifting level and

LFC while the convective available potential energy (CAPE) is

defined as the integral of the positive buoyancy between LFC and

EL under the reversible adiabatic process. The small inset is a

blowout below 900 hPa for the ocean grid.
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CCSM4, and the 41st model level (;125 hPa) for WRF-

CONUS. Sensitivity tests using CCSM4 daily data are

performed by starting and ending the parcel ascent at

different levels, and are described in appendix B. Our

main conclusions are insensitive to the choice of SFC

and the top stopping level.

For a quantitative analysis of the three height pa-

rameters (i.e., LCL, LFC, and EL), in this study we used

Espy’s equation (Espy 1836; Lawrence 2005) to estimate

the height of LCL. LFC and EL are simply assumed

as the lowest and highest model levels with positive

buoyancy in our CAPE calculations, which is sufficient

for estimating their changes. Their detailed calculation

methods are discussed in appendix A.

3. Recent climatology of CAPE and CIN

Before analyzing the model projected future changes

in CAPE and CIN, it is helpful to first examine their

climatology in recent decades. The 1980–99 mean an-

nual CAPE decreases from over 500 J kg21 in the tropics

to below 5 J kg21 in the polar regions (Fig. 2a). CIN is

generally stronger over land than over ocean for the

same latitudes (Fig. 2b), which is substantially different

FIG. 2. Distributions of 1980–99 mean annual (left) CAPE (J kg21) and (right) CIN (J kg21) calculated under a

reversible adiabatic process for a parcel lifted (a),(b) from the lowest pressure level above the ground using 6-hourly

data from ERA-Interim and (c),(d) from the lowest model level with a hybrid-sigma value of 992.6 using 6-hourly

data from CCSM4 historical simulation. The CAPE integration stops at the 125-hPa level for ERA-Interim and at

the 15th model level (;162 hPa) for CCSM4. (e),(f) Distributions of the difference between ERA-Interim

and CCSM4.
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from CAPE. These spatial characteristics of CAPE and

CIN are consistent with the global climatology derived

using ERA-40 reanalysis by Riemann-Campe et al.

(2009), who noticed the strong dependency of CAPE on

the near-surface specific humidity, which is also noticed

in section 4.

The model-simulated CAPE (Fig. 2c) show distribu-

tions similar to those for ERA-Interim (with a pattern

correlation coefficient r of 0.88) but is stronger in mag-

nitude with a maximum over 1000 Jkg21 in the tropics

from the Bay of Bengal to central Pacific. The CAPE

difference between CCSM4 and ERA-Interim (Fig. 2e)

ranges from 50 to over 500 Jkg21 over the tropical oceans,

which may partly result from different vertical levels

used in the calculations. The model-simulated CIN also

shows a pattern similar to that for ERA-Interim (Fig. 2d,

r 5 0.81), but with stronger CIN over most nontropical

land areas, northern South America and high-latitude

oceans (especially off northwestern Africa) and weaker

CIN over most low- to midlatitude oceans and some

tropical land areas (Fig. 2f). The CCSM4 model can well

capture the historical distribution of CAPE and CIN as

compared with ERA-Interim results. Thus, it is mean-

ingful to study the projected changes in CAPE and CIN

using CCSM4 model data.

4. Model projected changes in CAPE and CIN and
the underlying causes

a. CCSM4 projected changes in CAPE and CIN

The calculations of the climatology discussed in section 3

included all the so-called CAPE5 0 cases (i.e., absolute

stable cases), which account for a large fraction (.60%)

of all the cases in high latitudes for both ERA-Interim

and CCSM4, especially during the cold season (not

shown), but are seen in less than 5% for the reanalysis

and 0.1% for the model of the cases over the tropical

oceans (Figs. 3a,b). When the CAPE 5 0 cases are ex-

cluded, the mean CAPE and CIN (not shown) over the

mid- to high latitudes are enhanced but the distribution

patterns over the globe are similar to Fig. 2. Thus, cal-

culations with or without CAPE 5 0 cases would not

affect our general conclusions regarding the climatology

in historical CAPE and CIN.

However, the annual-mean probability of CAPE 5 0

cases from 1980–99 to 2081–2100 (Fig. 3c) shows wide-

spread decreases over the Arctic and Southern Ocean

and most land areas, and some increases over the east-

ern North Atlantic and parts of the Pacific. The de-

creasing probability of CAPE 5 0 cases indicates more

occurrences of conditionally unstable profiles in the fu-

ture over the continents and high-latitude oceans. To

show the projected changes in CAPE and CIN separate

from these changes in the absolute stable cases, we ex-

cluded all the CAPE5 0 cases in our calculations of the

future changes in CAPE and CIN discussed below.

Figure 4 shows the CCSM4-projected CAPE and CIN

changes from 1980–99 to 2081–2100 under RCP8.5

FIG. 3. Distributions of the probability (%) of CAPE 5 0 cases

(i.e., those absolute stable cases with the parcel temperature al-

ways lower than the environment temperature) during 1980–99

for annual mean derived using (a) ERA-Interim and (b) CCSM4

6-hourly data. (c) Changes from 1980–99 to 2081–2100 (i.e., 2081–

2100minus 1980–99, same in other figures) under the RCP8.5 scenario

for CCSM4.
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scenario for annual, JJA, and DJF mean. As expected,

CAPE increases over most of the globe, except the

subtropical Atlantic and eastern Pacific Ocean, where it

decreases slightly (Figs. 4a,c,e). Large CAPE increases

are seen in the ITCZ and the western tropical Pacific and

the summer continents, whereas CAPE changes little over

winter continents. Surprisingly, CIN, especially over

summer continents, also becomes stronger over most

land areas, whereas it changes little over most oceans. In

other words, both CAPE and CIN become stronger over

land, especially during summer.

Qualitatively, the increases in both mean CAPE and

CIN may result from more cases with large CAPE and

CIN but fewer cases with small CAPE and CIN. We

examine the CAPE and CIN frequency distributions

and changes over different land and ocean areas using

2D histograms as a function of both CAPE and CIN

(Fig. 5). Here we only show the results for summer be-

cause of the stronger CAPE and CIN in summer than in

winter. Three regions including the tropics (208S–208N),

subtropics (208–408S and N), and midlatitudes (408–608S
and N) are shown. For tropical land areas, small CAPE

and/or small CIN have the largest frequency and this

frequency decreases with increasing CAPE andCIN (Fig.

5a). Events with small CAPE (with weak to strong CIN)

or small CIN (with small-medium CAPE) are projected

to decrease greatly, while events with medium-strong

CAPE (with weak-medium CIN) or with medium-strong

FIG. 4. Distributions of the (a),(b) annual, (c),(d) JJA, and (e),(f)DJF changes in (left) CAPE (J kg21) and (right)

CIN (J kg21) from 1980–99 to 2081–2100 with the CAPE5 0 cases excluded under the RCP8.5 scenario calculated

using CCSM4 6-hourly data. The CAPE and CINwith CAPE5 0 cases included also show similar change patterns.

P1 and P2 in (c), centered at 408N, 1008Wand 208N, 1408E, are two selected locations for drawing the skew T–logp

diagrams in Figs. 10 and 11, respectively.
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CIN (with small-medium CAPE) would increase in the

future, leading to an upper-right to lower-left tilt zone of

maximum frequency increases (Fig. 5b). For the sub-

tropical and midlatitude land areas, the total occurrence

frequency of CAPE and CIN are much smaller than the

tropical land areas, and the ranges of CAPE are also

smaller especially for the midlatitudes (Figs. 5c,e). Also,

the domains of increased frequency for strong CAPE

and CIN in the subtropics and midlatitudes are shifted

farther toward the lower-right corner with large CAPE

and strong CIN compared with the tropical case. Overall,

the frequency of CAPE and CIN is projected to decrease

for cases with small CAPE or CIN values but increase for

cases withmoderate-largeCAPEandCIN values, leading

to increases in the mean CAPE and CIN over land as

shown in Fig. 4. These results are qualitatively similar to

the results from Rasmussen et al. (2017).

The 2D frequency distributions of summer CAPE and

CIN over oceans within the tropics, subtropics, and

midlatitudes (Fig. 6) show noticeably different patterns

for the current climatology and future changes. For ex-

ample, the mean frequency of strong CIN cases is low

FIG. 5. (left) 1980–99 mean occurrence frequency (in % of time) of given CAPE (x axis) and CIN (y axis) values

over land in different regions for summer (JJA for the Northern Hemisphere and DJF for the Southern

Hemisphere), and (right) its change (in % of time) from 1980–99 to 2081–2100 calculated using 6-hourly data from

CCSM4 simulations under the historical andRCP8.5 scenario. Note that the colored values need to bemultiplied by

0.001 for all panels except for (d) and (f), which should be multiplied by 0.0002. The regions include the (a),(b)

tropics (208S–208N), (c),(d) subtropics (208–408S/N), and (e),(f)midlatitudes (408–608S/N).A fixed bin number of 50

was used for bothCAPE (with a bin size of 60 J kg21) andCIN (with a bin size of 3 J kg21). The total frequency or its

change integrated (after the scaling) over all bins (i.e., under a limited range of CAPE and CIN, 0 , CAPE #

3000 J kg21, 2150 J kg21 # CIN, 0) is shown on the top-right corner of each panel. Each pair of 6-hourly CAPE

and CIN values at each grid box were taken as one occurrence and all the occurrences within the time period and

geographic domain were combined to produce the frequency distributions without any averaging.
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even when CAPE is small over tropical oceans (Fig. 6a).

The decreased cases are mostly for relatively low CAPE

cases, while the increased cases are mostly for relatively

large CAPE cases regardless of the CIN values for the

tropical and subtropical oceans (Figs. 6b,d). Such a fre-

quency shift would lead to an increase in the mean

CAPE as shown in Fig. 4. Changes are relatively small

for the midlatitude oceans (Fig. 6f).

b. Comparison with WRF-CONUS simulations

Rasmussen et al. (2017) found increased CAPE and

CIN downstream of the Rockies in a future warmer cli-

mate using convection-permitting high-resolution WRF-

CONUS simulations, which resolve convection and

individual rainstorms much better than a global model

like CCSM4. Thus, a comparison between the CCSM4-

simulated results and those from the WRF-CONUS

should provide some evidence on the credibility of the

CCSM4 in simulating future changes in CAPE and CIN.

Despite the different time periods (2009–13 for current

and PGW runs for WRF-CONUS; 1980–99 and 2081–

2100 for CCSM4) and different approaches (PGW for

WRF-CONUS and a fully coupled run for CCSM4) used

in the two models, the overall change patterns should

still be comparable.

The May–June mean CAPE and CIN from the WRF-

CONUS control run (Figs. 7a,b) show maxima in the

south-central United States and decrease northward.

This pattern is similar to that seen in ERA-Interim (Figs.

2a,b) and CCSM4 (Fig. 2c,d). Their change patterns

between the PGW and CTL runs (Figs. 7c,d) generally

follow the distributions of their climatology, with the

largest CAPE and CIN increases over the south-central

United States [also shown in Rasmussen et al. (2017)].

The CCSM4 projects broadly similar CAPE and CIN

change patterns from 1980–99 to 2081–2100 (Figs. 7e,f).

FIG. 6. As in Fig. 5, but over ocean in the three regions for a limited range of CAPE and CIN (i.e., 0, CAPE#

4000 J kg21, 250 J kg21 # CIN , 0). Note that the colored values need to be multiplied by 0.001 for all panels. A

fixed bin number of 50 was used for both CAPE (with a bin size of 80 J kg21) and CIN (with a bin size of 1 J kg21).
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Thus, the CCSM4, despite of its ;1.08 grid spacing, is

capable of projecting future CAPE and CIN changes

seen in model simulations with convection-permitting

resolution. This increases our confidence in the CCSM4-

projected future thermodynamic changes.

The 2D occurrence frequency of the 3-hourly CAPE

and CIN values on WRF-CONUS original model grids

(not shown) is lower by a factor of about 2 than that in

the CCSM4 (Fig. 8c). Averaging the WRF-CONUS

CAPE and CIN data onto the CCSM4 grid increases

the frequency by a factor of 2 and makes it more com-

parable to the CCSM4 frequency, although the fre-

quency for low CIN and large CAPE cases and for large

CAPE and large CIN cases is still lower than in CCSM4

(Figs. 8a,c). This increased frequency on larger grids is

likely due to the area-aggregation effect discussed in

Chen and Dai (2018); that is, the occurrence frequency

or probability of a given event (e.g., precipitation,

CAPE, or CIN exceeding a threshold) should increase

with the area over which such an event is considered

(through the averaging of the data). Results are similar

when 6-hourly WRF data are used.

The WRF-CONUS simulated frequency change, after

the averaging to the CCSM4 grid, is comparable to that

fromCCSM4, with deceased frequency for lowCAPE and

lowCIN cases but increased frequency for highCAPE and

low CIN cases (Figs. 8b,d). The main difference between

WRF-CONUS and CCSM4 is that the CAPE from

FIG. 7. Distributions of May–June mean (a) CAPE (J kg21) and (b) CIN (J kg21) during 2009–13 from theWRF

4-km control simulation (CTL) and (c),(d) the differences (J kg21) between the WRF CTL and pseudo global

warming (PGW) simulation calculated using 3-hourly data from the WRF simulations. (e),(f) As in (c),(d), but

using CCSM4 6-hourly data.
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CCSM4 has a larger range, which leads to a shift toward

higher CAPE values for both the climatology and the

change in CCSM4 compared with WRF-CONUS.

c. The underlying causes: The effects of increased q
and decreased RH

The definitions of CAPE and CIN [Eqs. (1) and (2)]

suggest that their values are simply determined by air

temperature and humidity profiles. In this subsection,

we will explore how the temperature and humidity

changes lead to the enhanced CAPE and CIN in the

twenty-first century in CCSM4. We first did some

sensitivity calculations to examine the effects of in-

creased T and/or q on CAPE and CIN, using the 6-

hourly T and q data during 1980–99 from CCSM4

historical simulation. The mean temperature increase

(dT) at each grid box was defined by the 20-yr-mean T

difference between 2081–2100 (under the RCP8.5

scenario) and 1980–99 (from the historical simula-

tion). Atmospheric specific humidity (q) increases at

about 7%K21 under a constant relative humidity

(RH; Trenberth et al. 2003). In these test calculations,

q was either fixed or would increase at a rate of

7%K21 or a factor of (1 1 0.07)dT. Again, we only

included the cases when CAPE is not equal to zero for

the present and future CAPE and CIN calculations.

Please note that these are only sensitivity tests, and

they do not necessarily represent what really occurred

in CCSM4.

Results show that when only T increases with q fixed,

CAPE would decrease and CIN would strengthen (i.e.,

becomemore negative) over most of the globe except the

high latitudes (Figs. 9a,b). This is expected because RH

would decrease, which would lead to a higher LCL and

LFC, leading to more CIN and less CAPE. When only q

increases by 7%K21 (to saturation only) with T fixed,

the CAPE and CIN changes are the opposite to the

T-increase only case, with increasing CAPE (especially

over the tropics and extratropical land) and weaken-

ing CIN (i.e., becoming less negative) over the globe

(Figs. 9c,d). This is also expected because RH would in-

crease, which would lower the LCL and LFC, and also

FIG. 8. (a) The occurrence frequency (in%of time) for givenCAPE andCIN values inMay–June during 2009–13

from the WRF control simulation (CTL) over 208–408N land areas of the contiguous United States (CONUS) and

(b) the difference between the pseudo–global warming (PGW) and CTL simulations calculated using spatially

averaged WRF 3-hourly data on the lower CCSM4 grid (i.e., simply average the high-resolution WRF CAPE and

CIN data within each CCSM4 grid box). Results are similar when 6-hourly WRF data are used. (c) As in (a), but

using 6-hourly data from the CCSM4 historical simulations during 1980–99. (d) The frequency change in CCSM4

from 1980–99 to 2081–2100. Note that the colored values need to be multiplied by 0.002. A fixed bin number of 50

was used for both CAPE (with a bin size of 80 J kg21) and CIN (with a bin size of 6 J kg21). The total frequency

(after the scaling) integrated over all bins (i.e., under a limited range of CAPE and CIN, 0, CAPE# 4000 J kg21,

2300 J kg21 # CIN , 0) is shown on the top-right corner of each panel.
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increase the latent heating above the LCL, leading to

less CIN and more CAPE.

When both T and q increased following a constant RH,

CAPE would increase over land and tropical oceans with

some decreases over the subtropical eastern Pacific and

Atlantic Ocean (Fig. 9e). This CAPE change pattern is

comparable to that projected by CCSM4 (Fig. 4a) with a

pattern correlation of 0.52, although stronger CAPE

change is seen over land in Fig. 9e because low-level RH

decreases slightly over land in CCSM4 as shown below.

This suggests that the projected future CAPE change re-

sults mainly from the increased q approximately following

a constant RH over ocean and a slightly decreased RH

over land, as the T increase alone would lead to CAPE

decreases. Under a constant RH, CIN would weaken over

all land areas, with some strengthening over eastern sub-

tropical oceans (Fig. 9f), in contrast to the strengthened

CIN over land as projected by CCSM4 (Fig. 4b). The CIN

change over oceans shown in Fig. 9f is comparable with

that shown in Fig. 4b because oceanic RH does not change

much in CCSM4 as shown below. Please note that while

the small change in low-level RH has a large impact on

CIN because the LCL, LFC, and the lapse rate of the

lifted air parcel are sensitive to the RH at the lifting

FIG. 9. As in Figs. 4a and 4b, but for the casewith the futureCAPEandCIN calculated using the 1980–99 6-hourly

temperature (T) and specific humidity (q) data, with (a),(b) the T increase (dT) only, (c),(d) the q increase only

following q(11 0.07)dT, and (e),(f) both theT and q increases. The dT is the 20-yr-meanT difference between 2081–

2100 and 1980–99 from the CCSM4 simulations under the historical and RCP8.5 scenarios, while the q increase rate

follows that of saturation vapor pressure. Note that all the CAPE5 0 cases in the present and future periods were

excluded in the calculations, and the q increasewas limited by the saturation value [i.e., RHwould not exceed 100%

in (c) and (d)].
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level, the CAPE change depends heavily on the low-

level q, whose change is dominated by the large T in-

crease rather than the small RH change.

To further illustrate how the T and q changes affect

CAPE and CIN, we plotted the JJA mean skew T–logp

diagram for a selected grid box over the central United

States (Fig. 10) and another over the western Pacific

Ocean (Fig. 11). For the central U.S. box, higher LCL

and higher LFC in CCSM4 lead to more CIN while

increased positive buoyancy above the LFC (due to in-

creased condensation and latent heating) and higher EL

lead to more CAPE (Fig. 10a). When increasing T only

with q fixed, both LCL and LFC increase, leading to

more CIN but less CAPE as the latent heating and EL

above the LFC do not change much (Fig. 10b). When

increasing q with fixed T, both LCL and LFC become

lower, leading to less CIN, while the buoyancy above the

LFC and the height of EL both increase, leading tomuch

FIG. 10. (a) The skew T–logp diagram under a reversible adiabatic process with no freezing for a grid box

centered at 408N, 1008W over the United States (P1 in Fig. 4c) using JJA mean temperature (T) and specific

humidity (q) during 1980–99 (black lines) and 2081–2100 (red lines) using CCSM4 6-hourly data. The short-dashed

and long-dashed lines indicate the atmospheric temperature and dewpoint temperature (Td) profiles, respectively,

and the solid lines indicate the parcel path lifted from the lowest level. The black lines in (b)–(d) are as in (a), while

the red lines correspond to the case with the CCSM4-simulated increase in (b) T only, (c) q only, and (d) the

CCSM4-simulated T increase plus the q change following a constant relative humidity. The lifting condensation

level (LCL) is marked by a black (for the present) or red (for the future or other tests) tick on the right-hand y axis.

The CAPE and CIN values for the present are showed on the right-top corner of (a), and their values for the future

or other tests are showed on the left-bottom corner of each panel.
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larger CAPE (Fig. 10c). When both T and q increase

under a constant RH, LFC move downward while LCL

changes little, leading to smaller CIN; while the positive

buoyancy and EL increase greatly above the LFC,

leading to excessive CAPE (Fig. 10d). Thus, a constant

RH under global warming would lead to lower LFC and

thus less CIN over land. Figures 10a and 10d show that

the constant RH assumption overestimates the humidity

increase in CCSM4 mainly in the lower troposphere,

where q is most important for CAPE and CIN.

Although CIN is negligible compared with the large

CAPE over oceans (Fig. 2) because of the high q and low

LCL, the mean skew T–logp diagram still shows in-

creased CAPE and weakened CIN under future warm-

ing (Fig. 11a). The effects of increased T or q only on

CAPE and CIN for this ocean location (Figs. 11b,c) are

similar to that for the land location (Figs. 10b,c). Increased

CAPE is also seen under the warming with a constant

RH while CIN changes little (Fig. 11d).

The above analysis indicates that increased LCL over

land is related to decreased low-level RH in CCSM4.

The LCL–RH relationship can also be examined from a

simple theoretical analysis. The height of LCL (hLCL, in

units of m) can be estimated using Espy’s equation as:

hLCL ’ 125(T2 Td) (Espy 1836; Lawrence 2005). Thus,

hLCL is proportional to the difference between air tem-

perature T and dewpoint temperature Td (i.e., dewpoint

depression or DPD5 T2 Td) at the lifting level, which

is a measure of RH at low levels, and its change (DhLCL)
is proportional to the DPD change at the lifting level.

Using the Clausius–Clapeyron equation for saturation

water vapor pressure: es(T)5 6.11 exp[Ly/Ry(1/2732 1/T)],

FIG. 11. As in Fig. 10, but for a grid box centered at 208N, 1408E over the western Pacific Ocean (P2 in Fig. 4c).

2038 JOURNAL OF CL IMATE VOLUME 33

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 02:19 PM UTC



we estimate the vapor pressure as e 5 es(Td) and RH5
100 e/es. We can further derive ln(100/RH) 5 Ly/Ry �
(T 2 Td)/(TTd) and T 2 Td 5 T 3 Td(Ry/Ly)(ln100 2
lnRH). Since both T and Tdwould increase in the future

because of the increased T and q, decreasing RH would

lead to increasing T 2 Td, and thus increasing hLCL
(Fig. 10a). When RH is fixed, hLCL increases only

slightly due to the small fractional increase in T 2 Td,

and CIN weakens mainly because of the decreased level

of LFC, which results from a smaller moist adiabatic

lapse rate (gm) under higher T and q in the future, as gm
decreases with air temperature (see below). Myoung

and Nielsen-Gammon (2010) indicated that the differ-

ence between the lower tropospheric temperature and

near-surface dewpoint temperature is a good proxy of

CIN. From our analysis, we can see this approximate

relationship results from the change of LCL.

Above the LCL, gm of the lifted air parcel can be

derived as (Wallace and Hobbs 1977): gm 5 2dT/dz 5
gd 1 (Ly/cpd)3 (drs/dz), where gd is dry adiabatic lapse

rate; the saturation mixing ratio rs 5 « 3 es/(p 2 es) ’
«3 es/p and drs/dz’ « � (des/dz)/p represents the vapor

loss rate, where cpd is the specific heat of dry air at

constant pressure and «(’0.622) is the ratio of the gas

constants of air and water vapor. Note that es and rs
increase with T and drs/dz becomes more negative (i.e.,

decreases faster with height) in a warmer climate; thus,

gm is smaller in a warmer climate. Physically, this is

because of the increased condensation and latent heat-

ing above the LFC as q increases in the future, which

slows down the cooling as the parcel ascends. This would

shift the parcel moist adiabat to the right (thus more

positive buoyancy) and ensure a smaller gm and thus a

higher EL (Fig. 10a). Without the increased q, the gm
would not change much and the EL would be similar,

and CAPE would decrease because of the increased

LCL and LFC (Fig. 10b).

To further demonstrate the importance of increased q

to the CAPE change over the globe and the role of re-

duced RH for the enhanced CIN over land, in Fig. 12 we

show the annual, JJA, and DJF mean changes in near-

surface q and RH. The near-surface q is projected to

increase everywhere over the globe with the largest in-

creases in the tropics and in the summer hemisphere

(Figs. 12a,c,e). The q change patterns are broadly con-

sistent with the CAPE change patterns (Fig. 4) and their

pattern correlation coefficients are 0.70, 0.62, and 0.69

for annual, JJA, and DJF, respectively, which implies

a strong relationship between the near-surface q and

CAPE changes. In contrast, the near-surface RH would

decrease over most land areas but increase over most

oceans, especially over summer Northern Hemisphere

land (Figs. 12b,d,f). These RH change patterns are

broadly comparable with the CIN change patterns shown

in Fig. 4, except for some areas over the North Pacific and

North Atlantic where increased RH and enhanced CIN

are seen. Their pattern correlation coefficients over all

the land grid points are 0.25, 0.30, and 0.20 for annual,

JJA, and DJF, respectively. Thus, while q is increased

globally under global warming, its increase over the

continents is not enough for maintaining a constant RH,

which increases surface water vapor deficit and contributes

to surface drying over land under global warming (Dai

et al. 2018). The increased q would lead to more conden-

sation and latent heating above the LFC, smaller moist

lapse rate for the lifted parcel, and higher EL and thus

more CAPE over the globe, except for some subtropical

oceans which are discussed in section 4d. On the other

hand, the decreased RH over land would raise the LCL

and LFC (Fig. 10a) and result in enhanced CIN, while in-

creased RH over oceans would slightly weaken CIN there.

The near-surface q and RH changes can affect LCL,

LFC, and EL and thus CAPE and CIN over the globe.

The mean LCL during 1995–99 is much higher over land

than over ocean although low LCL is also seen over

tropical Africa, South America, and Southeast Asia

(Fig. 13a) and would increase over most land areas and

decrease over most oceans from 1995–99 to 2095–99

(Fig. 13b). The LFC generally follows the distribution of

the LCL (but with low LFC over many subtropical and

equatorial oceans) and is also projected to increase over

most land areas and decrease over most oceans (Figs.

13c,d). The higher levels of LCL and LFC in the future

enhance CIN but decrease CAPE over most land areas

(see appendix C). The distribution of EL (Fig. 13e) is

comparable with the distributions of CAPE (Fig. 2c),

with high levels over the tropical land and oceans and

low levels over subtropical oceans and mid- to high

latitudes. EL would increase and contribute to the in-

creased CAPE in the future over most of the globe ex-

cept the subtropical oceans (Fig. 13f).

As explained in appendix C, a precise calculation of the

contributions by these individual factors is impossible

because of the dependence of the LCL, LFC, and EL on

the T and q profiles and thus the lapse rates. Our esti-

mates (see Fig. C1 in appendix C) using the current and

futuremeanT and q profiles suggest thatmost (.60%) of

the CAPE change results from lapse rate changes of both

the environment and the ascending parcel, while the EL

change contributes about 20%–40%of theCAPE change

over most of the globe. The increased LFC leads to 1%–

5% reduction in CAPE over most land but contributes

little over the oceans. Similarly, most (.80%) of the CIN

changes result from lapse rate changes, with the LFC

change contributing only about 5%–20% to the CIN

strengthening over land (Fig. C2).
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d. Effects of atmospheric lapse rates

Besides the moisture content of the lifted air parcel,

which affects the lapse rate of the ascending parcel, the

value of CAPE is also affected by the atmospheric lapse

rate (i.e., the lapse rate of the environment; see Fig. 1),

which is considered as a secondary driving factor besides

low-level moisture in tropics by DeMott and Randall

(2004). The changes in atmospheric lapse rates may help

explain the decreased CAPE in a future warmer climate

over the subtropical eastern Pacific andAtlantic (Fig. 4).

Annual-mean skew T–logp diagrams using CCSM4 daily

data (not shown) revealed weakening atmospheric lapse

rates around 800hPa over these subtropical oceans, which

may be more than enough to offset the CAPE increase

from increased q as the LCL is usually lower than 900hPa

over oceans. The air temperature difference between the

1st (around 978.1hPa) and 5th (around 776.4hPa) level

can provide a measure of the atmospheric lapse rate in

the lower troposphere (Fig. 14a). Simulated changes in this

measure show largest decreases over the subtropical oceans

(for reasons not well understood), where CAPE decreases

(Figs. 14b and 4a). This effect appears to overwhelm the

positive contribution from increased q (which is relatively

small over the subtropical oceans) to the CAPE increase,

leading to CAPE decreases there. The atmospheric lapse

rate change (Fig. 14b) is small over other ocean areas (ex-

cept the Arctic Ocean where sea ice loss–induced warming

decreases with height; Dai et al. 2019), and the effect of

increased q dominates, leading to CAPE increases.

FIG. 12. Changes in (left) near-surface specific humidity (q; g kg21) and (right) near-surface relative humidity

(RH; %) from 1980–99 to 2081–2100 for the (a),(b) annual, (c),(d) JJA, and (e),(f) DJF means under the RCP8.5

scenario using CCSM4 monthly data.
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5. Summary and discussion

In this study, we first examined the present-day CAPE

and CIN climatology in CCSM4 using 6-hourly ERA-

Interim reanalysis data, and found that the model-

simulated CAPE and CIN reasonably capture their

mean patterns in the reanalysis. We then analyzed the

6-hourly (and daily) data for the present (1980–99 or

1995–99) and future (2081–2100 or 2095–99) periods

simulated by CCSM4 under the RCP8.5 high emissions

scenario to quantify the projected atmospheric ther-

modynamic (i.e., CAPE, CIN, LCL, LFC, EL, and RH)

changes and investigate the underlying causes. It is

found that indeed CAPE increases everywhere except

some subtropical oceans in the future warmer climate,

and CIN also becomes stronger (i.e., more negative

buoyancy) over most land areas with small changes over

the oceans. These mean CAPE and CIN changes result

from increased cases with medium-strong CAPE or CIN

values but decreased cases with weak CAPE or CIN

over land under future warming. These projected changes

are broadly consistent with the results from the convection-

permitting high-resolution WRF simulations over the

United States examined here and also by Rasmussen

et al. (2017), which increases our confidence in the

CCSM4-projected future changes.

FIG. 13. Distributions of 1995–99 mean annual height of the (a) lifting condensation level (LCL), (c) level of free

convection (LFC), and (e) equilibrium level (EL) (in units of 100m above the lifting level; and (b),(d),(f) their

respective changes (in units of 10m) from 1995–99 to 2095–99 under the RCP8.5 scenario derived using CCSM4

daily data with CAPE 5 0 cases excluded. The land and ocean mean values (in units of m) are shown on the top-

right corner of each panel.
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Calculations with specified changes in air temperature

(T) and specific humidity (q) suggest that the CAPE

increase results mainly from the effect of increased q,

which leads to more condensation and latent heating for

the lifted parcel above the LFC, slower cooling as the

parcel ascends, and a higher EL, all leading to higher

CAPE, while the effect of rising T alone would decrease

CAPE. In contrast, the CIN increase results mainly from

decreased low-level RH, which leads to higher LCL and

higher LFC and thus more negative buoyancy over most

land. CIN would weaken over land in a warmer climate

without RH changes. Over the oceans, low-level RH

increases slightly, leading to some reduction in LCL and

LFC and slight weakening of CIN over many tropical

oceans. The similar change patterns between the near-

surface RH and CIN further suggest an important role of

the low-level RH changes for future CIN. Over the sub-

tropical eastern Pacific and Atlantic Ocean, the impact of

reduced low-level atmospheric lapse rates dominates over

the effect of increased specific humidity, leading to de-

creased CAPE there.

Our estimates of the relative contributions from the

changes in LFC, EL, and lapse rates, all of which result

from changes in q and T, indicate that most (.60%) of

the CAPE change results from lapse rate changes (in-

cluding that in the atmosphere and that of the ascending

air parcel due to increased q at the lifting level), while

the EL change accounts for about 20%–40% of the

CAPE change over most of the globe. Over land, the

increased LFC leads to about 1%–5% reduction in

CAPE but contributes about 5%–20% to the CIN

strengthening there. The majority (.80%) of the CIN

changes result from the lapse rate changes. Thus, the

effects of the q and T changes on CAPE and CIN come

mainly through their impacts on the lapse rates of the

atmosphere and the ascending parcel.

This land–ocean difference of the low-level RH change

may be explained qualitatively as follows.Over ocean, the

extra radiative heating from increased GHGs enhances

surface evaporation (Held and Soden 2000) which slows

down surface warming compared with land, leading to

slight RH increases which are energetically constrained

(Schneider et al. 2010). Over land, local evaporation is

limited by drier top soils (Dai et al. 2018), while the in-

crease in water vapor transport from ocean to land,

which accounts for about one-third of land precipitation

(Trenberth et al. 2007) and is more important in future

warmer climate (Findell et al. 2019), is limited by the slow

warming over ocean, which controls the oceanic q in-

crease and thus the amount of water vapor transported to

land. The controlling effect of SSTwarming on changes in

q over both land and ocean is also captured in a simple

moisture advection model (Chadwick et al. 2016). The

drying over land further enhances warming there as more

of the GHG-induced radiative heating is used to raise

temperature rather than for evaporation, and the en-

hanced warming leads to more evaporative demand for

moisture and thus enhances the aridity further over land,

leading to a positive land–atmosphere feedback (Berg

et al. 2016). The combination of a fast warming rate and

a slow increase in water vapor content (due to water-

limited local evaporation and ocean-warming limited

ocean-to-land moisture transport) would lead to a RH

reduction over land. This physical explanation for the

land–ocean contrast in RH changes was confirmed in

models using simple constraints based on atmospheric

dynamics andmoisture transport (Byrne andO’Gorman

2016), which also explains the trends in near-surface

temperature and humidity in recent decades (Byrne and

O’Gorman 2018).

The increased CIN over land should inhibit the onset

of weak-moderate moist convection and allow the CAPE

FIG. 14. (a) Distributions of the annual temperature difference between the first (around 978.1 hPa) and fifth

(around 776.4 hPa) model levels during 1995–99 and (b) its change from 1995–99 to 2095–99 under the RCP8.5

scenario calculated using CCSM4 daily data.
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to build up until intense convection occurs. This process

may have also contributed to the projected mean CAPE

increase, in addition to the factors discussed above.

Such a change also suggests that future moist convection

and rainstorms may become less frequent but more in-

tense, which is consistent with previous findings (e.g.,

DelGenio et al. 2007; Dai et al. 2017). However, how the

CAPE and CIN changes are related to future precipita-

tion response to global warming requires further inves-

tigation. In particular, the CIN increase over land may

help explain the decreasing light-moderate precipitation

events under global warming (Shiu et al. 2012; Dai et al.

2017), although such precipitation changes would also

occur over oceans (Sun et al. 2007; Dai et al. 2018), where

CIN would not strengthen. Another possible link of the

CAPE and CIN changes is the association with the in-

creasing seasonal amplitude and variability in near-surface

air temperature in the twenty-first century (Chen et al.

2019), as the low-level T affects the buoyancy of the

ascending parcel. Further analyses are needed to ex-

amine this possible connection.
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APPENDIX A

Calculations of CAPE, CIN, LCL, LFC, and EL

Calculations of Typ are different for the reversible and

irreversible process. For the irreversible pseudoadiabat

process with all condensed water immediately precipitated

out of theparcel,Typ is definedasTyp5 Tp(11 rp/«)/(11 rp),

where Tp and rp are the temperature and mixing ratio of

the air parcel. For the reversiblemoist adiabatic process,

which keep all the condensates inside the parcel, the

density increment due to the liquid or solid water in the

parcel should be incorporated into the virtual temper-

ature. In this case, the calculation of Typ becomes Typ 5
Tp(1 1 rp/«)/(1 1 rp 1 rl), where rl is the liquid water

mixing ratio (as we assume there is no freezing in our

calculations).

We usedEspy’s equation (Espy 1836; Lawrence 2005) to

estimate the height of LCL (hLCL, in units of m): hLCL 5
(T 2 Td)/(gd 2 gt) ’ 125(T 2 Td), where T and Td are

temperature and dewpoint temperature at the initial level

(in K), gd is the dry adiabatic lapse rate (’9.8Kkm21),

and gt is the lapse rate of Td (’1.7Kkm21). Based on

es(T)5 6.112 exp[17.67(T2 273.16)/(T2 29.65)] and q5
«3 e/(p2 0.378e), where es is the saturated vapor pressure

(in hPa) based on Bolton (1980), p is air pressure (in hPa)

FIG. B2. Latitude–height distributions of zonal-mean annual relative humidity (RH) for

1995–99 (contours; %) and its change (shaded; %) from 1995–99 to 2095–99 under the RCP8.5

scenario averaged over (a) land grid points only and (b) ocean grid points only. The mean

pressure averaged over the globe during 1995–99 is shown on the left y axis for illustrative

purpose; the model levels and corresponding hybrid-sigma values are shown on the right y axis.
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and q is specific humidity (in gg21), taking e 5 es(Td), we

can obtain Td at the initial level from p and q, and then

calculate the hLCL.

We used the hypsometric equation (Wallace andHobbs

1977) z2 2 z1 5RdTy/g3 ln(p1/p2) to obtain the approxi-

mate height in meters above the ground for LFC and EL

from their pressure levels. At each grid, p1 and p2 (z1 and

z2) are the pressure (height) of two adjacent model

levels and Ty is the mean Ty between the two levels.

APPENDIX B

Sensitivity to Different Lifting Levels and the Effect
of Freezing

CAPE and CIN values are sensitive to different cal-

culation algorithms, such as the choices of the lifting

level, parcel path (i.e., reversible versus irreversible),

and virtual temperature corrections. Besides calculating

them using both reversible and irreversible paths, we

have conducted some other tests using daily CCSM4

data to test the robustness of our conclusions. When

lifting the air parcel from the lowest three levels sepa-

rately with the integration ending at the same 15th

model level, mean CAPE and CIN show similar patterns

over the globe with weaker CAPE and CIN for a higher

lifting level (not shown). The corresponding changes in

CAPE and CIN also show similar distributions with

some differences in magnitude (Fig. B1) except for en-

hanced CIN over many ocean areas when lifting from

the third level (Fig. B1f), which is related to the de-

creasedRH at this level (Fig. B2). Different lifting levels

also affect the mean value of the three height parame-

ters (i.e., LCL, LFC, and EL) related to the CAPE and

CIN calculation, while their changes are comparable

(not shown). For example, the higher LFC and lower EL

over the tropical oceans when lifting the parcel from the

third level are spatially correlated with the weaker

CAPE there, while the LFC change becomes positive

over many low-latitude oceans when lifting the parcel

from the third level and it is consistent with the en-

hanced CIN there (Fig. B1f). Craven et al. (2002)

noticed that the LCL heights calculated using surface-

based parcels are smaller than those using the lowest

100-hPa mean-layer parcels (due to the higher RH near

the surface), which influences the CAPE and CIN cal-

culations. Thus, the magnitudes of the mean CAPE

and CIN and their changes will differ somewhat if the

FIG. B3. Distributions of the 1995–99 mean annual (left) CAPE (J kg21) and (right) CIN (J kg21) calculated

under a reversible adiabatic process (a),(b) with no freezing and (c),(d) with freezing (i.e., accounting for the latent

heat of fusion) for a parcel lifted from the lowest model level with a hybrid-sigma value of 992.6 using daily data

from CCSM4 historical simulation. The CAPE integration stops at the 15th model level (;162 hPa).
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parcel is lifted from a higher level than the first level

used here, but the general conclusions regarding the

CAPE and CIN changes should be similar as long as

the lifting level is still within the lower;100-hPa layer

(i.e., the boundary layer), within which RH shows similar

changes (Fig. B2).

More tests were also conducted, such as changing the

integration stopping level to the 16th and 17thmodel level

from the 15th level used in the above, as the 15th level

might be lower than the actual EL for some locations.

Larger CAPE values with higher EL and larger changes

were found mainly over tropical oceans for a higher

stopping level (not shown), whichwould only enhance the

CAPE increase discussed above but would not affect our

conclusions. In summary, these tests of changing the lift-

ing level and integration stopping level show that in-

creased CAPE over most of the globe and enhanced CIN

over land are a robust feature in a future warmer climate,

while weakened CIN over ocean areas is valid only when

lifting the parcel within the boundary layer because the

increased RH only exists there (Fig. B2b).

In the above CAPE and CIN calculations, we have

neglected the latent heat of fusion from the freezing of

the condensed water above the freezing height, which is

suggested to be responsible for much of the CAPE

values under the reversible adiabatic process over the

tropical oceans (Williams andRenno 1993). Clearly, this

impact is at maximum for the reversible moist adiabatic

process and does not exist for the irreversible pseudoa-

diabatic process as all the condensates would immedi-

ately fall out of the air parcel in this case. The reality is

likely somewhere between these two cases. To provide

some estimates of this impact, we did some tests through

calculating CAPE and CINwith and without accounting

for the latent heat of fusion from freezing using daily

CCSM4 data under the reversible adiabatic process

(thus, it represents the maximum possible impact). The

mean CAPE and CIN for 1995–99 for the no-freezing

case calculated using daily data (Figs. B3a,b) are

very similar to those calculated using 6-hourly data

(Figs. 2c,d). Thus, we expect the comparison in Figs. B3

and B4 between the no-freezing and freezing cases to be

similar if 6-hourly data were used. Figure B3 shows that

indeed including the latent heat of fusion increases the

mean CAPE substantially over the low-latitude oceans.

This results from increased buoyancy above the LFC

and a higher EL when freezing is considered. However,

the future CAPE and CIN change patterns are very

similar for the two cases, besides the larger CAPE in-

creases over the tropical oceans in the freezing case

FIG. B4. Distributions of the changes in annual (left) CAPE (J kg21) and (right) CIN (J kg21) under a reversible

adiabatic process (a),(b) without freezing and (c),(d) with freezing from 1995–99 to 2095–99 with the CAPE 5 0

cases excluded under the RCP8.5 scenario calculated using CCSM4 daily data.
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(Fig. B4). Thus, neglecting freezing should not affect our

conclusions.

APPENDIX C

Estimates of the Individual Contributions to CAPE
and CIN Changes

Ideally, in section 4c one would like to know the

quantitative contribution by each of the factors (i.e.,

changes in the LFC, EL, and lapse rates) to the CAPE or

CIN changes. However, the LFC and EL levels vary with

individualT and q profiles, which also determine the lapse

rates of the environment and of the ascending parcel. This

means that these three factors are tightly coupled and thus

we cannot just change one of them while fixing the other

two in our CAPEandCIN calculations. Furthermore, it is

hard to find a reference basis from today’s climate for

calculating the CAPE and CIN changes for individual

T and q profiles, which contain large unforced internal

variations. Because of these issues, it is difficult to per-

form a precise calculation of the individual contributions

using daily or 6-hourly T and q profiles.

To provide an approximate estimate of the individ-

ual contributions, we used the multiyear mean T and q

profiles (and their corresponding LFC and EL levels)

from current and future climates and following the ap-

proach suggested by one of the reviewers of the manu-

script: 1) Use current mean T and q profiles to estimate

the positive buoyancy between present-day LFC and

future LFC (which generally increases from today’s

LFC) and use this estimate as the contribution of the

LFC change to the total CAPE change; 2) use future

mean T and q profiles to estimate the positive buoyancy

between present-day EL and future EL (which generally

increases from today’s EL) and use this estimate as the

contribution of the EL change to the total CAPE

change; and 3) the residual CAPE change after sub-

tracting the LFC’s and EL’s contributions is considered

as the contribution from lapse rate changes, which in-

clude the changes in the lapse rate of the environment

(i.e., the atmospheric lapse rate) and in the lapse rate of

the ascending parcel that is determined primarily by q

andT at the lifting level (cf. Fig. 1). Since we use futureT

and q profiles in estimating the EL’s contribution as

today’s T and q profiles would not yield positive buoy-

ancy above today’s EL, this estimate would also include

some contribution from the changed lapse rates above

today’s EL. For some locations where future LFC (EL)

decreases, then the future (current) mean T and q

FIG. C1. Percentage contributions to (d) local CAPE change (J kg21) from 1995–99 to 2095–99 from changes in

(a) LFC, (b) EL, and (c) lapse rates (including the q change at the lifting level) estimated using summer (JJA for

Northern Hemisphere and DJF for Southern Hemisphere) mean T and q profiles during 1995–99 and 2095–99. The

buoyancy profiles on CCSM4’s original model levels were interpolated onto a set of 10 hPa-interval pressure levels

before calculating the contributions (see appendix C for more details). When the CAPE change is negative (i.e.,

over the western Atlantic), the positive contribution ratio indicates that this factor contributes to the CAPE de-

crease. The uncolored areas indicate that the mean T and q profiles are under the absolute stable situation (mostly

overmid- to high latitudes) or theCAPE change is smaller than 1.0 J kg21. The calculations excluded daily CAPE5
0 cases in computing the mean T and q profiles.
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profiles would be used to estimate its contribution to the

CAPE change.

For estimating the contribution from the LFC in-

crease to the total CIN change, we use the futuremeanT

and q profiles to estimate the negative buoyancy be-

tween the current LFC and the higher future LFC and

use this estimate as the contribution by the LFC change

to the total CIN change. The residual CIN change after

removing the LFC’s contribution is considered as the

contribution by the lapse rate changes. If future LFC

decreases at some locations, then the current mean T

and q profiles are used.

The results from these calculations are shown in

Figs. C1 and C2. Figure C1 shows that most (.60%) of

the CAPE change results from the lapse rate changes,

while the EL increase contributes about 20%–40% to

the CAPE change over most of the globe. The increased

LFC leads to 1%–5% reduction in CAPE over most

land but contributes little over the oceans. For the CIN

change, even a larger percentage (.80%) results from

the lapse rate changes, with the LFC change contribut-

ing only about 5%–20% over land (Fig. C2).
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